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Foreword

This excellent reference text informs analytical chemists of the strengths and special applications of

bioanalytical technologies. It describes several trends in the development and implementation of

immunoassays and biosensor methods. The text illustrates that scientists involved in environmental

diagnostics are working on better, faster, smaller, and more cost-effective technologies. As

instrumental techniques and new materials become available, immunoassays and other biosensors

are quick to adopt these new technologies. Certainly, if the field of immunodiagnostics is to remain

a major analytical tool, the technologies upon which it is based must continually improve. It is

interesting to note that material science is reaching into the nano realm where biological molecules

have always resided. Innovative interfaces between new materials and biological molecules will be

a driver in methods development for years to come. The choice of binding molecules is increasing

as polyclonal and monoclonal antibodies are supplemented with aptamers, phages, peptides,

imprints, and other receptors. Binding molecules are being modified with recombinant technologies

and also by such techniques as sol–gel stabilization. Detection technologies using optical

phosphors, quantum, dots and other reporters complement electrochemical and other transduction

systems.

Of course the targets to which these analytical tools are being applied are expanding. Part of this

trend is due to the changing nature of agriculture as we add genetically modified organisms to our

more classical targets of pesticides, environmental contaminants, and food adulterants. Food safety

is becoming an important issue with the need to detect analytes ranging from metals and

bioterrorism agents to prions. Certainly, human monitoring is a need well served by immunodiag-

nostics and other biosensor technologies. This text also clearly illustrates the strength of biosensors

in their application to homeland security measures and human safety.

Biosensors lend themselves to arrays in which multiplexed systems provide the opportunity to

“taste” a sample. Such information-rich assays, of course, require newer computational approaches

to address sophisticated data sets. In the final analysis we must do more than just develop assays;

rather, we need to integrate them into analytical laboratories where numerous techniques are

needed to solve complex problems. This text introduces the analytical chemist to the subject of

sensor and immunoassay technology, presents new and developing technologies, and provides

insight to implementing these technologies in a functional analytical laboratory. It should serve

as a useful reference as well as a catalyst to further research.

Bruce Hammock

Distinguished Professor of Entomology &

Cancer Research Center
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Preface

There is a continuing and pressing need for economical analytical methods that can detect trace

levels of hazardous compounds in complex environmental and biological media. The availability of

rapid and reliable methods for diagnostic indicators of human disease and exposure is also of key

importance. Immunochemical methods are adaptable to a variety of matrices, are capable of

achieving very low detection levels, and do not require heavy or expensive instrumentation. Sig-

nificant time and cost savings can be achieved for studies requiring repetitive analysis or having

high sample loads when specific immunoassays are employed.

Today, immunochemical methods are part of a growing cadre of bioanalytical methods for

compounds of environmental and biological significance such as pesticides, biomarkers, geneti-

cally modified organisms, prions, and heavy metals. These methods are being applied to

environmental monitoring and human exposure assessment studies and homeland security

measures. This reference work is intended to inform analysts about the strength and versatility

of immunochemical and related bioanalytical methods for a wide spectrum of environmental and

biological measurement applications. Chapters describe the wide base of immunoassay methods

illustrating the maturation of the technology. Readers who are already experienced analysts

employing immunoassay methods will find a selection of readings describing other areas of

applied bioanalytical research. The authors present established and innovative uses of bioanalytical

methods as well as data analysis and quality assurance guidelines. Insights into recently developed

technologies and procedures can be found in later chapters. The field is rapidly expanding and

updates on breakthrough research are also presented, including the impact of nanotechnology.

As described in this reference work, bioanalysis is rapidly advancing in many areas such as

engineering and generating specific antibodies and the development of antibody mimics and other

receptors, microarrays, improved detection systems, immunoaffinity sample preparations, multi-

plexed immunoassays, and sensors for unattended and real-time analysis. It is hoped that this book

will recruit additional practitioners of traditional analytical chemistry into the diverse field of

bioanalytical method research. Bioanalytical methods are not a panacea, but they should be

considered when deemed to provide appropriate data in the required time frame.

This reference work provides both a basic understanding of immunochemical and other

bioanalytical methods and an update on important technological advances such as new platforms

and detection systems. Therefore, the book should be a reference for students as well as practicing

analysts and an aid for bioanalytical methods development and application.
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1.1 INTRODUCTION*

Bioanalytical methods prepare samples for analyses, detect residue levels of pesticides in food and

the environment, follow products of genetic engineering, sense changes of pollutant levels in lakes

and streams, and provide diagnostic medical information in real-time. Antibody-based bioanaly-

tical measurement and separation techniques have been routinely used in medical and clinical

settings for the quantitative determination of large target analytes (e.g., hormones, drugs) with

molecular mass of more than several thousand Daltons. Immunochemical bioanalytical methods

have also been used to detect and trace genetically modified organisms in the food production chain

by measuring novel proteins [1]. These types of methods are also an important tool in detecting and

studying prion disease or transmissible spongiform encephalopathies [2]. Antibodies for small

molecules and heavy metals have been formulated into specific and sensitive bioanalytical

methods such as immunoassays, biosensors, and immunoaffinity chromatography separations

[3–11]. Quantitative immunoassay methods for pesticides and their metabolites and environmental

degradation products, dioxins, polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphe-

nyls (PCBs), microbial products, and biomarkers of exposure have been useful for environmental

monitoring and exposure assessment [12–20]. The application of immunoassay testing kits for field

screening environmental contaminants and biosensors for real-time field monitoring has also been

reported [21–27]. Flow injection techniques enable automated immunoassay and flow immuno-

sensor formats [28,29]. Immunoaffinity chromatography has been used as a separation technique

for analyte enrichment and/or cleanup for subsequent on-line or off-line analysis for environmental

pollutants [30–41].

Analysts interested in applying bioanalytical methods should be familiar with how easily the

capability can be integrated into an existing analytical facility. One approach to easily introduce

bioanalytical techniques is to use specific immunoassays as screening methods to determine appro-

priate dilution factors for instrumental analysis. Used in this manner, immunoassays can minimize

instrument down time by protecting sensitive components such as detectors and columns while

making more efficient use of expensive instrumentation. As another example, the powerful resol-

ving capability of high-performance liquid chromatography (HPLC) can be coupled to the sensitive

detection of immunoassay. Leveraging the benefits of both technologies provides a synergistic

effect. For real-time monitoring, biosensors are firmly established for the measurement of blood

analytes such as glucose, urea, and other diagnostic indicators. This bioanalytical capability has

useful application for environmental monitoring and homeland security. Analysts will undoubtedly

find other ways to include these types of techniques into their repertoire of methods.

*Notice: The US Environmental Protection Agency (EPA), through its Office of Research and Development, funded and
collaborated in the research described here under Contract 68-D-99-011. It has been subjected to agency review and

approved for publication. Mention of trade names or commercial products does not constitute endorsement or

recommendation for use.
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This chapter presents general concepts and uses of immunochemical bioanalytical methods for

sample preparation and detection of pesticides and other smallmolecules. A discussion of the general

approaches to equipping a bioanalytical laboratory is also provided. Instrumentation and supply lists

and laboratory space considerations are given as guidance for integrating bioanalytical capability

into an analytical facility. Guidance for preparing quality assurance documents and standard oper-

ating procedures are also presented. Selected immunoassay and immunoaffinity chromatography

procedures are presented as illustrations of the required expertise, reagents, supplies, and laboratory

equipment. A glossary of terms commonly used in immunochemical methods is given in Table 1.1.

This chapter does not describe the laboratory facilities, equipment, and instrumentation for

antibody production or for developing biosensors. These issues are discussed in other chapters.

Chapter 2 and Chapter 3 discuss the development of monoclonal antibodies and Chapter 16 and

Chapter 17 describe biosensor development.

1.1.1 ANTIBODY REAGENTS

Vertebrate animals produce antibodies as part of their defensive immune response when exposed

to a foreign organism or toxic substance. Antibodies (Abs) are immunoglobulins with specific

reactive binding sites for a corresponding antigen (Ag). The immunoglobulin typically employed

TABLE 1.1
A Glossary of Commonly Used Terminology of Immunochemical Methods

Term Glossary

Antibody A class of serum proteins that are induced by exposing to an immunogene (sometimes

referred to as an antigen) and will bind specifically to the antigen/analyte forming an

antibody-antigen complex

Antigen A molecule capable of selectively binding to an antibody. Antigens are not necessarily

immunogenic, sometimes used synonymously with immunogens

Antiserum Serum from an animal containing specific antibodies

Chromophore A chemical that changes color, resulting from enzyme interaction with substrate

Conjugate Formed by covalently coupling two molecules together such as a hapten with a protein

or antibody with an enzyme

Cross-reactivity The ability of antibodies to react with other compounds (i.e., target analyte) in addition

to the immunogen/antigen that induced their production

ELISA Enzyme-linked immunosorbent assay (ELISA) is a commonly used immunoassay

format for environmental monitoring

Enzyme A substance that can react at a low concentration as a catalyst to promote a reaction

Enzyme conjugate An enzyme that is covalently coupled to a protein such as an antibody or to a target

analyte/hapten

Hapten A small antigenic molecule that can bind to an antibody. It is not immunogenic and

cannot generate an antibody response.

IgG A divalent immunoglobulin-G antibody molecule, consisting of two identical H-chains

and two identical Y-chains held together with disulfide bonds

Immunogen A substance that can generate a strong immune response. Sometimes used

synonymously with antigen

Monoclonal antibody A homogeneous antibody population, possessing identical selectivity and affinity

produced by a single clone of antibody-producing cells

Polyclonal antibody An antibody population of various selectivities and affinities produced by many clones

of antibody-producing cells

Substrate A chemical that specifically reacts with an enzyme

Titer A dilution of a substance that produces a desired result such as the working dilution of

an antibody in an immunoassay
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in analytical methods is the divalent IgG that has two identical binding sites for the intended target.

Antigens (Ags) have particular reactive sites called epitopes or antigenic determinants for binding

to specific Abs. An Ab binds to an Ag (analyte) and forms an immune complex (Ab–Ag) that is the

basis for immunochemical analytical procedures.

A key factor in immunochemical techniques is the response of the specific Ab for the target

analyte in a sample matrix or extract. The specificity of the immunochemical method is largely

determined by the specificity of the Ab employed. Many environmental pollutants such as insecti-

cides, herbicides, PAHs, PCBs, and dioxins are too small (mw!10,000 Daltons) to elicit Ab
production by themselves. Although these small molecules may be antigenic (i.e., can react with

an Ab), they are not immunogenic (i.e., cannot elicit Ab production). Low molecular weight

analytes must be converted to immunogenic compounds to induce a specific Ab response. This

typically involves three steps: (1) designing a hapten that preserves important structural features of

the analyte, (2) synthesis of the hapten, and (3) coupling the hapten with a macromolecule such as a

protein [42–44]. Figure 1.1 gives an example of a target analyte, hapten, hapten-protein conjugate,

and generalized antibody structure [12].

Paraquat dichloride

Paraquat hapten

+ + −
CH3-N N-CH3 2Cl

+ + −
CH3-N N-(CH2)xCOOH 2Cl

x = 2-5

Paraquat hapten-protein conjugate

+ + −
CH3-N N-(CH2)xC-N-Protein 2Cl

H

O

x = 2-5

A paraquat-specific antibody Analytes

CH3CH2
+N N+CH2CH3 2Cl−

CH3
+N

N+ N+

N+CH3 2Cl−

2Br−

Paraquat

Ethyl paraquat

Diquat

-S
-S

-

-S
-S

- -S-S-

-S-S-

-S-S-

-S-S-

Analyte-
binding

site

Analyte-
binding

site

Amino
acid

chain

Amino
acid

chain

Amino acid
chains

FIGURE 1.1 Example of a target analyte, hapten, protein conjugate, and generalized antibody structure.

(From Van Emon, J. M. and Lopez-Avila, V., Anal. Chem., 64, 79A, 1992.)
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A hapten is a derivative of the small molecule analyte that is not immunogenic by itself but can

stimulate the production of specific Abs when attached to a large carrier molecule such as a protein

(e.g., keyhole limpet hemocyanin, bovine serum albumin) and can bind with the antibody. A

cornerstone of immunoassay development for small molecules was Landsteiner’s research on

immunologic specificity using qualitative hapten inhibition techniques that suggested that Abs

could bind to small molecules [45]. The design of a hapten must allow important structural features

of the analyte to be preserved after attachment of a functional group (i.e., carboxyl acid, amino,

hydroxyl, sufhydryl) as a side arm for covalent binding with the carrier. The linker or side arm

should be introduced distal to the determinants of interest for Ab recognition. Thus, the hapten

design greatly affects the selectivity and sensitivity of the resulting Ab. The newly introduced

functional groups are used to conjugate the hapten to the carrier molecule using various reaction

schemes (42-44). The resulting hapten-carrier conjugate is an immunogenic compound used to

stimulate the immune system for specific Ab production. Some of the Abs will be directed toward

the carrier protein, others to the linkage, and some toward the hapten or target portion of the

conjugate. This mixture of Abs can be used for developing immunochemical methods providing

there is a strong overall response to the hapten. The mixture is termed polyclonal because the

resulting Ab population is a product of more than one clone responding to the immunogen. Alter-

natively, clonal selection may be performed to produce an Ab preparation responding from a single

clone. Monoclonal antibodies (mAbs) are a uniform reagent of a single Ab population having the

same selectivity and affinity [46,47]. Further refinements using genetic antibody engineering or

directed evolution can provide reagents with improved affinity and selectivity as well as increased

thermal stability and tolerance to organic solvents (see Chapter 2).

Large-scale in vitro Ab production can provide a highly concentrated supply of reagent mAb.

These in vitro production techniques are very attractive as they can be performed on a large scale in

culture with minimal labor and cost (see Chapter 3). Both polyclonal Abs (pAb) and monoclonal

Abs (mAb) have been successfully employed in clinical and environmental bioanalytical methods.

Each type of Ab preparation has advantages and disadvantages (e.g., cost, development time,

affinity, titer) that need to be considered prior to Ab production [48].

1.1.2 IMMUNOASSAY PRIMER

An immunoassay is based on the reaction of an analyte/antigen (Ag) with a selective antibody (Ab)

forming an Ab–Ag complex. The immunochemical reaction may be visualized with enzyme labels

such as alkaline phosphatase and horseradish peroxidase, providing a colored end product. Radio-

immunoassays use labels such as I125 and may offer the advantages of better precision and

sensitivity. Other labels and techniques such as fluorescence polarization [49], chemiluminescence

[50], and electrochemical detection [51] as well as more novel labels have also been employed. The

development of electrochemical immunoassays is presented in Chapter 16. A discussion of upcon-

verting phosphors as emerging sensitive labels for immunoassays [52] is presented in Chapter 9.

Table 1.2 presents various enzymes, substrates, and labels used for immunoassay methods.

There are two general types of immunoassays: (1) heterogeneous and (2) homogeneous. In the

heterogeneous immunoassay, one of the immunoreagents is immobilized on a solid support (e.g.,

latex beads, microplates, magnetic particles, test tubes, microspheres, filter paper) and requires a

washing step to separate the bound and free reagents [53]. In a homogeneous immunoassay format,

the immunoreaction takes place in solution and does not require a separation step but is more prone

to matrix interferences. Heterogeneous immunoassays are used in most environmental applications

as a result of the complex samples typically encountered. A commonly used assay format for

environmental pollutants is the competitive enzyme-linked immunosorbent assay (ELISA). A

particular strength of immunoassay is the high sample throughput capability. Polystyrene micro-

plates containing 96-wells in an 8-row by 12-column format enable the analysis of several quality

control (QC) samples and controls appropriate for a large sample load. The 96-well microplate
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format can accommodate 0.225 mL of reagent per well. Microplates containing a larger number of

smaller wells are also available. For example, microplates containing 384- or 1536-wells are

routinely used in the pharmaceutical industry. Figure 1.2 shows examples of ELISA methods in

both indirect and direct competition formats.

In one indirect format, an Ag is immobilized onto a solid surface such as the wells of a

microtiter plate. The analyte and a known amount of specific Ab are mixed and react to form

solution phase Ab–Ag complexes. This solution is added to the Ag-coated microtiter plate where

the immobilized coating Ag competes with remaining free analyte in solution for available Ab

binding sites. A buffer rinse removes reagents not bound to the solid surface. A secondary species-

specific Ab covalently bound to an enzyme such as alkaline phosphatase (i.e., Ab-enzyme conju-

gate) is then added and binds with the specific Ab bound to the immobilized Ag (Figure 1.2).

Unbound material is washed away with another buffer rinse. Enzyme substrate is added to produce

a color, and the absorbance is read, or the kinetics of color development is monitored. This ELISA

is also called an inhibition assay as the analyte in the samples or standards inhibits the specific Ab

from binding to the immobilized coating Ag on the solid phase. The absorbance value of each

sample is compared with the absorbance values obtained from a standard curve. A decrease in the

signal is directly related to the amount of target analyte present in the sample. This inverse

relationship between the target analyte concentration and the measured absorbance is the basis

for quantitation. Chapter 10 provides a discussion on the statistical analysis of immunoassay data.

In a typical direct format, the specific antibody is immobilized on the wells of a microtiter plate.

The analyte and an enzyme-labeled hapten (analyte mimic) are added to the prepared microtiter

plate. The analyte in the sample competes with a known amount of the enzyme-labeled hapten for

binding sites on the immobilized Ab. A washing step removes all unbound reagents, and substrate is

added for color development. The direct format is commonly employed in immunoassay

testing kits.

A guidance document developed by the EPA described the basics of environmental immu-

noassay techniques as an aid for analytical chemists to apply this alternative technology as methods

became more widespread [4,54]. Quality control/quality assurance (QA/QC) guidance documents

helped in the early evaluations of field testing kits. Immunoassay methods have since been included

in an EPA methods compendium [55]. Immunoassay methods and conventional gas chromato-

graphic (GC) and GC/mass spectrometry (GC/MS) methods have been studied in tandem to

document the overall accuracy and precision of ELISA methods [27,56–60]. One consideration

when comparing methods is that the immunochemical method may respond to compounds related

TABLE 1.2
Example of Detection Methods Used in Immunoassays

Detection Method Label Substrate

Colorimetric (end

point or kinetic)

horseradish peroxidase Diaminobenzidine ortho-phenylenediamine tetramethylbenzidine 2,

2 0-azino-di-(3-ethylbenzthiazoline sulfate) 2,2 0azino-bis-
(3-ethylbenzothiazoline-6-sulfuonic acid)

alkaline phosphatase p-nitrophenylphosphate 3,3 05,5 0-tetramethylbenzidine
Fluorescence alkaline phosphatase,

b-galactosidase

4-methylumbelliferyl phosphate b-galactosylumbelliferone

Chemiluminescence Peroxidase Luminol

Liminescence Luciferase Luciferin

Radioactivity I125 —

Electroactive

(oxidation current)

Ferocenes —
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to the target analyte, whereas the instrumental method may not be able or optimized to do so.

However, the compounds detected in the immunochemical procedure may be of toxicological

significance and may help in identifying metabolites or environmental breakdown products pre-

viously undetected. An immunoassay that responds to a broader suite of related compounds may

also be used prior to instrumental analysis in an analytical triage approach. An ELISA for deter-

mining PAHs in residential and contaminated soil samples was compared with a GC/MS procedure

for application to a monitoring study [57,58]. The ELISA data were significantly different and

higher than the GC/MS data, but they were highly correlated for 52 contaminated soil samples. This

was due to the GC/MS not measuring all of the PAHs and alkylated PAHs present that responded in

the assay and are typically found in environmental samples. Only the 16 EPA priority pollutant

Analyte and enzyme labeled hapten compete for antibody sites

Wash removes unbound analyte and labeled hapten

Substrate is added for color detection

Direct competitive ELISA

Antibodies are immobilized to the plate

Ag/Ab mix is added to Ag coated wells

2° Ab-enzyme complex added Substrate added to produce color change

Indirect competitive ELISA

Ag is immobilized to the plate

W
as

h

Wash

Wash

FIGURE 1.2 Example of indirect and direct ELISA formats.
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PAHs are typically measured by GC/MS because of cost limitations. However, the ELISA provides

a boarder indication of the contaminants present that may be useful for toxicological or

exposure studies.

1.1.3 IMMUNOAFFINITY CHROMATOGRAPHY

Residue analyses of trace levels of contaminants (e.g., pesticides, PCBs) in environmental samples

generally require a cleanup prior to detection by GC or HPLC. The cleanup is often accomplished

by SPE techniques with the stationary phase (e.g., silica, C18) determined by the chemical proper-

ties of the target analyte. Even when cleanup procedures are employed, the quantitative

determination of trace levels of contaminants in complex matrices can be difficult. Thus, the

cleanup step is often the most critical step in the overall analysis.

Immunoaffinity (IA) chromatography has been used in clinical chemistry as an extraction

method for aqueous samples as well as a cleanup method for various sample media

[30–41,61–65]. An IA column employs a solid phase extraction (SPE) cartridge. However, the

conventional sorbent material is replaced with a sorbent of specific antibody that is immobilized

onto an inert solid support forming an immunosorbent column resin (i.e., stationary phase).

The process is based on the reversible reaction of a specific Ab and its target analyte. A liquid

extract containing the analyte is passed over the IA column under conditions favoring the binding of

Ab to the analyte. The column containing the bound analyte is washed to remove matrix contami-

nants and nontarget analytes. The mobile phase conditions are then altered such as a change in pH

or ionic strength, allowing the Ab to release the analyte. The analyte is eluted from the column in a

small volume of liquid for detection by immunoassay or off-line or on-line instrumental analysis.

The Ab remains immobilized on the column for another use. The immunologic reaction imparts

selective extraction and enrichment of the target analyte. The selective separation of the target

analyte from other contaminants in the sample through Ab–Ag interactions is particularly suited to

the separation challenge in complex sample media.

IA columns as cleanup methods have been developed for carbendazim [39], triasulfuron [64],

triazinic biocides [35,36], PCBs, dioxin/furans [40,65] and ivermectin [31,32] in various sample

media, including water, soil, serum, and biological tissue. Immunoaffinity capillary electrochro-

matography has been employed for selective trace enrichment prior to capillary electrophoresis

with detection by laser induced fluorescence [41]. Automated IA columns and columns linked with

HPLC methods have also been reported [36–39]. Chapter 14 and Chapter 15 provide detailed

examples of immunoaffinity chromatography procedures and applications.

1.1.4 IMMUNOSENSORS

Biosensors are analytic instruments composed of two parts: a biological recognition element such

as an Ab, enzyme, receptor, DNA, or cell and a transducer that converts the biorecognition process

into a measurable physical signal. Biosensors can be classified based on transducer type as optical,

electrochemical, piezoelectric, or thermometric. An immunosensor is an affinity-based biosensor

designed to detect the direct binding of an Ab or an Ag, forming an immunocomplex at the

transducer surface. Immunosensors can provide continuous, in situ, and rapid measurements.

Biosensors utilizing several different transducer types have been developed and applied to pesticide

monitoring [21–26, 66–67]. Chapter 4, Chapter 16, and Chapter 17 describe the development and

application of biosensors for environmental monitoring and homeland security.

1.1.5 MICROARRAYS

Microarray technology enables the parallel analysis of hundreds or thousands of biological

molecules such as DNA on a single chip or glass slide. The molecules are separately arrayed on

a chip so that individual, but simultaneous, analyses can occur. The analysis is based on the reaction
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of a labeled target molecule to the molecular array on the chip. Thus, information regarding the

reaction of a single molecule with several other molecules is obtained. A tremendous amount of

data regarding biological interactions can be obtained from a single chip [68,69]. These data aid in

the study of functional relationships and biological processes, including disease mechanisms.

Microarray data also have a tremendous research impact for genomics and proteomics and environ-

mental monitoring. Chapter 18 and Chapter 19 provide detailed discussions on microarray

technology and applications.

1.1.6 ADVANTAGES AND LIMITATIONS OF BIOANALYTICAL METHODS

Immunochemical bioanalytical methods generally offer high selectivity and lower detection limits

when compared to instrumental methods. Other advantages are high sample throughput and relative

low costs. These attributes are necessary for large-scale biological monitoring to support epide-

miologic studies (see Chapter 11). Bioanalytical methods are applicable to a wide range of analytes,

including small molecular environment contaminants, genetically modified organisms (see

Chapter 12), and medically important prions (see Chapter 13). Field portable immunoassay

testing kits enable screening tests to be performed on site with results obtained close to real-time

by field technicians. Biosensors can provide monitoring data in real time with networking capability

and remote access.

The performance of immunoassays and immunoaffinity chromatography depends strongly on

the properties of the specific Abs. However, the greatest limitation is Abs specific for environmental

pollutants are not readily available commercially. It can be time-consuming and costly for analyti-

cal laboratories to synthesize haptens as well as generate and characterize Abs. Recently,

researchers have used recombinant DNA technology to produce recombinant Abs, but the processes

can be expensive, time-consuming, and labor-intensive. However, through recombinant DNA

technology, phage-antibody libraries have been developed as sources of selective phage probes

for use in ELISA-type formats [70]. Chapter 8 presents the development and use of phage as

biospecific probes. Molecularly imprinted polymers (MIPs) may be used as Ab mimics in

traditional antibody-based method formats such as immunoassay and immunoaffinity chromatog-

raphy [71,72]. A primary advantage of MIPs is the potential for a large supply of a uniform reagent.

However, MIPs may have a greater potential for organic solvent tolerance and greater selectivity

than biological reagents. Because of the imprinted binding site, the physical and chemical attributes

of MIPs (see Chapter 5 and Chapter 7) may be advantageous for the development of sensors for

chemical warfare agents [67]. Another alternative is the application of aptamers or nucleic acid

ligands as reagents. Reagent grade aptamers can be obtained in large quantity and have been

applied to biosensors and other bioanalytical methods [73]. These alternative receptor molecules

and their application to bioanalytical methods are discussed in Chapter 6.

Bioanalytical procedures can be used in conjunction with conventional analysis for enhanced

method performance and quality assurance. ELISAs can be used to analyze fractions from a HPLC

separation as a selective detector in contrast to the typical non-selective detectors typically

employed for HPLC [74]. Immunoaffinity chromatography columns for sample enrichment and

purification can be coupled with either on-line or off-line HPLC or HPLC/MS analysis [37–39]. GC

or GC/MS detection can also be used for off-line analysis after immunoaffinity cleanup [36,40].

Because Abs function in aqueous environments under physiological conditions (pH 7.0, 0.15 M

NaCl), most immunochemical methods have a restricted tolerance for organic solvents. For

compounds having a high lipophilicity such as the dioxins/furans, a challenging task in assay

development may be determining an optimal solvent system for both analyte solubility and

method performance. Through the use of mixed solvents and surfactant, a suitable solvent

system can be found.

In order to enhance the advantages of simplicity and high throughput, simple sample prep-

aration procedures without any cleanup steps are desirable. Environmental matrices range from
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simple (e.g., drinking water) to difficult (e.g., contaminated soils or sediments). Sample matrices

used to assess human exposure include biological fluids and complex dietary samples. Antibodies

can often specifically bind the target analyte even in the presence of a complex matrix by diluting

the sample within practical detection limits. Alternatively, similar cleanup procedures employed in

conventional methods such as SPE or liquid–liquid partitioning can also be used. However, compli-

cated extraction and cleanup procedures prior to use of immunochemical methods may offset the

advantage of a high sample throughput.

1.2 ESTABLISHING BIOANALYTICAL METHOD CAPABILITY

A bioanalytical laboratory typically includes bench space, fume hoods, refrigerators, freezers,

analytical balances, and other commonly used analytical equipment and supplies. Although

other equipment such as a 96-well microplate reader, small incubator, and orbital shaker may be

required, bioanalytical capability can easily be integrated into an existing analytical facility. A

typical analytical chemistry facility requires laboratory space of approximately 2000 ft.2 with

multiple rooms. The majority of space is necessary for sample receipt and handling, preparing

standards and reagents, sample extraction and cleanup, and performing detection procedures such

as GC/MS. The space requirements for performing immunoassay detection and immunoaffinity

chromatography are typically quite small, and these procedures are often performed next to GC/MS

or HPLC instrumentation.

1.2.1 EQUIPMENT AND INSTRUMENTATION

1.2.1.1 General Equipment and Instrumentation

Table 1.3 summarizes the general equipment and instrumentation for sample handling, storage, and

preparation for immunoassay and immunoaffinity techniques. Most of this equipment and instru-

mentation is also required for operating a conventional analytical chemistry laboratory and can be

used for several different types of analyses.

TABLE 1.3
Summary of General Equipment and Instrumentation Used in a Bioanalytical Laboratory

Function Instrument/Equipment

Storage for solvents, reagents,

standards, and samples

Solvent storage cabinets, refrigerators, and freezers (-808C desirable)

Cleaning glassware Muffle oven

Buffer and reagent preparation Reagent water system (i.e., ASTM Type 1 reagent water system or

equivalent)

Sample preparation and processing Chemical fume hood, analytical balance, centrifuge, homogenizer,

incubator, and Vortex mixer

Sample extraction Pressurized solvent extraction system, Soxhlet extraction apparatus, solid

phase extraction columns, ultrasonic bath, orbit shaker, microwave oven

Organic solvent

contration/evaporation

Nitrogen evaporator or Kuderna-Danish evaporator, turbo-evaporator

Analyzing standards and samples,

confirmatory analyses

GC, GC/MS, HPLC, LC/MS
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1.2.1.2 Special Immunoassay Equipment and Instrumentation

Some of the required equipment and instrumentation used for bioanalytical methods that may not

normally be found in an analytical chemistry laboratory include

† Microplate washer: Plate washers range from manual (a simple wash bottle) to fully

automated. Prices for these washers vary significantly depending upon the features.

† Magnetic separation rack: This apparatus is required for performing washing and separ-

ation steps in a magnetic particle-based immunoassay.

† Spectrophotometer: A spectrophotometer specially designed to either read 96-microwell

plates, test tubes, or other formats to measure the signal output of the particular method

format for quantitative analysis. Software to obtain and quantify the data, change wave-

lengths, control temperature, and perform statistical analysis needs to be considered

before purchasing the equipment. Instrumentation for other detection systems such as

fluorescence, chemiluminescence, luminescence, radioactivity, and electroactive may be

required.

1.2.2 SUPPLIES AND REAGENTS

1.2.2.1 General Supplies

Common supplies used in a bioanalytical laboratory are basic to most conventional analytical

laboratories and include:

† Assorted disposable gloves

† Assorted glassware (i.e., beakers, volumetric flasks, graduated cylinders, etc.)

† Assorted test tubes

† Boiling chips

† Felt-tipped markers

† Label tape

† Laboratory plastic film (parafilm)

† Laboratory wipes such as Kimwipes

† Magnetic stirrers and stir bars

† Organic solvents (e.g., acetone, acetonitrile, methanol)

† Paper towels

† pH meters

† Spatulas

† Syringes

† Timers

† Ultrasonic water bath

† Various sizes of polypropylene test tubes

† Vortex mixers

† Weigh boats/paper

1.2.2.2 Special Supplies for Immunoassays and Immunoaffinity Chromatography

In addition to using general laboratory reagents, supplies, and equipment, immunoassay and

immunoaffinity chromatography methods may also require supplies not typically found in an

analytical chemistry laboratory. Supplemental items may include:
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† Adhesive acetate plate sealers

† Antibodies (e.g., compound-specific/primary antibody, antibody-enzyme conjugates)

† Antigens (e.g., analyte standards, coating antigen conjugates)

† Buffer salts (e.g., phosphate-buffered saline, mono- and dibasic sodium phosphate,

sodium chloride, mono- and dibasic potassium phosphate, carbonate-bicarbonate)

† Carboys (10–20 L) for storage of large amounts of buffer

† Detection labels (e.g., enzymes, fluorophores, isotopes, electroactive and/or

chemiluminescent compounds)

† Enzymes (e.g., alkaline phosphatase, b-galactosidase, horseradish peroxidase, luci-

ferase)

† Enzyme-linked secondary antibodies, dependent on the source of the primary antibody

(i.e., goat anti-rabbit IgG antibody conjugated to alkaline phosphatase or horseradish

peroxidase, etc.)

† Enzyme substrates (i.e., p-nitrophenylphosphate; 3,3 05,5 0-tetramethylbenzidine; diami-
nobenzidine; ortho-phenyldiamine; 4-methylumbelliferyl phosphate; luminol; luciferin)

† Microtiter plates, 96-well format (e.g., Nunc Nalgene or equivalent) with protein

binding capacities

† Multichannel and single channel pipettors

† Orbital shaker

† Pipet guns

† Pipet tips for multi- and single channel pipettors

† Pre-packed columns with various types of support materials used to prepare immunoaf-

finity chromatography columns as well as a control column (e.g., HiTrap NHS-activated

HP, 1 mL)

† Reagents such as bovine serum albumin (Fraction V), skim milk, or fetal bovine serum

used as blocking agents to limit non-specific binding to microtiter plates

† Reagent troughs for multichannel pipettors

† Resin materials (e.g., HiTrap NHS activated and CDI-activated Sepharose CL 4B) used

as support for packing an IA column (or pre-packed columns)

† Serological pipettes

† Sodium azide used as a buffer preservative

† Thimerosal used as a buffer preservative

† Tween 20 used as a surfactant in buffer solutions to prevent nonspecific binding

Some immunoassays are commercially available as self-contained testing kits and may contain

supplies such as coated microplates, magnetic particles, test tubes, and buffers. These kits provide

detailed protocols using the supplied reagents to obtain a specified assay performance. Results can

be compromised if the protocols are not strictly followed or if reagents other than those supplied or

specified in the kit are substituted.

1.2.3 REAGENTS AND BUFFERS FOR IMMUNOCHEMICAL METHODS

Antibodies may be produced in-house or obtained through various sources (commercial vendor,

academic, or government laboratories). Antibodies are proteins, and appropriate measures should

be taken to prevent their degradation. Upon receipt of the Ab, it should be stored at the temperature

recommended by the source. It may be appropriate to store the stock solution of Ab in small

aliquots for single use portions. If the required amount for the immunoassay is very small (!
20 mL), larger volumes may be made into aliquots and stored refrigerated for multiple uses over a
short time period to minimize freeze-thaw cycles. Repeated freeze-thaw cycles can lead to partial

denaturation of the Ab that may result in unwanted protein-protein aggregates and diminished Ab

performance [75]. The expiration date designated on commercial immunoassay testing kits should
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be followed. Most Abs are viable for at least a year atK208C or even longer with minimal freeze-

thaw cycles.

Antibody-enzyme conjugates may be obtained from the same types of sources that provide

specific Abs, or they can be produced as part of the method development process. Immunoassays

commonly employ species-specific secondary Abs that bind with the primary or analyte-specific

Ab. Secondary Abs labeled with an enzyme (e.g., goat anti-rabbit alkaline phosphatase) are readily

available commercially. Either primary or secondary Abs can be labeled with biotin, horseradish

peroxidase, alkaline phosphatase, fluorochromes, I125 or other labels, depending on the desired

method. Hapten-protein or antigen-protein conjugates may be required, depending on the assay

format. These conjugates can be prepared during methods development or prepared by commercial

sources. Conjugates are usually stored refrigerated with a preservative such as sodium azide rather

than frozen. Enzymes, substrates, and other labels are available from a variety of commercial

sources. The storage conditions and expiration dates provided for individual reagents should

be followed.

A variety of assay buffers are used in immunochemical procedures. Coating buffers (i.e.,

carbonate-bicarbonate) are designed to maximize the immobilization efficiency of the coating

Ag or Ab to the solid support (i.e., test tubes, microtiter plate wells). Blocking buffers may

contain BSA or other agents that bind to unreacted spots on the solid support without reacting

with the coating reagent. Phosphate buffers are typically used to dilute standards and samples to

enhance the performance of the Ab and minimize non-specific binding. Wash buffers (e.g., phos-

phate with Tween 20) are designed to minimize interferences and remove un-reacted materials

without affecting or damaging the reagents bound to the solid support. Substrate buffers (e.g.,

diethanolamine) maximize the color reaction between the substrate and enzyme. Sodium bicarbon-

ate and phosphate buffers are also employed in immunochromatography procedures for Ab

immobilization and sample elution. Buffers must not interfere with the reactants or contribute to

the color end-point signal. Buffers can be easily prepared using standard protocols (Appendix 1.A),

or pre-formulated buffers in liquid or solid form are available that provide the desired buffer

composition.

1.3 ESTABLISHING AND MAINTAINING IMMUNOASSAY CAPABILITY

In this section, it is assumed that the immunochemical procedure is introduced into the user

laboratory with standard operating protocols (SOPs) and appropriate immunologic reagents.

Under these conditions, the used laboratory does not need the capability to develop immunochemi-

cal reagents that includes such tasks as hapten synthesis, antibody production, and characterization

in addition to method development [42–44]. To establish immunoassay capability, the user labora-

tory must demonstrate the ability to validate an established procedure and apply the method for

analytical research or other application.

1.3.1 ASSAY VALIDATION

Initially, the assay is conducted using the SOPs established by the source laboratory. To validate

method performance, the assay should be assessed on at least three different days. The assay results

must indicate that the quality assurance/quality control (QA/QC) parameters are acceptable. Each

analysis should include a standard curve, QC calibrators (low, middle, high), and other controls

necessary for documenting the performance of the assay. If initial assay results indicate a sub-

optimal performance, then new assay conditions must be established. For solid-phase assays such as

those performed in 96-well microplates, a checkerboard titration can determine the optimal concen-

trations of specific antibody and coating antigen [4]. The reported concentrations from the source

laboratory are typically used as a basis for determining optimal concentration values of reagents for
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the new laboratory. It is a good practice to also check all buffers for proper pH prior to analysis.

Commercial reagents such as enzyme conjugates should initially be used at the dilution specified by

the manufacturer.

Whenever new lots of reference standards or immunochemical reagents are obtained, they

should be comparatively tested with the lot currently used in the immunochemical method. It is

essential that the performance of new lots of immunoreagents (i.e., antibodies, enzyme conjugates)

be evaluated prior to use as reagents produced at different times could have different activities that

may influence assay performance. The composition of replacement lots should closely match the

critical characteristics of those previously used for consistent assay performance, particularly in

regard to Ab selectivity. If activities should differ, then SOPs can be adjusted to resetablish the

required assay performance.

1.3.2 SAMPLE PREPARATION

The key steps in preparing environmental samples are extraction, enrichment or concentration,

cleanup, and detection. The extraction technique removes the target analyte from the sample

medium for subsequent analysis. Extraction methods such as Soxhlet, sonication, mechanical or

manual shaking, or solid phase procedures can be used for both conventional instrumental detection

methods and for immunoasssays. An established method for extracting the analyte of interest is a

good starting point for quantitative modifications can be made for immunoassay compatibility. The

simple manual shaking procedure used for most field-testing kits usually does not quantitatively

remove the target analyte from the sample matrix. Evaluation and comparison studies must be

performed to establish the efficiency of the extraction method to accurately interpret data generated

from immunoassays. This is particularly important for field portable methods or testing kits that

typically employ the less efficient extraction procedures.

Immunoassays are traditionally performed in an aqueous phase at or near physiologic con-

ditions where antibodies are most effective. Antibody-based reactions cannot occur in high levels of

the organic solvents typically used to extract many environmental pollutants (i.e., pesticides, PAHs,

PCBs, and dioxins). The tolerance of a particular assay for various water miscible organic solvents

must be determined to establish an optimal assay solvent/buffer system (e.g., 20% methanol in 80%

phosphate buffer) where the target analyte remains soluble and the antibody active. This is easily

accomplished by generating a series of standard curves using various concentrations of organic

solvent in buffer. The solvent/buffer system that shows minimal or no undesired effect on the

antibody performance is selected. All calibration and standard solutions, controls, and samples

should be prepared in the same solvent/buffer system to normalize any effects on quantification in

the assay.

The choice of extraction solvents for conventional and immunoassay methods may differ. The

organic solvent most commonly used in extractions prior to immunoassay detection is methanol

because of its water solubility and compatibility with phosphate buffer that is used throughout the

immunoassay procedure. Other extraction solvents such as dichloromethane or hexane can either be

evaporated or solvent exchanged into methanol for immunoassay analysis.

As antibodies can be highly selective, a cleanup step is rarely required to remove extraneous

materials for ELISA. In contrast, instrumental detection methods frequently require a multi-step

cleanup to protect chromatography columns and expensive instrumentation. For complicated

sample matrices, cleanup methods may be required prior to ELISA to remove sample interferences.

1.3.3 MATRIX EFFECTS

A sample matrix effect is often encountered in environmental analysis for both instrumental and

immunochemical methods. Interferences in the analysis may be the result of nonspecific binding of
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the analyte to the matrix. For antibody-based methods, additional matrix effects may be encoun-

tered from nonspecific binding of the matrix to the Ab or enzyme or denaturation of the Ab or

enzyme. Effects of the sample matrix can be determined by analyzing a number of samples at

different dilutions. Typically, results from different dilutions should be within G30%. Larger

variations in the data suggest a matrix interference problem, indicating cleanup procedures may

be necessary. For immunoassays based on highly sensitive antibodies, the matrix effect may be

overcome by simply diluting the sample if a practical detection level can still be achieved. For more

complex sample matrices, conventional cleanup methods (e.g., solid phase extraction or accelerated

solvent extraction) or immunoaffinity column chromatography may be applied to sample extracts

prior to ELISA.

1.3.4 DATA PROCESSING

A calibration curve consisting of a series of standard solutions is generated for each specific

immunoassay. These curves are sigmoidal in shape, suggesting that the best fit curve is either a

four-parameter fit or a log-logit fit [76]. Four parameter fit curves are commonly used in the

96-microwell plate assays, and the log-logit fit is built into most commercial testing kits and

data analysis software [77]. The four parameter fit calibration curve employs the following formu-

layZ (AKD)(1C(X/C)BCD where:

† y is the ELISA response in absorbance

† A is the y-value corresponding to the asymptote at the lowest value of X

† B is the slope of the curve

† C is the central point of the linear portion of the curve (i.e., the X-value midpoint between

A and D, frequently termed the concentration yielding the 50% inhibition point or IC50
† D is the y-value corresponding to the asymptote at the highest value of X

† X is the concentration of the analyte

Specifications are determined from each calibration curve for a mid-point on the curve at 50%

inhibition (IC50), a maximum absorbance for the lower asymptote, and a minimum absorbance for

the upper asymptote. An established ELISA method usually has well documented historical data

for the specifications of the curve fit constants (Table 1.4). The specific curve fit constants may

vary from day to day, and the accepted ranges of such variations must be determined and

documented. Triplicate analyses of each standard, control, and sample are generally performed

for 96-microwell plate assays. The acceptable percent relative standard deviation (%RSD) of each

triplicate analysis may be as low as G10%, depending on the specific assay and required data

quality objectives. Recoveries of positive controls typically range from 70 to 130%, similar to

instrumental methods. The mean value of each triplicate measurement is used for calculating the

sample concentration. If the results of the samples are outside the calibration range, the sample is

diluted and reanalyzed. A more detail discussion of immunoassay data analysis is given in

Chapter 10.

1.3.5 QUALITY ASSURANCE/QUALITY CONTROL

Every analytical laboratory must maintain a QA program to ensure that all activities affecting the

quality and integrity of the data produced are planned, coordinated, and implemented in a reliable

manner to provide data of known quality. An established and reliable QA program ensures that

individual study requirements are met for complete, accurate, precise, and traceable data. Specific

QC protocols are designed to assess data precision and accuracy as well as incorporate established

procedures for verifying prescribed assay performance in the measurement process. Generally, a

study-specific Quality Assurance Project Plan (QAPP) is prepared and followed throughout the
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study. Appendix 1.B has an example of an outline for developing a QAPP for a sampling and

analysis study of environmental pollutants.

QC protocols for ELISA methods are the same as those for instrumental methods and may

include:

† Establishing method acceptance criteria (e.g., acceptable false positive and false

negative rates)

† Establishing the performance of QC samples, including negative and positive controls,

laboratory and field blanks, matrix spikes, and duplicate samples

† Establishing the frequency for QC sample analysis

† Establishing a reporting system for QC samples

QA protocols to be considered for ELISA methods are also the same as those appropriate for

other analytical methods and include:

† Establishing data quality objectives (DQOs), data acceptance criteria, and appropriate

corrective actions for data that do not meet the DQOs

† Assuring the training or experience of staff prior to assignment of specific tasks

† Establishing appropriate storage and handling procedures for samples and reagents

TABLE 1.4
Historical Data for Curve Fit Parameters for a PCB ELISA Calibration Curve

Assay Date Plate No. A B C D R

2/26/2003 1 0.982 0.864 357 0.163 0.991

2 0.905 1.036 357 0.188 0.997

2/28/2003 1 1.022 1.007 437 0.223 0.998

2 0.976 1.042 530 0.209 0.995

10/16/2003 1 1.268 0.914 302 0.239 0.998

2 1.190 1.356 248 0.359 0.996

10/20/2003 1 1.182 1.06 421 0.299 0.996

2 1.185 1.152 384 0.327 0.995

6/30/2004 1 1.175 0.865 250 0.292 0.998

7/7/2004 1 1.338 0.84 306 0.171 0.998

2 1.265 1.116 436 0.242 0.992

7/8/2004 1 1.427 0.897 306 0.216 0.999

7/12/2004 1 1.669 0.796 400 0.265 0.999

2 1.489 0.859 378 0.281 0.997

7/14/2004 1 1.568 0.883 399 0.269 0.999

2 1.451 1.041 340 0.339 0.998

7/19/2004 1 1.63 0.995 326 0.348 0.999

Mean 1.278 0.984 363 0.261 0.997

Std Dev 0.235 0.142 72.3 0.062 0.002

%CV 18.37 14.4 19.9 23.6 0.239

Calibration curve formula: yZ ðAKDÞ=ð1C ðX=CÞBÞCD. A, the y-value corresponding to the asymptote at the lowest value

of the X axis; B, the curve slope; C, the X-value corresponding to the y value at the midpoint between A and D, showing 50%

inhibition (IC50); D, the y-value corresponding to the asymptote at the highest value of the X axis; and R, correlation

coefficient of the curve fit.
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Once the above criteria have been established, standard operating procedures (SOPs) for

sample preparations and the ELISA analysis are written. A guidance outline for developing

SOPs for analytical methods is given in Appendix 1.C.

Because immunoassay methods are high throughput methods, it is easy to incorporate good

QA/QC practices. However, as samples are analyzed in parallel, problems are usually not detected

until complete analysis of the entire sample set. The throughput of instrumental methods are

typically lower than immunoassay and do not easily lend to the analysis of several QA/QC

samples per analysis run. However, as samples are processed in sequence rather than in parallel,

problems with the analysis can be detected earlier.

1.3.5.1 Quality Control Protocols

Table 1.5 summarizes the QC measures generally expected in analyzing environmental samples

and the frequency with which these measures should be employed. The table also includes the QA

acceptance criteria and corrective actions associated with each QC measure. QC samples include

blanks, matrix spikes, and replicate samples. Typically, for each set of field samples, at least one

field blank, one laboratory method blank, one matrix spike, and one duplicate sample are included

and processed through the extraction, cleanup (if required), and detection processes in the same

manner as the field samples. In addition, QC samples are also generated for the detection method to

verify that the detection technique is under control. Each 96-microwell plate assay generally

includes blank wells, blank controls, positive controls, calibration standards, and samples in tripli-

cate. The 96-microwell format enables the analysis of several QC samples, an advantage over

instrumental methods.

Assay performance is monitored by characterization of the calibration curve and QC data.

Parameters to characterize the calibration curve (i.e., lower and upper asymptote values, IC50
and linear range) in tandem with the QC data enable the performance of each assay to be monitored.

TABLE 1.5
Summary of Typical Quality Assurance and Quality Control Measures

QC Measure QC Frequency QA-Acceptance Criteria Corrective Actions

Calibration curve One per each assay plate

(or assay analysis sequence)a
Multi-point curve; establish

specifications for curve fit

parameters; r2O0.99

Check for error;

remake standards;

recalibrate

Assay blank One or more per each assay plate

(or assay analysis sequence)a
Less than detection limit Check for

contamination

source; correct;

reassay

Assay positive

control

One or more per each assay plate

(or assay analysis sequence)a
Recovery 70%–130% Check for source;

correct; reassay

Triplicate analyses All standards, controls, and

samples per each assay (or

assay analysis sequence)a

%RSD within G20% Check for source; flag

data; reassay

Laboratory and

field blanks

One for each sample set Less than quantification limit Check for source;

correct; flag data set

Matrix spike

samples

One for each sample set Recovery 50%–130% Check for source;

correct; flag data set

Replicate samples One for each sample set %RSD within G30% or %D

within G40%

Check for source;

correct; flag data set

a Assay sequence is for test tube format analyzed as one group.
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Statistics for the calibration curve data are recorded to provide historical assay data. The mean,

standard deviation, and percent coefficient of variance for all QC samples is determined for each

data group. For example, Table 1.4 shows historical values for the four-parameter fit data and

correlation coefficient data over a period of time for an ELISA method for PCBs. A trend analysis

allows the analyst to determine the stability of the assay over time and to set QC ranges for each

parameter. Immunoassay QC data may include %RSD of triplicate assays, percentage recovery of

positive controls, and measurements of sample blanks. Overall method QC results may include

%RSD or percent difference (%D) of replicate samples, percent recovery of matrix spikes, and

measurements of laboratory and field blanks. All these QC results can be documented in electronic

spreadsheet formats that fulfill the needs of individual studies. The acceptance criteria for commer-

cial testing kits should be stated by the manufacturer; however, the user may perform additional QC

criteria. If the kits are modified for a particular need, the user must establish additional

acceptance criteria.

1.3.5.2 Quality Assurance Protocols

For most analytical measurement studies, the QA objectives address overall method precision and

accuracy as well as method detection and quantification limits. Overall method accuracy is based on

the recoveries of the matrix spiked samples. Precision is determined by the %RSD of

triplicate samples or %D of duplicate samples. For most sample media, the analytical measurement

of target compounds involves extraction and detection. Thus, the overall accuracy and precision

measurements must include both the extraction and detection techniques. In general, the ELISA

detection method performed in a 96-microwell plate format provides a tighter range of

accuracy (e.g., O90%) and assay precision (e.g., within G10%) than rapid testing kits.

Accuracy of the assay is based on analysis of post-spiked sample extracts (that does not

include any variation introduced by the extraction/cleanup steps). Assay precision is based

on %RSD of triplicate analyses on the same plate. For many field testing kits, duplicate and/or

triplicate analyses are performed for each sample within a sample set. If duplicate analyses are

performed, assay precision is then based on percent difference (%D) of the duplicate

measurements.

The analysts who perform the sample preparations and ELISA analysis should have proper

training for their assigned tasks. Staff should be trained in preparation techniques that are

commonly employed in a conventional analytical laboratory such as preparation of standards,

accurate use of balances, ultrasonic baths, accelerated solvent extraction (ASE), Soxhlet extraction,

SPE cartridges, and concentration apparatuses. ELISA methods often require additional techniques

that staff should be trained in such as the use of pipettors as well as the operation of plate washers,

mechanical shakers, incubators, and 96-well microplate spectrophotometers. Proper procedures for

storage and handling of standards, immunoreagents, and samples should be established and

recorded in SOPs for staff to follow.

1.3.6 TROUBLESHOOTING

The most common problems encountered in ELISA methods utilizing 96-microwell plate assays

are poor precision, uneven color development, and no or low color development [4,43]. Problems

and solutions for them are discussed in the paragraphs below.

The performance of an antibody-based method is largely determined by the selectivity and

concentration of the specific Ab. During method development, the optimal concentration of the

specific Ab is determined. However, if a decrease in assay performance is observed, the working

titer of the Ab should be checked in relation to the other reagents. Checkerboard titrations of the
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specific Ab and coating antigen [4] are often used to obtain the optimal reagent concentrations for

an indirect 96-well assay format.

Any particles present in the sample extract may interfere with the assay performance.

Particles should be removed with an Acrodisc PTFE (or equivalent) 25 mm, 0.45 micro syringe

filter. The filtrate can then be analyzed by an ELISA analysis. A solvent spike sample is typically

prepared for Acrodisc filtration to assess any loss occurring during the filtration step.

Laboratory staff should be trained to properly use mechanical pipettors [4]. Poor pipetting

techniques can cause a serious decline in assay precision, and it can also affect the accuracy of

the method. ELISA testing kits typically have a small dynamic optical density range (i.e., 1.0 OD–

0.35 OD), and small changes in OD correlate to large changes in derived concentrations. The

differences between absorbance values from duplicate assays are generally small and are well

within the acceptance requirement (%CV !10%) for the calibration standard solutions.

However, the %D of the derived concentrations of the standard solution from duplicate assays

can sometime exceed 30%. The greater %D values obtained for some of the measured concen-

trations for the standards and samples may be due to a small volume of standard or sample retained

in the pipette tip during the transfer step. Extreme care should be taken when measuring small

volumes of standard or sample. A trace amount of liquid not delivered may result in a large

variation in the data from duplicate assays. Laboratory pipettors must also be routinely calibrated

and properly maintained for accuracy (Appendix 1.D).

Inadequate plate washing can also cause poor precision. For most immunoassays, washing 3–6

times after each incubation step is sufficient to remove unbound material from the microtiter wells.

A tight sealing plate cover should be used to avoid any evaporation during the incubation steps.

Small changes in volume may affect the precision and accuracy for a quantitative immunoassay.

For commercial testing kits, the washing instructions given by the manufacturer should be strictly

followed. A variation in the binding capacity of the solid phase (i.e., test tubes, microtiter plates)

can also cause poor precision. It is important to purchase microtiter plates from reliable manufac-

turers to avoid this problem.

It may be important to warm the liquid reagents to room temperature before measuring or

conducting the immunochemical procedure. Immunoassay incubations are usually equilibrium

reactions and are subject to temperature fluctuations that can cause uneven color development

in the assay resulting in poor precision. Use of an incubator at the proper temperature (usually

378C) may be warranted. Assay performance may be affected if the reagents are not at the proper

temperature. Oftentimes, a cool laboratory temperature will result in a slower and lower

assay response. It is a good practice to record the laboratory temperature when conducting an

immunochemical procedure. A constant laboratory temperature will reduce inter-assay variability

throughout a study.

As in an instrumental quantitative analysis, if the result of a sample extract is above the

calibration range, the sample extract should be diluted and reanalyzed. To assess if there is any

effect of the sample matrix in the immunoassay, selected sample extracts are generally diluted

(within the calibration range) and assayed. Similar results should be obtained for both the diluted

and non-diluted samples demonstrating the lack of matrix interference.

Problems with color development such as little or no color or too intense color may be due to

errors in performing dilutions, reagent degradation, sub-optimal incubation conditions, or matrix

interference. The overall procedure must be carefully analyzed stepwise to determine the cause of

the problem and eliminate error probability.

There are other areas not discussed in this section that can cause problems in an immunoassay.

Many vendors of immunochemical reagents and testing kits offer free on-line comprehensive

troubleshooting guidance through their websites. Other resources that discuss problems and give

potential solutions are also available for analysts [4,43,78]. Communications should be established

with the assay developer or manufacturer to solve assay-specific issues.
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1.3.7 SAFETY CONSIDERATIONS AND WASTE DISPOSAL

Safety and waste disposal issues need to be addressed for each ELISA method. A benefit of

immunoassay methods is the minimal use of hazardous organic solvents. However, even

minimal amounts of these reagents should be carefully handled and disposed of properly.

Enzyme substrates, organic solvents, and sample residues may be hazardous. All hazardous

materials should be properly disposed of according to individual facility regulations for safety

and waste disposal.

1.4 EXAMPLES OF ELISA METHODS FOR DETERMINING ENVIRONMENTAL

POLLUTANTS AND METABOLITES

Immunoassays such as ELISAs have been developed for determining environmental contaminants

and metabolites in various sample media [8]. The performance of many immunoassay methods has

been determined with real-world environmental samples. The comparison of ELISA data with

GC/MS data is often favorable, suggesting that ELISA methods may be suitable as either quan-

titative or qualitative monitoring tools for target pollutants. The use of bioanalytical methods such

as ELISA in tandem with instrumental procedures often provides advantages such as cost reduction

and additional data may be obtained using a tiered analytical approach.

Environmental monitoring and human exposure assessment studies generate a large sample

load that must be analyzed in a timely manner. This section gives examples of how ELISA methods

have been used to monitor environmental contaminants and metabolites in various sample media.

1.4.1 ELISA METHODS FOR MEASURING 3,5,6-TCP IN DUST AND SOIL

1.4.1.1 Summary of Results

Chlorpyrifos [O,O-diethyl O-3,5,6-trichloro-2-pyridyl phosphorothioate] is a broad-spectrum orga-

nophosphorus pesticide. It has been used on agricultural crops, in and around residential buildings,

and on pets. The related compounds chlorpyrifos-methyl and trichlorpyr are also commonly used in

agriculture. 3,5,6-Trichloropyridin-2-ol (3,5,6-TCP) is a major urinary biomarker of exposure for

chlorpyrifos, trichlorpyr and chlorpyrifos-methyl. 3,5,6-TCP is also an environmental marker and

has been detected in samples of air, dust, and soil [79]. An ELISA method to measure 3,5,6-TCP in

dust and soil samples collected for a population-based exposure study [80,81] was evaluated using a

conventional GC/MS method [27]. The assay precision in the 38 dust and 38 soil samples

was within G50% for sample extracts in the concentration range of 0.25 to 1.0 ng/mL and

within G25% for sample extracts in a higher concentration range (1–6 ng/mL). The estimated

detection limit for a 1 g dust or soil sample was 0.25 ng/g based on a final extract of 1 mL. The

assay accuracy was greater than 90%, and the estimated assay detection limit was 0.25 ng/mL. The

overall ELISA method accuracy (sample extraction and detection) was greater than 80% based on

recoveries from fortified exposure dust and soil samples. Linear and positive relationships were

observed between the ELISA and GC/MS data with a correlation coefficient of 0.982 for dust and

0.980 for soil. Slopes of the regression lines were 1.079 for dust and 0.999 for soil, confirming that

the ELISA was a reliable tool for the quantitative measurement of 3,5,6-TCP in soil and

dust matrices.

1.4.1.2 Summary of Methods

Establishing analytical method performance prior to a large-scale exposure study can assist in the

development of realistic monitoring criteria. Figure 1.3 illustrates the overall approach for the

analysis of dust and soil samples by the ELISA and GC/MS methods. Briefly, the dust and soil

samples were extracted with either acetone or methanol using an accelerated solvent extraction
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(ASE) technique (2200 psi, 1208C for 3 cycles). The ASE extracts were dried over Na2SO4, filtered,

and analyzed by both ELISA and GC/MS. For ELISA, an aliquot of the ASE methanol extract was

diluted with a phosphate buffer prior to analysis. Acetone was a better solvent than methanol for

GC/MS to minimize sample matrix interferences. The acetone extract was solvent-exchanged into

isooctane and derivatized with an aliquot (100 mL) of N-(tert-butyldimethylsilyl)-N-methyltrifluor-
oacetamide (MTBSTFA). A Florisil SPE column cleanup was needed for the dust but not for the

soil samples prior to GC/MS. Differences in sample extraction and preparation often occur when

evaluating immunoassay and instrumental methods and may complicate the comparison.

The study acceptance criteria for the 3,5,6-TCP magnetic particle were that (1) the %CV of the

absorbance values of the standard solution must be less than 10%; and (2) the correlation coefficient

for the calibration curve must be greater than 0.99. All of the assay results met the acceptance

criteria. The differences between absorbance values were within the acceptance criteria (%CV!
10%) for all standard solutions. However, the %D of derived concentrations from the duplicate

analyses of the lowest level standard (0.05 ng/mL) exceededG25%. The observed greater %D for

the low level standard may have been due to a small volume of standard retained in the pipette tip.

Satisfactory results (3.12G0.08 ng/mL) were obtained for the analyses of the control sample that

agreed well with the expected value (3.0 ng/mL). Each method blank yielded a non-detectable

value for 3,5,6-TCP.

Duplicate analyses were performed for all dust and soil samples yielding a %D value

withinG50%, for the derived concentrations of the duplicate analyses, based on an assay detection

limit of 0.25 ng/mL. The %D values improved to within 25% when a detection level of 1 ng/mL

was used. Because of the small working range of the assay, most dust samples were diluted and

reanalyzed. Satisfactory recoveries were obtained (99G6.7% for dust and 92G8.6% for soil) for

post-spiked sample extract. Approximately 10% of the sample extracts were analyzed at different

dilution levels in the ELISA as a QC check. Similar results were obtained for these extracts,

suggesting that neither matrix interfered with the assay performance. Quantitative recoveries

were achieved averaging 81G18% for dust and 91G5.2% for soil samples. In general, the

ELISA and GC/MS data were in good agreement (Table 1.6). A regression analysis showed that

the data were highly correlated, demonstrating that the ELISA was generating quantitative data.

Analysis of 3,5,6-TCP in soil and dust

Remove
sample extract

for GC/MS

Remove
methanol extract

for ELISA

Elute SPE column
with 15% diethylether

in hexane

Conc. target
fraction
GC/MS

GC/MS

Extract dust or soil with
methanol or acetone
using ASE for GC/MS

Dilute with
assay buffer

Conc. sample extract,
solvent exchange into toluene

add IS and MTBSTFA
heat at 70°C

Dust Soil

ELISA

FIGURE 1.3 Analytical procedures for determining 3,5,6-TCP in dust and soil samples.
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1.4.2 ELISA METHODS FOR MEASURING 3,5,6-TCP IN FOOD

1.4.2.1 Summary of Results

Duplicate diet food samples obtained from a non-occupational exposure study were analyzed using

a 96-microwell plate immunoassay format [27]. The %RSD of the 96-microwell plate triplicate

analyses was within G15% for all samples. The estimated assay detection limit was 0.1 ng/mL.

Quantitative recoveries (O90%) were obtained for post-spiked food sample extracts as well as for
fortified food samples (87G7.0%). Overall method precision was with G15%, and method

accuracy was greater than 85%. The ELISA and GC/MS results were well correlated for 18

duplicate diet solid food samples.

1.4.2.2 Summary of Methods

Figure 1.4 and Figure 1.5 outline the different required approaches for ELISA and GC/MS analyses

of the food samples. Duplicate diet food samples collected from an exposure study were homogen-

ized using a Waring blender. Individual aliquots of the homogenates were thoroughly mixed with a

50% weight amount of Extrelut. The food homogenates were extracted with methanol using ASE at

2000 psi and 1108C for 3 cycles of 5 min each with 100% flush. The extract was filtered, concen-

trated, and transferred into a silylated separatory funnel for subsequent liquid–liquid partitioning to

remove the fat content. The resulting dichloromethane (DCM) extracts were concentrated on a

water bath under a stream of nitrogen. One portion of the DCM extract was solvent exchanged into

methanol and diluted with phosphate buffer for ELISA. Another portion of the extract was deri-

vatized with MTBSTFA prior to GC/MS detection.

The above sample preparation procedure gave unsatisfactory ELISA results, possibly

because of the residual fatty acids and fatty acid esters remaining from the liquid–liquid

partitioning steps. Different sample preparation procedures were then developed for the

ELISA that actually resulted in a more simplified approach. An aliquot of a food sample

was mixed with Celite 545 and sonicated with acidic methanol (72% methanol, 26% water,

and 2% acetic acid) for 30 min. The mixture was centrifuged at 2500 rpm at 48C for 20 min.

An aliquot of the supernatant located beneath the fat layer was removed and diluted with

TABLE 1.6
Summary Statistics for ELISA and GC/MS Data for 3,5,6-TCP

Summary
Statisticsa Dust Soil Food Urine

ELISA GC/MS ELISA GC/MS ELISA GC/MS ELISA GC/MS

Sample Size 38 38 38 38 18 18 60 60

Unit ng/g ng/g ng/g ng/g ng/g ng/g ng/mL ng/mL

Mean 688 535 5.11 4.77 4.56 4.32 15.4 13.0

Standard

Deviation

1332 1304 9.39 9.57 2.80 2.99 11.5 11.0

Maximum 6033 7267 39.5 40.0 11.2 11.0 53.4 49.9

Minimum 27.3 12.4 0.08 Non-detectb Non-detectb Non-detectb 1.70 0.80

a Sample size is the total number of samples analyzed. Mean, standard deviation, maximum, and minimum are from the

measured concentrations of 3,5,6-TCP in each respective sample set (dust, soil, food, and urine).
b Estimated detection for soil is 0.2 ng/g by GC/MS, and the estimated detection for food is 0.1 ng/g by either GC/MS or

ELISA [27]

Integrating Bioanalytical Capability in an Environmental Analytical Laboratory 23

DK9421—CHAPTER 1—18/11/2006—06:29—CRCPAG—15330—XML MODEL C – pp. 1–43



800mL of phosphate buffered saline with 0.05% Tween 20 (PBST). The ELISA was performed

as previously described in detail [59].

Data acceptance criteria for the 96-microwell plate assay were established based on study

requirements and used as guidance throughout the analyses. The %RSD of the triplicate analyses

was less thanG15% for all samples and standard solutions. The %D of the measured values of the

Analysis of 3,5,6-TCP in solid food samples for GC/MS

Extract food with
methanol using ASE

Solvent exchange into water,
adjust pH to ≥ 12

extract aqueous layer with hexane

Acidify aqueous
layer to pH ≤ 2

extract with DCM
Discard hexane extract

Remove 50%
of DCM extract

for GC/MS

Remove 50%
of DCM extract

for ELISA

Conc. DCM extract,
add IS and
MTBSTFA,

heat at 70°C

Evap. DCM
extract to dry

add 10% MeOH
in water

GC/MS
Matrix

interference
in ELISA

Discard
aqueous layer

FIGURE 1.5 Analytical procedures for determining 3,5,6-TCP in solid food samples by GC/MS.

Analysis of 3,5,6-TCP in solid food samples by ELISA

Add water and
celite 545; vortex;

centrifuge at 2500 rpm

Remove
supernatant for

ELISA

Extract food with
acidic methanol*

using vortex

96-Microwell
plate ELISA

*Acidic methanol

72% Methanol
2% Acetic acid

26% Water

FIGURE 1.4 Analytical procedures for determining 3,5,6-TCP in solid food samples by ELISA.
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standard solutions and the expected values were less than 10%. The means of the triplicate analyses

from each assay were used to calculate the final concentrations of 3,5,6-TCP in the food samples.

Although different sample preparation procedures were used for the ELISA and GC/MS

analysis, the data obtained from the two methods were generally in good agreement

(Table 1.6). The ELISA data were correlated with the GC/MS data over a concentration

range of 2.28 to 11.2 ppb. The Pearson correlation coefficient was 0.930 with a slope value

of 0.996 for the linear regression line. Composite food samples are an analytical challenge, but

they play a key part in determining dietary exposures of pesticides. Improvements in analytical

capability such as more rapid and cost-effective methods may often be provided by bioana-

lytical procedures such as immunoassay.

1.4.3 ELISA METHODS FOR MEASURING 3,5,6-TCP IN URINE

1.4.3.1 Summary of Results

The same ELISA format (96-microwell plate assay) that was used for the food samples (Section

4.2) was applied to urine samples from an observational field study to determine levels of the

biomarker 3,5,6-TCP. Assay precision was within G10% for the urine samples with an accuracy

greater than 90% and a detection limit of 0.1 ng/mL. The overall method accuracy was greater than

85% (87%–91%) based on recoveries from the fortified samples. Recoveries for post-spiked urine

sample extracts were greater than 90%. Sixty human exposure urine samples were analyzed by the

ELISA and compared with data from a GC/MS method. The data compared well with a Pearson

correlation coefficient of 0.983 and a slope of 0.936.

1.4.3.2 Summary of Methods

Figure 1.6 shows the analytical procedures for determining 3,5,6-TCP in urine samples. Briefly, an

aliquot of each urine sample was hydrolyzed with concentrated HCl at 808C for one hour then

extracted with 20% NaCl and chlorobutane. The sample was centrifuged for 10 min at 2500 rpm.

Analysis of 3,5,6-TCP in urine samples

Allow to cool; add 20%
NaCl and extract

with chlorobutane (CB)

Remove 50% of
CB extract for GC/MS

Remove 50% of
CB extract for ELISA

Conc. CB extract, add
IS and MTBSTFA

heat at 70°C

GC/MS

Hydrolyze urine with
HCl; heat at 80°C

for 1-hr

ELISA

FIGURE 1.6 Analytical procedures for determining 3,5,6-TCP in urine samples.
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For ELISA, an aliquot of the supernatant was removed and evaporated to dryness under a stream of

nitrogen and re-dissolved in phosphate buffer prior to analysis. For GC/MS analysis, an aliquot of

the supernatant was derivatized with MTBSTFA. No cleanup procedures were required for the

urine samples prior to GC/MS.

The four-parameter curve-fit values obtained for the urine samples were similar to the food

samples except that better assay precision was achieved for the urine. The %RSD values of the

triplicate analyses were less thanG10% for urine samples as opposed toG15% for food samples.

The means of triplicate measured values were used to calculate the final biomarker concentrations

in the samples. Quantitative recoveries (O90%) were obtained for post-spiked sample extracts.
Recoveries for the fortified urine samples were 87G5.2%, 89G3.7%, and 91G4.6% at 3,5,6-TCP

levels of 1, 5, and 10 ng/mL, respectively.

The human exposure samples underwent similar sample preparation procedures for both the

ELISA and GC/MS methods except that a derivatization step was required for the GC/MS. Thus,

the discrepancies between the ELISA and GC/MS data were mainly attributable to the detection

techniques. In general, the ELISA data were highly correlated with the GC/MS data (Table 1.6).

The results suggested (Figure 1.7) that both the ELISA and GC/MS are reliable analytical methods

for measuring 3,5,6-TCP. The ELISA had a higher throughput and provided a more cost-

effective analysis.

1.4.4 A HIGH THROUGHPUT ELISA METHOD FOR MEASURING 2,4-D IN URINE

1.4.4.1 Summary of Results

An ELISA method was developed to quantitatively measure 2,4-dichlorophenyoxyacetic acid

(2,4-D) in human urine to support a monitoring study [60,82]. The method consisted of diluting

the urine samples with PBST (1:5) prior to analysis with a 96-microwell plate immunoassay.

Diluting the samples minimized the matrix interference so that a cleanup was not required for

the ELISA. The assay precision, %RSD of the 96-microwell plate triplicate analyses ranged from

1.2 to 22% for the exposure samples. The overall method precision and day-to-day variation of

Comparison of 96-microwell plate assay and GC/MS data in urine samples

y = 0.9363x − 1.4276
R2 = 0.9657

0

10

20

30

40

50

60

0 10 20 30 40 50 60
96-Microwell plate assay, ng/g

G
C
/M
S
,n
g/
g

FIGURE 1.7 Comparison of ELISA and GC/MS data for 3,5,6-TCP in urine samples.
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real-world exposure samples was within G20% with method accuracy greater than 70%. The

experimental quantification limit for 2,4-D in urine was 30 ng/mL. A multi-step sample preparation

and cleanup procedure was required for the GC/MS. Urine samples were extracted with acidic

DCM, methylated with diazomethane and processed through a SPE column prior to GC/MS

detection. A more streamlined approach of sample dilution was used for the immunoassay.

The ELISA and GC/MS data in 50 human urine samples were highly correlated with a

correlation coefficient of 0.9438 and a slope of 1.0008. These results indicate that the

ELISA method is suitable as a high throughput, quantitative monitoring tool for identifying

individuals with exposure to 2,4-D above the typical background levels (O30 ng/mL). The
method could be applied in a cost-effective manner for obtaining large-scale epidemiologic

information.

1.4.4.2 Summary of Methods

For initial ELISA development, the urine samples were hydrolyzed with chlorobutane and concen-

trated HCl. The resulting hydrolysate was extracted with DCM (2!5 mL) and 20% NaCl. The

DCM extracts were concentrated, solvent exchanged into methanol, and diluted with PBST (1:10)

for ELISA analysis. The GC/MS analysis also required an acid hydrolysis and extraction with

DCM. The DCM extracts were then methylated, passed through a SPE column, and analyzed by

GC/MS. The final ELISA method included a 10-point calibration curve (0.78–400 ng/mL), with

controls, and exposures, and QC samples analyzed in triplicate. The solvent used for

preparing the standard solutions and diluting (1:5) all samples was 80%PBST with 20% drug-

free urine (DFU).

The 2,4-D ELISA could tolerate 10% methanol in PBST and 10% DFU in PBST. The urine

matrix effect in the assay was investigated to develop a more simplified sample preparation in

comparison to the GC/MS preparation. Based on these results, a streamlined sample preparation

approach was developed where urine samples were simply diluted prior to the ELISA.

A constant amount of 2,4-D standard was added to a series of dilutions of a 2.5 DFU concen-

trate to determine the maximum amount of urine that could be analyzed in the assay without a

cleanup step. The results showed that a 1:8 dilution of the concentrate (31.2% urine) could be

analyzed without a cleanup step and not adversely effect method performance. Three levels of the

urine matrix (31.2%, 15.6%, and 7.8%) were further evaluated for assay performance. Standard

curves of 2,4D (6.25–400 ng/mL) were constructed using solutions containing 31.2%, 15.6%, 7.8%,

and 0% urine in 10% methanol/PBST. The standard curves with these urine concentrations

were superimposable, suggesting that at these concentrations, (7.8%–31.2% urine) the matrix

does not interfere with the assay performance. Because of the high variability in the biological

composition of urine samples, a dilution factor of 1:5 (20% urine) was chosen for the final

ELISA method to reduce the potential for matrix interference.

Fifty urine samples obtained from an exposure field study [83] were analyzed for 2,4-D by the

ELISA and GC/MS. The %RSD of triplicate values was within G30% for all urine samples, QC

samples, and standard solutions. Results of the post-spiked sample extracts were withinG30% of

the expected values for 2,4-D concentrations, ranging from !30 to 2480 ng/mL. Eighteen urine
samples were reanalyzed over several different days, and the %RSD of these replicate analyses

(day-to-day) variation) was within G20%, indicating good inter-assay reproducibility.

Quantitative recoveries (70%–124%) were obtained for the fortified urine samples. The overall

accuracy for the final ELISA method was greater than 70%, and the overall assay precision was

within G20% for the exposure samples. The ELISA and GC/MS data were in good agreement

despite the different sample preparation and detection techniques employed. In general, there was a

strong and positive relationship between the ELISA and GC/MS data (correlation coefficient

of 0.9438).

Integrating Bioanalytical Capability in an Environmental Analytical Laboratory 27

DK9421—CHAPTER 1—18/11/2006—06:29—CRCPAG—15330—XML MODEL C – pp. 1–43



1.4.5 A QUALITATIVE SCREENING ELISA METHOD FOR DIOXINS IN SEDIMENTS

1.4.5.1 Summary of Results

Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) are typi-

cally found as mixtures of congeners in the environment. Of the 210 individual congeners, 17 of the

most toxic have been assigned a toxic equivalent factor (TEF) by the World Health Organization

based on toxicity [84]. The most toxic of these compounds is 2,3,7,8-tetrachlorodibenzo-p-dioxin

(2,3,7,8-TCDD), a probable human carcinogen. A Toxic Equivalents (TEQ) value is calculated for

a mixture of dioxins/furans by multiplying the concentration of each individual dioxin or furan by

its respective TEF.

A sensitive 96-microwell plate ELISA method was developed to determine 2,3,7,8-tetrachlor-

odibenzo-p-dioxin (TCDD) equivalent concentrations in soil and sediment samples. The cross-

reactivity of the less toxic TMDD in the TCDD assay was 130%. This response enabled the less

toxic TMDD to be used as a surrogate standard for assay calibration and quantitation. The assay had

an IC50 value of approximately 100 pg/mL TMDD and a detection limit of 30 pg/mL TMDD in

assay buffer (50% DMSO-Triton X-100). The assay precision from triplicate analyses of standards

and samples was within G35%, and assay accuracy was greater than 70%. The overall method

accuracy (including extraction, cleanup, and detection) was greater than 60% (60%–113%) in

fortified sediment samples. There was good correlation between the measured TMDD equivalent

concentrations and the TEQ values derived from the GC/high resolution mass spectrometry

(HRMS) methods. For this set of samples, there were no false positives for TMDD equivalent

levels greater than 100 pg/g.

1.4.5.2 Summary of Methods

Sediment samples collected from an EPA superfund site. For ELISA, the sediments were dried,

ground, and extracted with hexane. The hexane extract was cleaned by a multilayered acid/base

silica gel column followed by a carbon column with a toluene elution. The target fraction was

solvent exchanged into DMSO-Triton X-100 [17]. Different aliquots of the sediment samples were

prepared and analyzed by GC/HRMS based on EPA method 1613 [85]. The sediment samples were

extracted with DCM using ASE and prepared for GC/HRMS analysis using a gel permeation

column, an acid-base silica column, and a carbon column.

Various cleanup steps were evaluated to develop a simple, high throughput cleanup

approach able to remove the interferences prior to ELISA. The most effective cleanup procedure

consisted of a multi-layered silica column followed by a carbon column. The overall method

accuracy and precision were established with various sediment samples fortified with different

amounts of TCDD (50, 200, 600, 2500, 7500 pg/g). These samples were processed through the

cleanup method and analyzed by ELISA. The recoveries of the fortified sediment samples

ranged from 70 to 113%, with two exceptions at the 50 and 200 pg/g level where 63% and

60% of the spiked amounts were detected. The %RSD of triplicate spiked samples ranged from

5 to 34%.

Most of the dioxins and furans (PCDDs and PCDFs) with high TEF values (O0.1) also
exhibited a strong or moderate cross-reactivity in the ELISA. The TEQ value for each sediment

sample was calculated using the GC/HRMS data and based on WHO TEF criteria. There was a

strong and positive relationship (correlation coefficient of 0.987, slope of 1.06) between the ELISA-

derived TCDD concentrations and the GC/HRMS-derived TEQ values. No false positives were

detected for levels higher than100 pg/g, but the data did indicate some false positives for samples

with levels lower than100 pg/g. Thus, this ELISA may be a good indicator of dioxin toxicity in

contaminated sediment samples.
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1.5 IMMUNOAFFINITY (IA) CHROMATOGRAPHY

There is a growing interest in the application of immunoaffinity (IA) chromatography to the

analysis of environmental pollutants such as pesticides, PCBs, dioxins, and non-conventional

pollutants, including pharmaceutical and personal care products. The impact of immunochemical

methods for the environmental monitoring of these non-conventional types of pollutants can be

significant. Particularly, as a supply of Abs for these larger molecules already exists for clinical

purposes, facilitating methods development for environmental applications. A key issue for IA

purification research and routine environmental analysis is the availability of appropriate Abs. IA

chromatography consumes a larger amount of Ab than do immunochemical detection techniques.

However, once an IA column is prepared, it may be used for several times without a loss in

activity. Table 1.7 summarizes some of the methods employing IA columns as a cleanup

method prior to immunoassay or instrumental (i.e., GC, GC/MS, HPLC, LC/MS) detection for

environmental pollutants.

1.5.1 GENERAL APPROACH TO IA COLUMN CLEANUP

The key factors to consider in establishing an IA column cleanup method are (1) selection of the

suitable IA sorbent (e.g., HiTrap NHS-activated Sepharose) for antibody coupling and efficient

loading; (2) evaluation of a suitable loading and washing solvent/buffer system; (3) evaluation of an

optimal elution solvent/buffer system; and (4) regeneration and storage of the IA column.

An IA sorbent is prepared by immobilizing specific Ab on the surface of a rigid or semi-rigid

support (stationary phase). The IA column is activated through the functional groups of the absor-

bent in preparation for reaction with the Ab. Proteins A and G are often used as a bridge between the

solid support and the specific Ab. The protein bridge helps to provide optimum orientation of the

Ab binding site for reaction with the sample extract. An ideal immobilization condition maintains

the selective binding activity of the specific Ab during the activation and coupling procedures. In

general, there are two types of supports: semi-rigid, non-pressure resistant support and rigid,

pressure-resistant support. An IA column using the rigid support can be directly interfaced to an

HPLC system for on-line analysis (see Chapter 15).

Once the IA column is prepared with the immobilized Ab, the sample extract is loaded onto the

column for the Ab to bind with the target analyte. The solvent/buffer system for sample loading

varies among analytes and is designed to enhance the specific binding of the analyte with the Ab

while minimizing nonspecific binding for the support. The pH of the solvent/buffer system is

typically neutral with low to moderate ionic strength and low organic solvent content. The break-

through volume is the maximum sample volume that can be applied without loss in recovery of the

analyte. Accurate determination of the breakthrough volume is critical as this is an important

parameter related to the loading step. A large breakthrough volume enables more sample extract

to be loaded on to the column, resulting in a better detection limit. The column flow rate also affects

the interaction between Ab and analyte. The binding reaction is less efficient with faster flow rates.

Typical flow rates are generally between 0.5 and 5 mL/min.

A washing step removes weakly bound and nonspecifically bound materials (unwanted

substances) from the column. The same solvent/buffer system for sample loading is typically

used for washing. If the Ab has cross-reactivity for other structurally similar compounds or

isomers, the solvent strength of the wash solvent/buffer system can be increased to remove the

weakly bound chemicals. To extract related compounds and isomers, the solvent strength is not

increased, and the solvent/buffer system used for sample loading is also used for washing. This

allows the relatively weakly bound, but related, compounds to be retained during the washing cycle.

An elution solvent/buffer system must elute the analyte as quickly as possible and avoid any

irreversible damage to the immobilized Ab. Common elution solvent/buffer systems include acidic

or basic buffers, high ionic strength solutions, and organic solvents (e.g., methanol or ethanol).
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The last step is regeneration of the column that removes the elution solvent/buffer system and

reconditions the column with a loading solvent/buffer system for the next sample injection. Phos-

phate buffer with a preserving agent such as sodium azide may be added to store the column

between uses.

A performance check is conducted before reusing the column for sample analysis. This check is

done by passing a standard solution through the column to determine the reactivity of the support

for the target analyte. Columns should be replaced when the QC check sample does not meet the

recovery requirement of the study that generally ranges from 80% to120%.

1.5.2 PURIFICATION OF ATRAZINE IN SOIL AND SEDIMENT

1.5.2.1 Summary of Methods

Four IA columns were made by immobilizing rabbit anti-atrazine polyclonal Ab (1 mL of

4.25 ng/mL) onto HiTrap NHS-activated Sepharose column resin. Atrazine specifically bound to

the IA columns, but it did not bind non-specifically to the control protein or the Sepharose resin.

Three sample loading solvents were evaluated: 2% ACN in water, 100% water, and 10% methanol

in PBS. Three elution solvents to quantitatively release the antibody-bound atrazine from the IA

column were evaluated: 70% ethanol in water, 70% methanol in water, and 100% methanol. The

amount of Ab coupled to the column was consistent when making multiple columns using the same

procedures (93%–97% of the Ab was bound to each of the four columns). The maximum binding

capability of atrazine on the IA column was approximately 700 ng per 1 mL of the resin bed

(0.16 mg of atrazine per mg Ab). The elution profile for atrazine was reproducible each time the
column was used. The column-to-column variability was within G12%. The IA columns were

robust, and they could be regenerated and reused. The binding efficiency did not decrease even after

repeated use (O50 times). The IA columns were challenged with real-world soil and sediment

samples with the resulting extracts analyzed by ELISA and GC/MS. Quantitative recoveries were

achieved for the fortified samples. The ELISA and GC/MS data were in good agreement,

supporting the application of IA chromatography as a cleanup method.

1.5.2.2 Analytical Method for IA Purification of Atrazine in Soil and Sediment Samples

Soil and sediment samples were extracted with DCM using ASE at 2000 psi and 1258C for 3 cycles
of 10 min each with 100% flush. The collected DCM extracts were treated with Na2SO4, filtered

through a muffled quartz fiber filter, and concentrated to a final volume of 10 mL. Each sample

extract was divided into two portions: portion I was either used for GC/MS without a prior cleanup

step or reserved for future analysis, and portion II underwent an IA column cleanup with subsequent

analysis by both ELISA and GC/MS. Prior to IA column cleanup, the DCM sample extract was

solvent exchanged into 100% methanol. The methanol sample extract was diluted to 10% methanol

in PBS before loading on to the IA column.

Four Sepharose IA columns were prepared using a polyclonal Ab specific for atrazine. A

control column was prepared with a nonspecific rabbit IgG antibody following the same procedure.

The coupling efficiency of the four IA columns ranged from 93 to 97% with an average of 96G2%.

A control column was prepared using an Ab not specific for atrazine that bound to the resin with

98% efficiency. Various sample loading and elution buffers/solvents were evaluated. An elution

solvent of 100% methanol was selected for the final procedures, and the elution profile was refined

to minimize the water content in the target fraction for subsequent GC/MS analysis.

1.5.2.3 IA Column Performance

Atrazine was effectively retained by the IA column when the loading solvents were either 2% ACN

in water, 100% water, or 10% methanol in PBS. However, atrazine was not retained by the control
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column. These findings indicated that the specific binding of atrazine to the IA column was

significant and that atrazine did not bind indiscriminately to the protein or the Sepharose

support. Column-to-column variability (G12%) was determined by the %RSD of recoveries of

fortified atrazine solutions (5, 50, and 500 ng/mL) from the four IA columns.

The four IA columns were challenged with 37 real-world sediment and soil samples. QC

samples (20 ng/mL of atrazine in 10% methanol in PBS) were processed through each of the IA

columns at the beginning and at the end of each day and analyzed by ELISA. Quantitative recov-

eries (114G17%) were obtained for the QC samples, indicating that the IA columns continued to

function properly after processing the real-world sample extracts.

Selected sample extracts were analyzed by GC/MS with and without IA column cleanup.

A co-eluting interference component misidentified by the GC/MS as atrazine was present in

some of the samples without the IA column cleanup step. After the IA column cleanup, the

interference was removed from the sample extracts. These results demonstrate that IA column

cleanup effectively removed the interfering compound from the soil and sediment samples. Sample

processing through the IA columns was approximately 30 min using a syringe to manually push the

liquids through the column. However, the IA column could easily be adapted to an automated

system by using an HPLC system equipped with a fraction collector.

For ELISA, duplicate measurements were performed for all soil and sediment samples. The %D

values of the duplicate measurements were within G30%. Selected sample extracts were also

spiked with a known amount of atrazine prior to the IA column cleanup and analyzed by both

ELISA and GC/MS yielding satisfactory recoveries (93G17%, and 96G21%, respectively). Good

agreement between the two different detection methods throughout the study illustrates the utility of

IA chromatography as an effective cleanup procedure.

1.6 FUTURE OUTLOOK

Although not a panacea, bioanalytical methods provide powerful complementary analytical capa-

bility and may, indeed, be the method of choice for many analytes. The breadth of the technology as

discussed in this volume includes rapid screening tests, high throughput immunoassays, immu-

noaffinity sample preparations, multi-analyte sensors, and microarrays among other techniques.

New formats such as chip type flow immunoassays will continue to be introduced [86]. Many of the

rapid easy-to-use formats cannot compete with GC/MS for accuracy, but they are appropriate for

rapid screening, thereby filling an important analytical void and justifying inclusion in an

analytical laboratory.

Immunochemical technologies have gained increased recognition and acceptance for

supporting environmental monitoring and human exposure assessment studies. Immunoassay

methods have been applied to the detection of pesticides, industrial contaminants (e.g., PAHs,

PCBs, and dioxins), and biomarkers of human exposure. Immunoaffinity chromatography has

been used for sample cleanup with subsequent off-line or on-line analysis for environmental and

biological samples.

Multianalyte microarrays enable the simultaneous analysis of several different compounds that

may not be analyzed in a single chromatographic run. Microarrays can effectively monitor viruses,

determining antigenic drift to guide vaccine development in a timely manner [87]. This bioanaly-

tical capability can significantly decrease the time and cost for identification of potential lethal viral

strains. The impact of this capability on human health is immeasurable. Multianalyte biosensors can

provide rapid and specific environmental monitoring surveillance to support the regulatory moni-

toring of pollutants or help protect municipal water supply facilities for national security [88].

A network of automated and unattended monitoring systems with remote control, allowing

communications between the measurement and control stations, could support early warning

systems [89,90].
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It is relatively easy to integrate bioanalytical capability into an existing analytical chemistry

facility as general laboratory needs are the same. A bioanalytical laboratory needs only a few

additional items such as a microplate washer, magnetic separation rack, spectrophotometer for

microtiter plates, and immunoreagents. The skills, knowledge, and professionalism of the labora-

tory staff remain the key components to maintaining high quality analytical capability regardless of

the methods employed.

As the need for rapid, cost-effective, and high throughput analytical methods for environmental

monitoring and human exposure research increases, the development and use of immunochemical

and other bioanalytical methods will continue to expand. Researchers have been building upon the

elegant research performed by Yalow and Berson whose pioneering research in the development of

immunoassays for small molecules resulted in the Nobel Prize in Medicine [91]. Their work was

followed by Engvall and Perlman describing the first enzyme-linked immunosorbent assay [92].

Detailed procedures for reagent synthesis and methods development were compiled in excellent

references by Van Vunakis and Langone that assisted researchers in developing immunoassays for

a variety of applications [93]. A primary reference on pesticide immunoassays was written by

Hammock and Mumma describing the potential of immunoassay technology for agrochemicals

[44]. The first American Chemical Society symposium dedicated to immunochemical methods

research and applications followed in 1992 [94]. As analytical needs change and technological

advancements continue, new bioanalytical methods will appear. Developments in nanotechnology

(see Chapter 20 and Chapter 21) will be a compelling driving force in the research and development

of bioanalytical methods, providing new formats, labels, and, ultimately, new users [95].

APPENDIX 1.A PROCEDURES FOR PREPARING BUFFERS FOR ELISA

Buffer solutions can be prepared from pre-made tablets or capsules or from starting materials from

common commercial sources. Sodium azide is generally used as a preservative. If the buffer solutions

are used rapidly or stored in the refrigerator, sodium azide may be omitted. If utilizing horseradish

peroxidase as the enzyme label, it is best to omit the sodium azide because it is inhibitory to the

enzyme. In this case, sodium ethylmercurithiosalicylate may be substituted (0.005%). Phosphate

buffered saline-Tween (PBS-Tween) is commonly used as thewash buffer solution and formaking all

dilutions involving antibody or sample. Tween-20 in the buffer solution is used to minimize non-

specific binding. Generally, buffer solutions are brought to room temperature prior to use. Procedures

for preparing common buffer solutions using individual starting materials are described as follows:

a. Substrate Buffer for Alkaline Phosphatase

1. Remove 97 mL of diethanolamine, 0.2 g of NaN3, and 0.1 g of MgCl2 to a clean

container

2. Bring to 800 mL with reagent grade water; adjust pH to 9.8 with 6N HCl.

3. Bring final volume to 1 L

4. Store the solution at refrigerated temperature; check pH after prolonged storage

b. Tween/Azide

1. Remove 10 g of NaN3 (2%), 25 mL of Tween 20 (5%) to a clean container

2. Bring final volume to 500 mL with reagent grade water (add water slowly to limit

foaming)

3. Store the solutions at room temperature

c. Coating Buffer (store at refrigerated temperature)

1. Remove 0.795 g of Na2CO3, 1.465 g of NaHCO3, and 0.1 g NaN3 to a clean container

2. Dilute to almost 500 mL with reagent grade water; adjust pH to 9.6 and bring to final

volume of 500 mL
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3. Store the solution at refrigerated temperature; check pH after prolonged storage (> 2

wks)

d. 10X PBS (store at room temperature)

1. Add slowly 640 g of NaCl, 16 g of KH2PO4, and 91.96 g of Na2HPO4; to the water

while stirring to prevent salts from clumping

2. Bring to approximately 7L with reagent grade water. Stir well until all salts dissolve.

Adjust pH to 7.4 and bring to final volume of 8L

3. Store the solution at room temperature

e. 1X PBS (store at room temperature)

1. Remove 800 mL of 10X PBS (#d above) to a clean container

2. Bring to approximately 7L with reagent grade water

3. Add 80 mL of 100X Tween/Azide (#b above), after most of the water has been added

to avoid foaming due to Tween 20, adjust pH to 7.4, if necessary, then bring to final

volume of 8 L

f. Substrate Buffer for Horseradish Peroxidase

1. Prepare citrate-acetate buffer by using 13.61 g of sodium citrate (100mM); bring to

approximately 1 L with reagent grade water; adjust pH to 5.5 with acetic acid

2. Prepare 1% hydrogen peroxide by using 1 mL of 30% H2O2 in 29 mL reagent grade

water; store in a plastic container in the refrigerator

3. Prepare 0.6% 3,3’5,5’-Tetramethylbenzidine (TMB) by using 60 mg of TMB in 10

mL dimethylsulfoxide (DMSO); store at room temperature in the dark

4. Just prior to use prepare the final substrate buffer by mixing 0.4 mL of 0.6% TMB in

DMSO and 0.1 mL of 1% hydrogen peroxide in 25 mL of citrate-acetate buffer

5. Store buffer and TMB solutions at room temperature before mixing to avoid

precipitation

APPENDIX 1.B GUIDELINES FOR PREPARING A QUALITY ASSURANCE

PROJECT PLAN AND STANDARD OPERATING PROCEDURES

GUIDELINES FOR PREPARING A QAPP

There are different requirements for preparing specific QAPP. The requirements are listed in EPA

Requirements for Quality Assurance Project Plans for Environmental Data Operations, EPA QA/R-

5, EPA/240/B-01/003, March 2001. Guidance for Quality Assurance Project Plans, EPA QA/G5,

EPA/600R-98/018, February 1998 may be used to help address these requirements. The documents

are available at http://www.epa.gov/quality. The following requirements should be addressed as

applicable for a study involving analysis of environmental samples for pollutants using an existing

analytical method and/or a modified analytical method.

Section 1.0 Project Description and Organization

1.1 The purpose of the study shall be stated in the QAPP

1.2 Responsibilities of all project participants shall be identified, meaning that key personnel

and their organizations shall be identified along with the designation of responsibilities

for planning, coordination, sample collection, measurements (i.e., analytical, physical,

and process), data reduction, data validation (independent of data generation), data

analysis, report preparation, and quality assurance.
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Section 2.0 Sampling

If sampling is involved in the study, sampling-related issues such as sampling points, sampling

frequency, and sample types should be addressed.

Section 3.0 Testing and Measurement Protocols

3.1 Each analytical method to be used shall be referenced.

3.2 If applicable, modifications to EPA-approved methods or other validated methods shall

also be described.

Section 4.0 QA/QC Checks

4.1 All calibrations and QC checks and/or procedures used in the field and laboratory shall be

listed and defined. QC checks may include spikes, replicates, blanks, controls,

surrogates, etc.

4.2 For each specified calibration, QC check, or procedure, required frequencies and accep-

tance criteria shall be included. Generally, for chemical methods, quality control

procedures to determine the precision, accuracy, and method detection limit should be

described. For microbiological methods, positive and negative control procedures should

be described.

Section 5.0 Data Reduction and Reporting

5.1 Data reduction procedures to be used shall be described.

5.2 The reporting requirements (e.g., units) for each measurement and matrix shall

be identified.

Section 6.0 Reporting Requirements

The report will be a method written in a format appropriate for the application with supporting

method performance data appended.

Section 7.0 References

References shall be provided either in the body of the text as footnotes or in a separate section.

APPENDIX 1.C GENERAL OUTLINE FOR PREPARING STANDARD OPERATING

PROCEDURES FOR ANALYTICAL METHODS

Technical SOPs generally include a wide variety of activities and/or procedures. For examples,

SOPs may include procedures on how to perform a specific bioanalytical method to be followed in

the laboratory or field. Technical SOPs can also cover activities on sample preparation and cleanup

procedures for subsequent bioanalytical method analysis. The following sections are generally

included in the technical SOP.

TITLE PAGE

The first page or cover page of each SOP generally contains the following information: a title that

identifies the procedures, a SOP identification number, date of issue and/or revision, and the

signatures and signature dates of those individuals who prepared and approved the SOP.
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Section 1.0 Scope and Applicability

A brief description of the purpose of the process or procedures should be included in this section.

Section 2.0 Summary of Methods

Procedures used in the SOP should be summarized in this section.

Section 3.0 Definitions

Acronyms, abbreviations, or specialized terms used in the SOPs should be described in this section.

Section 4.0 Cautions

This section include activities and/or procedures that are critical to the overall procedures regarding

safety, equipment damage, degradation of sample, or possible invalidation of results.

Section 5.0 Responsibilities

This section describes the tasks and responsibilities of the personnel involved in the SOP.

Section 6.0 Interferences

This section describes any components that may interfere with the accuracy of the overall method.

Section 7.0 Reagents, Materials, and Apparatus

This section lists the necessary equipment, materials, reagents, chemical standards, and

biological specimens.

Section 8.0 Procedures

This section describes all pertinent steps in order to accomplish the SOP such as

† Sample preparation and extraction

† Instrument parameters

† Instrument Calibration

† Analysis sequence

† Data processing

Section 9.0 Records

Forms to be used, data and record storage information, and how to document experimental activi-

ties are included in this section.

Section 10.0 Quality Control and Quality Assurance

This section includes the preparation of appropriate QC procedures, QC materials, and specific QC

criteria as well as the frequency of required calibration and QC checks and remediation actions if

the QC criteria do not meet.

Section 11.0 Extract Storage

This section describes the sample extract storage conditions.

Section 12.0 References

This section lists all references related to the SOP.
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APPENDIX 1.D STANDARD OPERATION PROCEDURE FOR THE OPERATION,

CALIBRATION, AND MAINTENANCE OF FIXED AND

ADJUSTABLE VOLUME PIPETTES

SIGN OFF PAGE (APPROVAL OF APPROPRIATE PERSON)

Section 1.0 Scope and Applicability

This Standard Operating Procedure (SOP) describes the general procedures for the operation,

calibration, and maintenance of fixed-volume and adjustable-volume pipettes.

Section 2.0 Summary of Methods

The method describes procedures to ensure that fixed-volume and adjustable-volume pipettes used

in the laboratory are dispensing the correct volume of liquids. Calibration will be performed at least

every six months. Calibration will be done gravimetrically by weighing aliquots of purified water

(e.g., deionized water). Adjustable-volume pipettes will be calibrated at a minimum of two delivery

volumes, preferably mid-range and upper range.

Section 3.0 Definitions

None.

Section 4.0 Cautions

Standard laboratory protective clothing, gloves, and eye protection is required.

Section 5.0 Responsibilities

A designate qualified laboratory technician is responsible for regularly performing the calibration

tests and for making sure all pipettes in the laboratory are calibrated up to date. The

laboratory manager will perform routine laboratory inspection to ensure that all pipettes used

are calibrated.

Section 6.0 Apparatus and Materials

6.1 Analytical balance capable of weighing to 0.5 mg

6.2 Fixed-volume and adjustable-volume pipettes to be calibrated

6.3 Pipette tips

6.4 Deionized water

6.5 Pipette calibration binder containing calibration forms

6.6 Labels

6.7 Beakers

6.8 Calibrated thermometer

Section 7.0 Procedures

7.1 Gravimetric Calibration - For gravimetric calibration, room temperature water, an

analytical balance capable of weighing to 0.5 mg, and a calibrated thermometer are

required. An example of a completed pipette calibration form is attached at the end of

this SOP.
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7.1.1 Fill in the header information on the pipette calibration form. If using an adjus-

table-volume pipette, set the delivery volume as desired.

7.1.2 Pipet at least five replicate aliquots of the water into a tared container, and record

the weight of each aliquot on the calibration form. Other relevant information on

the form such as water temperature, analyst, calibration date, etc., will also

be recorded.

7.1.3 Calculate and record the mean weight of the replicates.

7.1.4 Calculate and record the absolute recovery (accuracy) of the pipette delivery.

7.1.5 Calculate and record the coefficient of variation (precision) of the replicates.

7.1.6 The absolute recovery must be 95%–105%, and the coefficient of variation must be

less than 2.0% unless the manufacturer specifies less stringent acceptance criteria.

7.1.7 Place a label with the date and the next calibration due date on the pipette.

7.1.8 Place the calibration form in the appropriate binder.

7.2 Maintenance

7.2.1 Pipettes that fail calibration must be cleaned, adjusted, and re-calibrated. Refer to

the manufacturer’s literature for detailed cleaning and adjustment directions.

Date: 1/20/06

EXAMPLE OF A COMPLETED PIPETTE CALIBRATION FORM

Analyst:
Pipette: Gilson P1000 ID #: K14282C
Thermometer ID #: C11997 Calibration Due
Water Temp.: 24°C Density (g/mL): 0.9973
Weight Set: C10816 Calibration Due: 12/20/05

Weight Used (mg/g) Balance Reading (g)

Setting 500 μμL Setting μμL
Replicate Wt. Water Delivered (g) Wt. Water Delivered (g)

1 0.5016
2 0.5032
3 0.5029
4 0.5029
5 0.5036
6 0.5026
7 0.5031
8 0.5039
9 0.5027
10 0.5032

Mean 0.5030
Absolute Recovery

%
X 100

(WaterDensity)(DeliveredVol,mL)
Mean

X 100 = 100.87%
(0.9973)(0.500)

0.5030

CV
X 100

Mean
St.Deviation

X 100 = 0.12%
0.5030

6.2191 X 10−4

Acceptance PASS

*See CRC Handbook of Chemistry and Physics for water density values at different
temperature.
Pipette Calibration Due: 7/20/06

Balance Calibration

Balance Used: AE240 ID #: X51781
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7.2.2 Contact the laboratory coordinator if non-routine maintenance is required.

7.2.3 A pipette calibration binder contains all the forms will be kept in the laboratory.

Section 8.0 Records

Records of all calibration activities will be recorded in the pipette calibration forms, and the

forms are placed in a three-ring binder in the laboratory. Calibrated pipettes will be labeled

with dates and initials.
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2.1 INTRODUCTION

Protein-based receptormolecules that are capable of selectively binding a particular ligand or group of

related ligands are extensively applied in analysis, diagnostics, therapy, nanotechnology, and a multi-

tude of new interdisciplinary areas currently emerging in biotechnology. The selective binding of the

target molecule is based upon molecular recognition, making use of the noncovalent interaction of

amino-acid residues at the interface of the receptor binding area and the corresponding sites of the

ligand. There are several binding forces driving the specific association of receptor and ligand such as

DK9421—CHAPTER 2—13/11/2006—17:38—CRCPAG—15331—XML MODEL C – pp. 45–74

45



ionic, van-der-Waals, and hydrophobic interactions as well as hydrogen and Ca2C bridges [1]. The

affinity is dependent on the additive effect of these interactions exerted by a particular pairing of

receptor and ligand. Because these multiple forces are exclusively effective on short molecular

distances, they require a complementary topography at the interface between receptor and ligand.

Two fundamentally different types of binding proteins can be distinguished with respect to their

implementation into analytical devices applied in the majority of environmental monitoring. For

the first type of binders, the analytical information is essentially hinged with their natural molecular

structure. This implies that any alteration of the wild-type protein affecting the binding properties

will lead to a loss of valuable information. As a consequence, genetic engineering is confined, e.g.,

to heterologous expression or production of fusion proteins in order to install additional functions to

the receptor. However, each kind of manipulation must be carefully controlled with respect to

potential changes in the binding properties, ideally by comparison with the wild-type protein in the

natural cellular microenvironment.

Classical examples for these types of binding proteins are hormone receptors such as G-protein-,

ion-channel-, or enzyme-coupled surface receptors or intracellular receptors triggering signal transduc-

tion pathways. These receptors can deliver valuable information on the biological impact of binding

ligands because they occupy sensitive key sites in the complex network of extra- and intracellular

signaling pathways [2,3]. Interestingly, several of these receptors are characterized by a high degree of

permissivity for ligand binding, e.g., they are capable of binding structurally diverse ligands [4].

In contrast, the second type of receptors applied in environmental analysis is characterized by a

very low degree of permissivity, resulting in selective binding of structurally defined ligands.

Taking this to an extreme, monoselective proteins are found in this group, exclusively binding a

single ligand at a reasonable level of affinity. A second feature of these proteins is that they are

amenable to molecular modifications, which may have an effect on the affinity and selectivity for a

particular ligand. These modifications can be performed by altering the gene encoding the protein

receptor that is accomplished by subjecting the corresponding DNA strand to mutational processes

utilizing appropriate tools of genetic engineering.

Because the interaction between receptor and ligand depends on multiple noncovalent

interactions, successful optimization of molecular recognition necessitates a precise and individual

sequence modification with respect to a distinct ligand. This gives rise to the questions of how the

type and location of suitable sequence alterations can be reliably identified in an efficient manner

and how the alterations are then implemented into the receptor molecule.

Two basically different strategies evolved for the improvement of receptors. The first one,

termed as rational design, is a computational approach. It relies on structural analysis in order to

identify amino acid positions at the receptor protein that are contributing to the ligand binding.

Computer models can be delineated from sequence information or from crystal structure [5].

However, models exclusively based on sequence information are not necessarily representing

the real conformation of the ligand-binding site, whereas precise conformational data obtained

by crystal structures yet require significant experimental efforts. The template model forms the

basis for the calculation of improved in silico-variants suggesting favorable amino acid sub-

stitutions. The proposed variants are then produced by site-directed mutagenesis and tested in

order to verify the improvement in ligand binding.

There are still serious problems encountered with the pure rational design strategy. For

instance, it still remains problematic to predict the functional impact of simultaneous mutations

at multiple sites of the protein. This problem results in the inability to predetermine the effect of

complex matrix-based mutational solutions (i.e., the interplay of widely dispersed mutations). In

addition, depending on the applied algorithm, rational design may exclude alternative solutions for

achieving improvements, solutions that are more likely to be found by directed evolution as

outlined below. As a consequence, rational design is frequently complemented by evolutionary

techniques in the laboratory [6]. Principles of rational design will not be discussed here; there are

numerous reviews addressing this subject [7,8].
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The second strategy for designing receptors in vitro is based on the evolutionary concept of

variation and selection. This approach is not dependent on a precise knowledge of the receptor

conformation. Similarly, as in the case of the in vivo molecular evolution of protein families, the

receptor gene is diversified in an initial step by mutational procedures. The mutated-gene repertoire

is subsequently expressed and screened or selected for improved variants. It is increasingly

acknowledged that particular randomization processes are hinged with a corresponding outcome

in an evolutionary experiment in vitro [9]. For example, directed evolution often discovers

beneficial mutations at sites that are not considered in the first instance. Rather than directly

modifying the active sites of enzymes or the binding region of antibodies (Abs), mutations often

occur far from these areas and affect catalysis or binding through subtle, long-range interactions

[10]. As with enzymes, directed evolution experiments have yielded novel mutations throughout

the frame of the antibody (Ab) molecule [5,11].

The rationale behind the concept evolved as modern evolutionary theory in the first half of the

twentieth century when population biologists started to describe the natural selection of gene

populations. They established mathematical models for the evolution of genes under the influence

of recursive rounds of mutation, recombination, and selection [12]. Applying principles of natural

selection to the evolution of genes in the laboratory, fundamental evolutionary theorems predict

that the fitness of a gene will evolve most rapidly in a population of high genetic variability that is

exposed to selection pressure [13]. The methodology of choice in a directed evolution experiment is

therefore to construct a library of gene variants and screen or select improved variants on the level

of the encoded proteins.

Essential steps of the strategy are depicted in Figure 2.1. The success of molecular evolution in

the laboratory is crucially dependent on the choice of an appropriate protein scaffold for the

Choice of
protein scaffold

Generating
molecular
diversity

Expression of
gene repertoire

Selection by
evolutionary

pressure

Identification
of best variants

Analytical
application

Recursive
evolutionary

cycles

FIGURE 2.1 Principle of directed evolution.
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considered analytical task. Structural aspects have to be taken into account like the potential

number of residues involved in binding that are directly affecting the interaction of receptor and

ligand. However, further properties such as the functional folding of the receptor and stability are

of equal importance. The next step involves the generation of a repertoire of variants, providing a

high level of functional diversity. The polypeptide repertoire is subsequently expressed in appro-

priate systems. Some of the most successful systems are those where the genetic information is

linked with the functional properties of the encoded protein. Then, the diverse repertoire is exposed

to a selection pressure; for example, a certain level of affinity to the ligand is required for the protein

variant in order to be selected. This step corresponds to the survival of individuals in a population of

organisms in natural selection events. Independent from the particular experimental method, it is

definitely important that the experimental procedure applied for exerting the selection pressure

in the laboratory exactly operates at molecular mechanisms that are modulating the considered

parameter (e.g., selectivity, affinity). Moreover, further parameters potentially interfering with the

selection goal have to be excluded or reduced to a minimum. Interfering parameters that are not

taken into account may lead to the inefficient selection of otherwise appropriate protein repertoires.

Following selection, the best variants are identified by characterizing the ligand-binding properties.

If the selected variants do not equal the required analytical properties, one or several variants are

used as templates for subsequent molecular diversification in order to generate a new protein

repertoire that can be selected again. The evolutionary approach might necessitate several

rounds of variation and selection until the required properties are achieved. In addition, at each

stage, fundamental alterations of the experimental protocol or the underlying strategy may be

required in order to obtain protein receptors meeting the desired quality in ligand-binding in a

perfect manner. Subsequently, an introduction is given on principles of the individual steps in

directed molecular evolution, which are highlighted in Figure 2.1.

2.2 CHOICE OF PROTEIN SCAFFOLD

The choice of a particular protein scaffold constitutes the initial step in directed evolution. Poly-

peptides are generally considered to be scaffolds in the context of structural modification if they

provide an intrinsic conformational stability to tolerate molecular transformations at their bioactive

sites, resulting in a modulation rather than a loss of characteristic functions (e.g., ligand binding).

The scaffold concept emerged from developments in Ab engineering and is now extended to other

polypeptide structures that are amenable to directed evolution (cf. below; recommended review:

Nygren and Skerra [14]).

Depending on the particular nature of the protein scaffold, essential features of the final

analytical performance and applicability in environmental monitoring are ultimately determined.

For instance, choosing an enzyme scaffold will dictate the potential of the underlying measuring

principle. The catalytic center of an enzyme can be subjected to molecular evolution in order to

optimize the rate of substrate turnover or substrate selectivity. Examples for enzyme optimization

by genetic engineering have been reviewed [15–18].

Because of the high efficiency of the natural immune response, the first artificial affinity

reagents were based on Abs. Ab molecules are members of the immunoglobulin superfamily.

They consist of two identical heavy chains and two identical light chains (Figure 2.2). Two

antigen-binding Fab fragments are assembled each by the complete light chain combined with

the corresponding part of the first two N-terminal heavy-chain domains. Two Fab fragments are

linked via flexible hinge regions with the crystallizable fragment Fc that harbors the remaining

constant heavy-chain domains CH2 and CH3. The globular structure of Ab domains is due to the

characteristic immunoglobulin fold [20]. Anti-parallel ß-strands form a typical double layer in each

domain that is stabilized by hydrophobic interactions and conserved intra-domain disulfide bonds.

The antigen-binding site is localized at the N-terminal moiety of the variable regions. Because of
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the frequency of sequence variation between different Ab molecules, sections with hypervariable or

complementarity determining regions (CDRs) and conserved or framework regions (FRs) can be

distinguished for these domains [21,22]. Each of the variable (V) regions contains three CDR loops

that are embedded into four sections of the FR (cf. Figure 2.2). In addition to their enhanced

sequence variability, most of the CDR loops are characterized by significant differences in

length [23].

The binding of the antigen is crucially determined by the three CDRs of each V domain. The

composition and conformation of the six CDRs (three from the light- and three from the heavy-

chain V domain) determine the topography of the antigen-binding site and, hence, the recognition

of the ligand. Additional interactions by residues of the framework region are reported for discrete

ligands [24].

The majority of genetically engineered Ab-based affinity reagents were fragments such as Fab
fragments [25] and single-chain Fv (scFv) fragments (cf. Figure 2.2) that are stabilized by a short

peptide-linker [26,27]. Alternatively, chain dissociation of Fv fragments is prevented by engineered

cysteine residues forming interdomain disulphide bridges [28] and helix-stabilized Ab fragments

[29]. In addition, libraries based on single VH [30] and single VL domains [31] have been described

(cf. Figure 2.2).

Antibody
(IgG)

sdAb

EE

scFv dsFv

Strep

Fab

CH2

CH3
CH1CL

VL VH

VL VHVL VHVH

VHgene

VLgene

FR1 FR2 FR3 FR4CDR1 CDR2 CDR3

FR1 FR2 FR3 FR4CDR1 CDR2 CDR3

C H
1

C L

V L

V H

L1

L2 L3

H1 H2H3

FIGURE 2.2 Domain structure of native IgG antibody molecule (top left) and genetically engineered sdAb,

scFv, disulfide-stabilized Fv (dsFv), and Fab fragments. Some of the fragments are genetically fused to affinity

tags, e.g., Strep tag (Strep), E tag (E). The middle right shows a ribbon model of the VH and VL domain with

pesticide analyte complexed in the Ab binding site (L1-3: VL CDR1-3; H1-3: VH CDR1-3). The bottom

shows segmentation of VH and VL encoding genes into FR FR1-4 and the hypervariable CDRs CDR1-3. The

ribbon model was kindly provided by S. Hörsch. (From Hörsch, S., Diploma thesis, Institute of Technical

Biochemistry, University of Stuttgart, Stuttgart, Germany, 1998.)
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Currently, the potential of alternative Ab molecules is exploited. For instance, single-domain

Ab (sdAb) is naturally occurring in camelids and sharks. The large CDR loop of camelids that is

stabilized by an intraloop disulfide bond is considered a critical component in providing high

affinity for the corresponding sdAb [32]. Similar, a single-domain heavy-chain library based on

Ab of the isotype novel antigen receptor (IgNAR) was prepared from nurse sharks (Ginglymostoma

cirratum). sdAb binders of high stability and with high affinity to hen egg-white lysozyme have

been selected from this library [33].

In addition to Ab domains, so-called Ab mimics have been reported to be amenable to molecular

optimization. The tenth fibronectin type III domain (10Fn3), a monomeric member of the immunoglo-

bulin superfamily, was used as a scaffold for library synthesis by randomizing three exposed loops [34].

10Fn3variantswere obtained bydirected evolution that bound tumor necrosis factorawith dissociation
constants as low as 20 pM. The extracellular domain of human cytotoxic T-lymphocyte associated

antigen, CTLA4, represents anotherAbmimic. Libraries based on the CTLA4 scaffoldwere created by

introducing diversity within the CDR3-like loop of CTLA-4 [35].

In addition to immunoglobulins and immunoglobulin-like polypeptides, some specific affinity

reagents have been selected from small, globular protein scaffolds not related to Ab. For instance,

the a-helical Z-domain of protein A has been used as a scaffold for library synthesis. The engin-

eered proteins are designated as affibodies. Initially, low affinities of isolated sequence variants [36]

to the target molecule Taq DNA polymerase were improved in subsequent directed-evolution

experiments to the nanomolar range [37].

Similarly, the bilin-binding protein (BBP), a lipocalin from the butterfly Pieris brassicae, was

used as a scaffold [38]. The protein has a conserved b-barrel core formed by eight antiparallel
b-strands. Short loops are connecting the individual strands. The four loops on one end of the barrel
confer binding to the natural ligand bilin. Sixteen residues of the four binding loops were random-

ized for initial library synthesis. Affinities in the nanomolar range for digoxigenin of the lead isolate

were further improved by selective mutation of particular binding loop regions. The highest affinity

of these anticalins were reported to be as low as 800 pM for digoxin and 600 pM for digitoxin [39].

Another type of protein scaffold is the ankyrin repeat (AR). AR proteins are composed of

several 33 amino-acid repeats stacked in a row. Each repeat comprises a b-turn followed by two
antiparallel a-helices and a C-terminal loop reaching the b-turn of the adjacent loop [40]. Synthetic
libraries were developed by randomizing amino-acid positions at the b-turn and the short hinge
connecting the two a-helices. Two or three AR modules were flanked at their N and C termini with

capping AR of defined sequence [41]. The AR libraries yielded high-affinity binding variants with

KD in the nanomolar range against various protein targets.

A recent report described the generation of a library based on a stable variant of green fluor-

escent protein (GFP) [42]. These fluorobodies are very attractive candidates for analytical

applications because they combine the fluorescence of the wild-type protein with the binding

characteristics of Ab. However, they still suffer from moderate affinity level.

These and even examples for smaller biomolecules, e.g., zinc fingers [43,44], knottins [45], and

Kunitz domains [46], show that natural proteins are promising candidates for library construction if

the mode of molecular recognition is well understood. Each of these scaffolds are characterized by

features such as molecular size, stability, solubility, type of natural ligands, ligand-contacting area,

and maximum number of amino-acid residues that tolerate sequence randomization. Therefore, it is

essential to define the most appropriate polypeptide architecture for the considered analytical task

before starting with the evolutionary optimization.

2.3 CREATING MOLECULAR DIVERSITY

Two fundamentally different approaches can be distinguished for the generation of molecular

diversity: first, the cloning of natural repertoires, and second, the generation of synthetic repertoires
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by in vitro methods. Whereas the first method is based on naturally occurring genes, the second

strategy takes advantage of introducing alterations that do not necessarily exist in nature into a

protein scaffold.

2.3.1 CLONING NATURAL DIVERSITY

A popular example for the application of natural diversity is the cloning of Ab gene repertoires that

are isolated from donor organisms. The corresponding repertoire can be unbiased, meaning that the

immune system of the donor organism was not challenged by an antigen. These naı̈ve repertoires

theoretically harbor Ab for any target structure, however, at a moderate affinity level for the

majority of binding molecules. In contrast, biased Ab repertoires can be cloned from immune

sources. The latter strategy benefits from in vivo mechanisms of the immune system because Ab

variable genes encoding the antigen binding domains (BDs) are modified during the secondary

immune response in the microenvironment of lymphoid germinal centers by somatic hypermuta-

tion. Appropriate variants are subsequently selected from this pool of mutant immunoglobulins

upon their improved affinity to the antigen [47]. Therefore, immunizing an organism with a specific

antigen serves as an in vivo preselection of potent Ab genes. Ab derived from immune sources is

characterized by increased levels of affinity and selectivity toward a particular molecular target that

was applied for the immunization process. The probability to contain selective, high-affinity Ab

species is therefore enhanced, whereas the diversity to other proteins is concomitantly reduced.

2.3.2 CREATING SYNTHETIC REPERTOIRES

In contrast to repertoires of natural diversity, synthetic repertoires are either produced entirely

synthetically or by isolating a gene of interest from natural sources and subjecting it subsequently

to sequence diversification in vitro. Frequently applied in vitro methods include random and

directed nucleotide alterations or recombination techniques [48]. An inherent feature of the latter

strategy is the exchange of gene fragments rather than single nucleotides.

2.3.2.1 Random Techniques

The introduction of point mutations by error-prone polymerase chain reaction (epPCR) is a straight-

forward method of altering gene sequences. Nucleotides throughout the entire gene are randomly

exchanged (cf. Figure 2.3). The frequency for introducing false nucleotides in the amplicons is

relatively low if standard polymerase chain reaction (PCR) conditions are applied. Therefore, the

intrinsic error rate of Taq polymerase is raised in epPCR protocols, e.g., by substituting the cofactor

magnesium by manganese, unbalancing nucleotide compositions or employing mutagenic poly-

merases [49,50]. Specific combinations of these experimental parameters result in mutation rates of

up to one out of five bases [51].

Although the point mutations are theoretically distributed in a random manner, epPCR is prone

to various bias effects. (1) Most polymerases favor specific transitions (e.g., Taq polymerase A/T or

T/A) [52]. This bias can be compensated by simultaneous application of polymerases with different

mutational biases or polymerases with uniform mutational spectra (e.g., Mutazymew, Stratagene,

Inc.). (2) Another kind of amplification bias occurs because DNA molecules become over-rep-

resented in the final library if they are already copied in early epPCR cycles. Several parallel

epPCRs can be performed in order to minimize this bias [48]. (3) A third source of bias evolves

from the degenerated nature of the genetic code. A single-point mutation does not necessarily result

in a different amino acid encoding. Usually, either two- or three-point mutations are required at a

single codon site in order to access the entire panel of amino-acid permutations. The random

insertions/deletion (RID) method offers an appropriate means to compensate this codon bias.

Here, nucleotides are deleted at random positions, and subsequently, a defined mixture of oligo-

nucleotides is inserted that provides the twenty amino acids [53].
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2.3.2.2 Oligonucleotide-Directed Techniques

In contrast to random methods, oligonucleotide-directed procedures insert synthetic sequences into

the gene of interest at specific sites. This is basically accomplished by introducing degenerate

oligonucleotide primers at defined positions of the target gene by PCR (cf. Figure 2.4). If a

mixture of all four nucleotides is used for primer synthesis, again the problem of codon bias is

encountered as described above. Moreover, there exists a risk of introducing all three stop codons

that results in the expression of truncated protein fragments. A mixture of NNT and NNC trinu-

cleotides can be used in order to prevent the incorporation of translational stops. However, this also

reduces the number of encoded amino acids to fifteen. Alternatively, the nucleotide base adenine

can be excluded for the randomization at the third codon position for primer synthesis. By this

strategy, all twenty amino acids are represented, whereas only a single-stop codon is included in the

oligonucleotide primers [48]. The trinucleotide phosphoramidites technique solves the problem of

codon bias and insertion of stop codons in the most stringent manner to date. Instead of synthesizing

nucleotide by nucleotide, the primers are produced by entire codons that results in the definitive

elimination of translation stops within the gene [54].

The incorporation of oligonucleotides into the target gene is commonly performed by various

PCR methods such as strand overlap extension (SOE) [55] or megaprimer-based PCR [56].

However, directed methods generally encounter the amplification bias problem because primer

sequences with higher similarity to the template DNA are more efficiently incorporated than

oligonucleotides that differ substantially. In addition, primers that are mutated near the 3 0-end
are incorporated less efficiently than primers altered at the 5 0-end. Again, this effect can be

compensated by performing parallel amplifications in several different PCR preparations combined

with a minimum number of PCR cycles.

For the transformation of more than a single site, multiple rounds with different primers have to

be performed. Several more complex procedures have been developed for this purpose. One of

them is based on the production of several overlapping gene segments with mutagenic primers by

PCR and reconstruction of the entire gene by an overlap extension reaction. An amplification bias

can be avoided if the number of gene fragments is not higher than four. In this case, facile strand

extension can be performed instead of PCR amplification with external primers. In contrast, a high

Point-mutated variants

Gene template

Error prone PCR

FIGURE 2.3 Randomization of a gene template by epPCR. PCR primers are depicted as horizontal arrows.

Randomized point mutations caused by amplification errors are indicated by vertical black lines in the resulting

gene variants.
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number of gene segments again requires amplification by PCR because the yield of entire gene

products drops with an increasing number of gene segments. In this case, the inevitable PCR will

lead to an over-representation of early amplified genes.

2.3.2.3 Recombination Techniques

Recombination methods deal with already existing gene fragments of DNA libraries. The frag-

ments are exchanged between different parental genes and recombined to yield filial genes

encoding new proteins with potentially modified characteristics. DNA shuffling is a prevalent

procedure for homologous recombination [57]. Library genes are digested with DNAse (cf.

Figure 2.5). The resulting mixture of DNA fragments is consecutively melted, annealed, and

extended until an adequate amount of full-length DNA can be amplified by PCR. In a similar

approach, staggered extension process (StEP) [58,59], the DNA fragments are added stepwise to

the end of a growing strand. Following partial elongation, the fragments are dissociated by melting,

annealed to a different template DNA, and subsequently amplified by PCR. The process is repeated

until the full-length gene is completed. Random chimeragenesis by transient templates (RACHITT)

is a technology that produces higher diversity than StEP or DNA shuffling but requires several

additional steps [60]. All but one parental gene is fragmented, and the single-stranded fragments are

reassembled using the opposite strand of the unfragmented gene as template. Mismatched sections

are removed. The corresponding fragments are then extended and ligated afterward to obtain the

Site-directed gene variants

Template separation and oligonucleotide-directed
randomization by PCR

Assembly of PCR products
by overlap extension and subsequent PCR

Gene template

FIGURE 2.4 Oligonucleotide-directed randomization of gene template by overlap extension. PCR primers are

depicted as horizontal arrows. Two of the primers are partially complementary and overlap in the area

upstream of the randomized section. The longer one of the two primers contains the randomized sequence

that is indicated by the inclination of the arrow. After assembly and final amplification, full-length gene

variants are obtained that are mutated at a defined gene section (indicated by color differences).
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full-length gene. Following destruction of the template strand, the chimeras are completed to

double-stranded DNA.

All of these recombinational methods rely on existing parental gene diversity and are therefore

limited. Alternative techniques designated as assembly of designed oligonucleotides [61] or

synthetic shuffling [62] generate recombined full-length genes entirely from synthetic DNA. There-

fore, they are not dependent on template DNA structures and enable the synthesis of genes de novo.

In contrast to homologous recombination methods where almost identical DNA sequences are

required at the crossover points of gene segments, nonhomologous recombination does not depend

on sequence similarity in the parental genes. The incremental truncation for the creation of hybrid

enzymes (ITCHY) technology uses exonucleases to truncate two different DNA templates from

opposite sites. The 5 0-truncated gene is religated with the 3 0-end digested gene at random positions.

Although this method effectively recombines the remaining fragments, only a single recombination

results from two template sequences [63].

The cre/lox system is an attractive in vivo recombination technology. This system is based on a

site-specific DNA recombinase that is encoded on the cyclization recombination (cre) gene, and the

corresponding 34-base-pair-long target sequences known as locus of X-over P1 (loxP). The recom-

binase excises DNA segments that are located between two lox sites. DNA fragments from

homologous lox sites can be recombined at high efficiency. In contrast, recombination events are

very rare at heterologous sites because the excised DNA is subsequently degraded. The presence or

introduction of lox sites in the encoding gene sequence is required for this technology. In addition,

if the host organism (e.g., E. coli) for protein expression does not contain its own cre gene, it may be

introduced via a phage vector [64].

Recombined gene variants

Template gene pool

Random fragmentation by DNAse digest
and combinatorial assembly

FIGURE 2.5 Random recombination of gene pool. Enzymatic fragmentation of genes and subsequent combi-

natorial assembly results in recombined gene variants derived from different parental genes.
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2.4 SELECTION STRATEGIES

Genes encoding highly diverse sequence repertoires of ligand-binding proteins can be selected

either by physical or genetic techniques. The most frequently applied physical selection methods

comprise phage display [65,66], cellular display on the surface of bacteria or yeast [67,68], ribo-

some display [69], and mRNA display [70]. These procedures are all characterized by the physical

linkage of proteins and their encoding genes that can be reamplified for further processing.

2.4.1 PHAGE DISPLAY

Phage display is the most commonly applied method for the selection of ligand-binding proteins.

Ab [71,72], DNA-binding proteins [43], hormones [73], and many other proteins have been

selected by phage display.

The genome of a filamentous phage consists of a single-stranded DNA molecule encapsulated

in a coat of various proteins. The DNA encoding the protein of interest is fused to one of these

phage-coat protein genes and displayed upon expression on the phage surface as fusion with the

coat protein (cf. Figure 2.6) [65]. The most commonly used coat proteins are pVIII and pIII.

The latter is essential for host infection and is located at the phage tip, whereas pVIII composes

the major part of the phage coat. Depending on the cloning strategy and coat protein, recombinant

phages display a single copy or multiple copies of the recombinant protein. For instance, in a

phagemid vector, a single protein copy is ideally displayed on the surface of recombinant phage

particles if the gene of interest is fused to gene III. In contrast, a fusion to pIII results

in the presentation of multiple copies. The number of displayed copies has a direct impact on

the affinity level of subsequently selected proteins. Monovalent display enables the selection for

intrinsic affinity, whereas in multivalent display systems, the selection is based on functional

affinity that is evoked by multiple interactions of displayed proteins per phage particle with the

selection surface. In the latter case, low-affinity clones are co-selected [66].

For the selection of the most favorable binding proteins, the ligand is prevalently immobilized

on a solid phase, e.g., at the surface of a polystyrene tube, microtiter plate well or pin and incubated

with the phage library. Those phages that do not bind to the ligand are removed by washing,

whereas recombinant phages that recognize the ligand are subsequently eluted [74]. Employing

biotin-labeled ligands is another selection strategy. Ligand-binding phages can be separated via the

biotin moiety using streptavidin-coated magnetic beads [75]. The selectively infective phage (SIP)

strategy is a further selection method [76,77]. The receptor protein is fused to C-terminal domains

of the pIII coat protein. The recombinant phages are lacking any wild type pIII with the N-terminal

N1 domain that is necessary for infection of E. coli. Infectivity is exclusively restored upon the

specific interaction of the displayed receptor protein and the ligands that are present in the selection

vessel as ligand-N1 fusion construct. Therefore, affinity selection is combined with the capability

for reinfection.

2.4.2 CELL SURFACE DISPLAY

In cell surface display, the protein library is fused to cellular membrane proteins of bacteria, yeast,

or mammalian cells [78]. The membrane protein, usually a lipoprotein, is anchored in the cell

membrane and presents the desired protein on the cell surface (cf. Figure 2.6). For instance, a

common anchor protein utilized in yeast display is the cell surface receptor a-agglutinin [68].

Protein selection is performed by fluorescence-activated cell sorting (FACS). The ligand is

labeled for this purpose with fluorescent markers [79]. State-of-the-art flow cytometers can

analyze and sort 50,000 cells per second, providing a rapid and high performance sampling of

receptor libraries [78].
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2.4.3 RIBOSOME DISPLAY

Ribosome display is an in vitro display system [69,80,81]. In vitro display libraries comprise up to

1014 different proteins. In contrast to phage or surface display on bacteria and yeast, the in vitro

approach does not depend on a transformation step for creating a selectable library of protein

variants. Therefore, the size is not limited by the transformation efficiency of DNA into a

host organism.

A DNA library encoding the desired protein is fused to a C-terminal tether and transcribed into

mRNA in vitro. The mRNA and the nascent polypeptide are not released from the ribosome

because of the lack of a stop codon. The receptor protein is noncovalently linked to the mRNA

by the ribosome (cf. Figure 2.6). This ternary complex is further stabilized by high magnesium

concentrations and low temperature. The complexes, connecting phenotype and genotype, can be

selected on immobilized ligands in a manner similar to the one described above for phage display.

mRNA

Ribosome display

mRNA-DNA

P

RNA displayPhage display

pVIII

pIII

Two-hybrid system

Reporter geneDNA binding site

AD

BD

Cell surface display

Cell

FIGURE 2.6 Selection strategies based on phage, ribosome, RNA, and cell display as well as on the yeast two

hybrid system. Selection is based on the specific interaction between ligand (rhomb) and receptor. The ligand is

either immobilized on a solid phase (phage, ribosome, and mRNA display) or conjugated with a DNA-BD (in

yeast two hybrid system) or a fluorescent marker (cell surface display), pIII and pVIII, minor and major phage

suface protein; AD, activation domain; BD, DNA-binding domain; P, puromycin.
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Following elution and dissociation of the ternary complex, the mRNA is released and can be used

for subsequent cycles of selection or expression in host organisms [82].

2.4.4 RNA DISPLAY

The noncovalent complexes of ribosome display are relatively unstable and may dissolve during

stringent selection steps. RNA display is considered a major technical improvement in this respect

[83]. Here, the encoded protein is covalently linked to the mRNA (cf. Figure 2.6) and is therefore

less susceptible to dissociation than the ternary ribosome complex. The DNA library is transcribed

to mRNA that is covalently conjugated by enzymatic ligation or photocrosslinking to the antibiotic

puromycin via a short DNA spacer. The translation of mRNA in vitro is interrupted at the DNA

spacer. The puromycin subsequently enters the ribosome, and by mimicking the aminoacyl end of

tRNA, it is covalently linked to the nascent protein. The mRNA-coupled protein can be separated

from the ribosome and purified. Then, a RNA-DNA hybrid is produced by reverse transcription.

The resulting constructs are selected against immobilized ligands (cf. Figure 2.6) and can be

utilized after a final PCR amplification either for subsequent rounds of selection or for analyses

[70,84]. This method has been successfully applied, for instance, to convert a DNA chip into a

protein chip by hybridization of mRNA-protein to the DNA probes [85].

In ribosome display and in RNA display techniques, the protein-encoding genes are usually

cloned after selection into bacterial expression systems in order to produce the corresponding

protein. However, this confers an inherent problem on in vitro techniques in general because not

all proteins selected by in vitro display are well expressed in host organisms [74].

2.4.5 GENETIC SELECTION

All physical selection methods require significant quantities of the ligand to perform selection and

screening, whereas genetic methods rely on the in situ synthesis of, and subsequent interaction

between, binding ligand and target to confer a selectable phenotype. The receptor and a peptide- or

protein-ligand are synthesized in vivo and interact in the host cell [74].

Various yeast hybrid systems have been designed that utilize the transcriptional activation

mechanism for selection [83,86]. The DNA-BD of the transcription activator is fused to the

N-terminus of the receptor protein, whereas the activation domain (AD) of the transcription

activator is fused to the potential ligand (cf. Figure 2.6). The BD binds to a promoter, but transcrip-

tion is exclusively activated if the BD is connected to the AD by the interaction of receptor and

ligand. If no receptor-ligand binding occurs, the reporter gene transcription is not triggered. The

concept facilitates the distinction between cells harboring potent and weak binders.

A similar concept is pursued by the protein complementation assay [87,88]. In this case, the

gene coding for an essential enzyme (e.g., dihydrofolate reductase or b-lactamase) is deliberately

cleaved into two fragments. Each of the resulting domains is fused to either the receptor or the

ligand. The resulting fusion proteins are coexpressed, and the enzyme restores functionality if the

domains get into close contact via the receptor-ligand interaction.

2.5 IMPACT OF RANDOMIZATION TECHNIQUE ON DIRECTED EVOLUTION

It is obvious that the optimization of proteins for bioanalytical applications is challenging if the

degree of conformational variability is considered. For instance, the variable domain of an antibody

consists of approximately 110 amino acid residues that cover a theoretical diversity of 20110

sequence variants on the amino acid level. The number of variants is further increased on the

gene level because there are up to six different codons for particular amino acids. Stringent

optimization procedures are guided by both computational and experimental methods.
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Numerous predictive models were established for the in silico analysis of the restricted diver-

sity that can be technically achieved in the laboratory. These include the assessment of the

completeness and functional diversity of libraries generated by epPCR, oligonucleotide-directed

mutagenesis, and in vitro recombination techniques [89]. Computational pre-screens are aiding

directed evolution, e.g., by identifying protein regions that are most likely to yield beneficial

mutations [90] or by predicting functional subunits of polypeptides that are able to be recombined

with minimal disruption of the overall three-dimensional protein architecture [91]. This work has

essentially improved the understanding of fundamental mechanisms that underlie directed

evolution experiments.

From a theoretical point of view, directed evolution can be visualized as a random walk through

a sequence space (Figure 2.7). The sequence space consists of all possible sequences of a given

number of residues (i.e., polypeptides encoded in a gene library). The sequences are arranged so
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FIGURE 2.7 Sequence space of a smooth (top) and rugged (bottom) fitness landscape. Each point in the two-

dimensional projection of sequence space corresponds to a defined amino acid sequence. Functional fitness

adds a third dimension to the fitness landscape. The smooth landscape (top) contains a single global peak of

functional fitness. From any starting point, a stringent combination of mutagenesis and selection is likely to

access the global optimum (arrow). In contrast, rugged landscapes (bottom) are characterized by multiple

maxima that are separated from local maxima by clefts of low fitness. Starting a random walk at any site of one

of these local optima will therefore converge in a sub-optimal increase in functional fitness (permanent line). In

order to approach the global maxima from a starting point at any local maxima, the crossing of the cleft in

between requires an initial mutational jump (dotted line).
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that the smallest unit of distance separates mutants differing by only one amino acid residue.

Related sequences, therefore, are proximal to one another in the sequence space. Each amino

acid combination (i.e., any single point in the sequence space) has an associated fitness

(e.g., affinity for a particular ligand). This third dimension produces a characteristic fitness land-

scape. Efficient experimental approaches are characterized by stringent navigation through a given

landscape towards increasing fitness values [92].

Conclusions derived so far from experimental examples as well as from computational models

seem to manifest some parameters affecting the exhaustive exploration of the sequence space. The

topology of the fitness landscape is probably the most crucial component of in vitro protein

optimization [93]. If the shape is very smooth with a single paramount optimum (Figure 2.7,

top), then it is very likely to access the global optimum by accepting those mutations that contribute

to an increase in fitness. The situation is completely different if the landscape is rugged with a

multitude of local maxima (Figure 2.7, bottom). In this case, the probability for accessing the global

optimum (i.e., the ultimate level of functional optimization for a given sequence space) is signi-

ficantly reduced if all randomly generated uphill steps are accepted. Thus, the optimization process

becomes technically more challenging or even impossible [94]. In order to attain an initial level at

the global maxima from a starting point at any local maxima, the cleft, separating individual fitness

peaks, has to be crossed. However, similar as for evolution in vivo only mutations will be accepted

in a directed evolution experiment, which are either neutral or provide an increase in fitness. These

mutations are positively selected or “survive.” In contrast, variants with decreased fitness are

rejected or “die,” simply because they are not considered to be useful. Individual members of

the rejected fraction, however, may include valuable sequence variants that have the potential to

bridge the gap between any local and the global maximum [95].

The question of how to achieve the sequence transformation from a local to the global

maximum and from lower levels uphill to the peak of the global maximum is essentially addressed

by the employed randomization technique. epPCR, oligonucleotide-directed mutagenesis, and

in vitro recombination techniques differ substantially in this respect. epPCR produces a library

of mutants from a parent sequence through random point mutations along the entire gene. This

randomization technique enables a very restricted movement in a given sequence space. This is

mainly due to the low incidence of nucleotide substitutions that result in a sparse sampling of a less

defined region in the landscape. It is obvious that the probability is comparably small for any single

random mutation to improve functional fitness. Furthermore, the probability of improvement

rapidly decreases when multiple simultaneous mutations are made. Finally, amino acid sub-

stitutions are severely restricted by the negligible probability that two or three mutations occur

in a single codon and the significant biases of epPCR (cf. above) [90,96].

These effects can be overcome by intense mutagenesis of a limited number of positions by

directed randomization methods [97]. This mutagenesis corresponds to site-directed mutagenesis

on the experimental level. The procedure consists of installing all twenty amino acids at defined

points of interest and searching the resultant library for improved mutants. In landscape terms, a

very small region will be intensively covered by a point-mutated library. In comparison, cassette-

mutagenesis installs a random peptide sequence in a specific region of the polypeptide. Here, the

sampling becomes less thorough with the increasing length of the randomized section that is a

consequence of technical limitations in library size. However, the strategy benefits from sampling a

larger region of the sequence space. The challenge in these directed methods is to identify the

residues where such experiments are likely to be successful because beneficial mutations can

appear far from sites that would be heuristically predicted (e.g., catalytic sites of enzymes) [98,99].

The situation is again completely different for recombinational methods. Natural proteins are

composed by a limited number of structural subunits such as helices, hairpins, or other folds that

have evolved over billions of years in the context of the surrounding sequence [100]. This may

explain why beneficial mutations frequently occur at residues sharing the fewest interactions with

the protein backbone [96]. These so-called uncoupled positions can be identified by structural
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analysis or by sequence comparison utilizing comprehensive databases. Appropriate databases are

either general protein databases such as Swiss-Prot or specialized databases focusing on particular

protein families like the immunoglobulin superfamily, e.g., IMGT [101] or Ab [102].

Once the location of uncoupled positions is identified, pools of gene segments can be shuffled,

for instance, by mixing repertoires of functional core folds or independent protein domains. Taking

Abs as an example, the directed shuffling of functional VH and VL domains (cf. Figure 2.2) can be

considered as a recombination at uncoupled positions. This mutation strategy is most likely

to produce the highest degree of functional recombination events derived from different parental

VHKVL pairings. In contrast, random gene shuffling will occur at random sites (Figure 2.5). This, in

turn, results in recombinations with higher probability at coupled than at uncoupled positions.

Coupled positions within VHK and VL repertoires are predominantly located within the FRs that

are flanking individual CDRs (cf. Figure 2.2). Therefore, the probability of obtaining recombined

VHKVL gene pairings of retained or even improved functionality (e.g., ligand binding) is drastically

reduced compared to directed shuffling of functional domains. Concomitantly, the extent of recom-

binations undergoing mutational death is significantly enhanced in randomly shuffled

antibody libraries.

Finally, the efficient recombination by DNA shuffling in vitro as compared to the sexual

recombination in vivo may be explained by the fact that shuffling accesses not only natural pairwise

recombinations but also poolwise recombinations of multiple parental molecules. The benefit of

poolwise recombinations is obvious: an enormous combinatorial potential is realized, enabling

access to a vast area of the fitness landscape [6].

2.6 GENETIC ENGINEERING OF ANTIBODIES IN ENVIRONMENTAL ANALYSIS

Sensitivity and selectivity of bioanalytical assays in environmental monitoring essentially depend

on the properties of the biorecognition elements to be used for analyte binding. Biological

structures are usually derived from subcellular components. These include enzymes, Abs,

hormone receptors, DNA, membrane components, and even organelles or entire cells. Immuno-

chemical assay systems employing Abs as binding proteins are effective tools for the analysis of a

wide variety of analytes ranging from low molecular weight xenobiotics (e.g., pesticides, xenoes-

trogens) to complex proteins (e.g., structures of pathogenic microorganisms). Many applications of

Ab have been reported in the area of biosensor development and application (for reviews, see

Cooper [103], Rogers [104], Sharpe [105], Paitan et al. [106], Rodriguez-Mozaz et al. [107]).

The proper functioning of sensors essentially depends on the immobilization of the respective

ligands, Ab or coating conjugates, on the sensing surface, their correct orientation and homogen-

eity. Recombinant approaches for the synthesis of immunoreagents can accomplish the demand for

homogeneous preparations in virtually unlimited amounts. In addition, genetic engineering enables

the modification of available structures, e.g., alteration of binding properties, attachment of anchor

groups, or improvement of stability.

A growing number of research groups utilizes recombinant Ab technology for environmental

applications. The prevalently reported strategy for Ab production consists of the direct cloning and

functional expression of Ab-encoding genes derived from hybridoma cell lines. The reason for this

is obvious: (1) Groups engaged in Ab production frequently have access to hybridoma cell lines. (2)

Hybridoma cells are secreting monoclonal Ab of defined analytical characteristics. Thus, the

success of a cloning experiment can be easily validated by comparing the analytical properties

of parental monoclonal Ab and their recombinant derivatives.

Recombinant Ab synthesis in the environmental area were described for the first time at the

beginning of the 1990s [108]. This pioneering attempt in environmental analysis still encountered a

multitude of technical challenges at that time. Thereafter, recombinant Ab fragments were syn-

thesized from hybridoma cells against a panel of relevant xenobiotics like diuron [109], paraquat
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[110], atrazine [111], cyclohexanedione [112], parathion [113], dioxine [114], picloram [115,116],

mecoprop [117], chlorpyrifos [118], coplanar polychlorinated biphenyls [119], and others.

Like the parental monoclonal Ab, these recombinant Ab fragments were appropriate for the

quantitative detection of xenobiotics. They were either similar to the parental monoclonal Ab

[114,118], or they showed altered analytical characteristics [110,111]. The latter can be mainly

attributed to the intrinsic feature of hybridoma cells to contain Ab genes from both the Ab-secreting

B cell as well as the myeloma fusion partner that is necessary for immortalization. Altered binding

characteristics are predominantly caused by recombining a V gene of a B cell with a myeloma

V gene, by unintentionally introducing mutations during the cloning steps, and by misfolding of the

eukaryotic protein in heterologous expression systems, just to mention a few reasons.

2.6.1 ANTIBODY LIBRARIES IN ENVIRONMENTAL ANALYSIS

In contrast to the increasing use of hybridoma cells as a V-gene source, libraries comprising an

entire immune repertoire are yet very rarely reported in the environmental area. However, just at the

level of repertoire cloning, the potential of recombinant techniques can be utilized in full conse-

quence by simultaneously eliminating artifacts evoked by the presence of myeloma genes. In initial

attempts, a naı̈ve human Ab library was applied in order to isolate Ab fragments against diuron

[120]. Because the isolated Ab fragments reacted very weakly with the free analyte, appropriate

fragments for the application in trace amount analysis were not obtained. Thereafter, an Ab library

was generated by cloning splenocyte genes from immunized rabbits [121]. The best clone obtained

from this library showed an IC50 of ca 50 mg/l for the detection of atrazine. Finally, a library
obtained from immunized sheep was described. This library contained remarkably sensitive

clones for the detection of atrazine at the ppt-level [122]. In contrast to the medical area that is

more or less bound to the use of human Ab repertoires, it is obvious that environmental applications

can essentially benefit from individual features of a broader panel of immune sources.

2.6.2 ANTIBODY FRAGMENTS SELECTED FROM NATURAL B CELL REPERTOIRES

A specific problem encountered with low molecular weight target molecules like many xenobiotics

is that the corresponding Ab libraries frequently suffer from high background levels of irrelevant

Ab genes. This is a consequence of the immunization where the small nonimmunogenic target

molecule (immunologically designated as hapten) is coupled to a large immunogenic carrier

protein. In order to address this inherent shortcoming of conventional libraries, functional

hapten-selective Ab genes were enriched by immunomagnetic separation prior to cloning [123].

The method takes advantage of membrane-bound receptor molecules on the surface of B cells, i.e.,

transmembrane receptor complexes that have identical ligand-binding characteristics as the

secreted Ab. These surface receptors can be tagged by target molecules covalently linked to

paramagnetic particles. Therefore, the target-specific cells were removed from bulk cultures by

magnetic force. Ab genes from the magnet-bound B cell fraction were subsequently cloned into a

phage display vector.

Because the B cells were derived from a group of mice immunized with different s-triazine

derivatives, the resulting library contained a range of Abs against defined members of the s-triazine

family. This was shown by subsequent isolation of Ab variants by means of phage display tech-

nology. The clones were selective for s-triazines containing a tert-butyl group, i.e., terbutryn and

terbuthylazine as well as those s-triazines bearing an isopropylamino residue, i.e., atrazine and

propazine [123]. The reaction kinetics are detailed in Table 2.1 for three clones that were selective

for s-triazine herbicides containing a tert-butyl group. The binding constants are in the range of

affinity-matured Ab that is obtained during the secondary immune response.
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2.6.3 ANTIBODY FRAGMENTS SELECTED FROM FULLY SYNTHETIC LIBRARY

In contrast to natural immune repertoires, semisynthetic or fully synthetic Ab repertoires can be

utilized in order to obtain specific binding molecules. A decisive advantage of fully synthetic

libraries is that processing and potential modifications of the target molecule during the immune

response in vivo is definitely avoided. This team employed the fully synthetic human combinatorial

Ab library HuCALw (MorphoSys, Inc., Martinsried, Germany). The library is based on consensus

sequences for each of those seven variable heavy-chain (VH) and variable light-chain (VL) germline

families that are most frequently used in human immune response. Diversity is created by replacing

the VH and VL complementarity-determining regions CDR3 of the master genes by CDR3 library

cassettes, generated from mixed trinucleotides [54], and biased toward natural human Ab CDR3

sequences [124].

The HuCALw library was selected by means of phage display for clones expressing Ab frag-

ments for the detection of the herbicide glyphosate (N-(phosphonomethyl)glycine). Glyphosate has

gained increasing importance in the context of genetically modified herbicide-tolerant crops and is

meanwhile the best-selling herbicide worldwide [125]. However, the analysis by conventional

chemical methods is difficult because appropriate chromatographic methods necessitate laborious

pre-column derivatization. On the other hand, there are only a few descriptions of immunochemical

approaches in literature that offer a means for facile glyphosate analysis avoiding the derivatization-

step [126–128]. The IC50 of the best clone that was isolated from the synthetic library was

determined to be 5.8 mg/l in a glyphosate ELISA (cf. Figure 2.8; Kramer unpublished).

However, the maximum signal reduction in the assay was approximately 60%, still retaining a

significant level of background noise.

The HuCALw library was further used to obtain Ab fragments for the diagnostics of food-borne

pathogens such as Listeria monocytogenes, Escherichia coli, Campylobacter spp., Bacillus cereus,

Staphylococcus aureus, and Salmonella spp. Pathogen-specific clones were enriched by employing

peptides conjugated with carrier proteins. The peptide sequences were delineated from pathogen-

associated invasion factors, e.g., bacteria toxins. Selective Ab fragments were identified for each of

the six pathogens because any of them was covered by up to four different peptides (cf. Table 2.2)

[129]. The diagnostic properties of the Ab fragments were evaluated with culture supernatants

obtained from pathogenic bacteria strains. These supernatants contained the native bacteria toxins.

In the case of L. monocytogenes, B. cereus, and S. aureus, the recombinant Ab fragments bound

selectively to the native protein in a noncompetitive ELISA format (Table 2.2).

2.6.4 OPTIMIZING ANTIBODIES BY DIRECTED EVOLUTION

The alteration of the affinity profile of existing Ab by genetic engineering is considered a powerful

instrument for circumventing classical Ab production schemes that require extended immunization

TABLE 2.1
Association Rate ka, Dissociation Rate kd, and Equilibrium Dissociation Constant KD of the

Three Terbuthylazine-Selective Clones BUTK4,K8, andK56 Obtained from the s-Triazine-

Specific Ab Library

Clone ka [M
L1sL1] kd [s

L1] KD [M]

BUT-4 8.49!103 2.87!10K4 3.38!10K8

BUT-8 3.51!103 2.49!10K4 7.09!10K8

BUT-56 4.09!103 3.28!10K4 8.01!10K8

The values for ka, kd, and KD were measured utilizing the BIAcore 2000e system.
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periods [11,130,131]. Although this point is frequently raised in environmental research, it has

seldom resulted in experimental success. However, it should be noted that remarkable positive

results concerning this aspect are rarely documented for recombinant Ab fragments in general. In

the environmental area, the optimization of Ab fragments in vitro was addressed by both directed

evolution [123] and rational design [132–134]. In the latter case, a triple mutant Fab fragment was

generated with an affinity five-fold greater toward an atrazine derivative as compared to the wild-

type [134].

The principles of directed evolution in vitro are very similar to the mechanisms of somatic

mutation in vivo. The Ab repertoire of the primary immune response in vivo is predominantly the

result of recombining germ line genes of the V, D, J clusters (i. e., the genes constituting elements of
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FIGURE 2.8 ELISA calibration curve based on the HuCALw-derived clone Gly 12 for the quantitative

detection of glyphosate. Sepharose beads are employed as solid phase for the ELISA.

TABLE 2.2
Binding of HuCALw Ab Fragments Selected with Pathogen-Related Peptides to Peptide and

Native Toxin

Microorganism Target Antigen Peptide Binding Antigen Binding

Bacillus cereus Hemolysin lytic component C C

Campylobacter spp. Cytolethal distending toxin C K

Escherichia coli EHEC hemolysin C K

Listeria monocytogenes Invasion-associated protein p60 C C

Salmonella spp. Invasion protein D C K

Staphylococcus aureus Enterotoxin type B C C

C, indicates binding;K, indicates no binding. Native antigen was derived from culture supernatants of the corresponding

microorganism.
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the finally expressed VH and VL genes). The primary response yields Ab with generally low

affinities. Thereafter, Ab-variable genes of the primary repertoire are modified during the secondary

immune response in the microenvironment of lymphoid germinal centers by somatic hypermuta-

tion. Physiologically appropriate variants are subsequently selected from this pool of mutant

immunoglobulins upon their improved affinity to the antigen [47].

In vitro, Ab genes are subjected to iterative evolutionary cycles of mutation and selection until

they meet the requirements for the designated application. The gene repertoire of the group-selec-

tive Ab library presented above was employed for subsequent optimization of individual Ab

molecules by directed evolution [123]. It was expected that this library would substantially facili-

tate the engineering of desired Ab specificities and affinities to any member of the triazine group

without the need of new immunizations.

The Ab clone IPR-7 was used as a template for the optimization process. This clone was

initially selected from the group-selective library and provided the highest affinity to s-triazines

bearing an isopropylamino residue, i.e., atrazine and propazine (Table 2.3) [135]. Chain shuffling

was applied as a directed, recombinatorial approach for improving the affinity of this clone. At the

outset, the light chain of the template Ab IPR-7 was shuffled with the heavy-chain repertoire of the

group-specific library and subsequently selected by phage display. Then, the heavy chain of the best

binder (IPR-26) was shuffled against the library light chain repertoire. The kinetic data of the Ab

variants are detailed in Table 2.3 [123]. The equilibrium dissociation constants of the Ab variants

approach the typical KD level of affinity matured Ab in vivo [136]. The optimized variant IPR-83

showed a seventeen-fold increase in affinity as compared to the template Ab IPR-7.

Interestingly, sequence analysis of the shuffled clones revealed a bias of amino acid sub-

stitutions from the template IPR-7 to the optimized variant IPR-83 in the 5 0-moiety of the V
genes, including the first two CDRs and the flanking frame regions [123]. This is in contrast to

a series of Ab-optimization experiments that is primarily targeting the variation of the CDR3

regions at the 3 0-moiety of the Ab variable domain [11,66,132]. The VH CDR3 region is generally
considered to constitute the key determinant for the antigen selectivity [137]. However, the distri-

bution of sequence alterations obtained in the presented Ab optimization is consistent with

proposed models for mutational mechanisms during the secondary immune response in vivo

[138–139]. In addition, experimental data obtained from in vivo immune repertoires confirm that

individual sites at the V genes are prone to hypermutation. These mutational hot-spots for affinity

maturation are strategically located at the CDR1 and CDR2 rather than in the CDR3 loop [140,141].

Therefore, the applied in vitro optimization strategy resulted in a distribution of sequence altera-

tions; this strategy is fitting very well into the current knowledge of natural affinity maturation.

The success of the strategy can be partly attributed to the applied chain-shuffling procedure.

Shuffling of functional VL and VH domains is very likely to generate a repertoire of new functional

TABLE 2.3
Association Rate Constant ka, Dissociation Rate Constant kd, and Equilibrium Dissociation

Constant KD for Atrazine-Selective Clones IPR-7 (Template Ab), IPR-26 (VH-Shuffled Ab),

and IPR-83 (VL-Shuffled Ab)

Clone ka (M
L1sL1) kd (s

L1) KD Z kd/ka (M)

IPR-7 1.38!105 1.75!10K3 1.27!10K8

IPR-26 2.10!105 1.93!10K3 9.20!10K9

IPR-83 6.73!105 5.02!10K4 7.46!10K10

The values for ka, kd, and KD were measured utilizing the BIAcore 2000e system.
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heterodimers. The concept corresponds to splicing at uncoupled sites flanking the globular domains

rather than at coupled sites that are located intradomain (cf. above).

The applicability of the optimized Ab variant IPR-83 was tested by measurement of environ-

mental samples. IPR-83 was applied to determine atrazine contaminations of soil samples collected

in Southern Germany. Although atrazine has been banned in Germany by the European Community

in 1991, environmental contaminations have been observed during the last years as a result of

illegal applications. The corresponding threshold for atrazine is 100 mg/kg soil. The immunochemi-
cal analysis was complemented by HPLC analyses as reference methods for validation (cf.

Figure 2.9). The ELISA measurements were consistent with the HPLC data within the experimental

error [135]. Therefore, the engineered scFv mutants proved to be suitable for the application in

environmental analyses under real sample conditions.

2.6.5 GENETIC ENGINEERING BEYOND AFFINITY AND SELECTIVITY

In addition to affinity and selectivity, the stability of Ab fragments is a crucial aspect in the analytical

practice. Appropriate Ab fragments have to retain entire functionality upon prolonged storage

periods and/or at elevated temperatures as well as under unfavorable assay conditions, e.g., extrinsic

factors like organic solvents. Particularly, the latter aspect is a priority criterion for analyzing

samples that contain significant amounts of organic solvents such as methanol. Organic solvents

are frequently added in order to extract contaminants from samples for the subsequent analysis.

As an example, a selection of Ab fragments from the HuCALw library was investigated by

incubation at varying concentrations of methanol, and their functionality was subsequently inves-

tigated by ELISA. A content of 40% (v/v) methanol in the sample did not affect the binding

r = 0.9682

0

100

200

300

400

150100500 200 250 300 350

ELISA [atrazine, μg/kg]

H
P

LC
[a

tr
az

in
e,

μg
/k

g]

FIGURE 2.9 Atrazine analyses of soil samples by ELISA employing the mutant antibody IPR-83. The samples

were collected from the top layer (0–5 cm) of corn fields in Southern Germany in May/June, subsequent to

seasonal application and immediately processed. Validation was performed by HPLC. HPLC data were kindly

provided by Dr. J. Lepschy, Bayerische Landesanstalt für Bodenkultur und Pflanzenbau, Freising, Germany.

(From Kramer, K., Environ. Sci. Technol., 36, 4892, 2002.)
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potential of the majority of the glyphosate-selective Ab fragments in a significant manner

(Figure 2.10) [129]. Even a content of 80% (v/v) methanol showed a relevant signal reduction in

ELISA for only one of the four Ab clones. This is noteworthy because in similar investigations

based on conventionally produced polyclonal and monoclonal Abs, this team observed that the

majority of Abs lose their binding capability already at much lower concentrations in the range

between 5% and 15% (v/v) organic solvent [129].

The thermal stability of the Ab fragments can be used as an indicator for their long-term storage

properties and molecular integrity at unfavorable temperature conditions. For this purpose, Ab

fragments were incubated for 24 h at various temperatures, and their functionality was again

tested by ELISA. The corresponding results for the pathogen-selective Ab are presented in

Figure 2.11 [129]. Almost all Ab fragments were stable up to temperatures of 378C and 508C,

respectively. Most of the Abs showed reduced or even completely lost ligand binding at higher

temperatures. These observations are consistent with analogous experiments performed with

conventional monoclonal Abs derived from hybridoma cultures in this laboratory [142]. However,

one out of the six fragments depicted in Figure 2.11 retained full functionality even after incubation at

808C, indicating an exceptional stability with respect to the considered protein family.

Sequence alignment with human germline genes revealed that the immunoglobulin-variable

heavy-chain genes of the clones providing the highest stabilities could be predominantly assigned

to the VH3 gene family, indicating that the stability of Ab fragments may be an inherent structural

feature of particular germline families. These results are well in line with investigations of the

biophysical properties of Ab fragments in the group of Plückthun employing the HuCALw library

[143]. Ab fragments containing the variable domain combinations H3k3 and H5k3 showed superior
stability. Combination with l light chains also exhibited high levels of stability, depending on the
particular amino acid sequence of the CDR-L3.

In the example shown above, stable clones have been directly isolated from the synthetic

library. However, stability can also be integrated as a parameter in a directed evolution experiment.
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FIGURE 2.10 Methanol sensitivity of pesticide-selective Ab clones isolated from HuCALw library. Binding

activity was evaluated by measuring the maximum and minimum signal in ELISA with sample buffer

containing 0%–80% (v/v) methanol according to this formula: (AmaxKAmin at x% MetOH)/(AmaxKAmin
at 0% MetOH)!100%.
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This is accomplished by including organic solvents or exerting thermal pressure during affinity

selection of a library repertoire.

2.6.6 ANTIBODY FORMATS AND FUSION PROTEINS IN ENVIRONMENTAL ANALYSIS

Ab fragments prepared for environmental analysis are predominantly produced either in the scFv
[112,113] or Fab format [108,120]. An uncommon Ab format is also reported where scFv fragments

are extended by an unpaired human CL domain [144]. The unpaired CL domain functions as an

affinity tag for the purification of the recombinant proteins as well as for the dimerization of

monovalent scFv fragments.

Vectors used in Ab selection are generally not the most appropriate ones for subsequent steps of

genetic engineering. As a result, some groups have created modular systems where selected vari-

able Ab genes can be excised from selection vectors and re-cloned into downstream vectors that

have other useful properties. A generic concept for the optional transformation from the scFv into

the Fab format by simultaneously maintaining the Ab binding properties was described in the

environmental area [145]. The transformation into Fab fragments is recommended if the Ab was

obtained from a scFv library. Therefore, the undesired tendency of scFv fragments for dimerization

is avoided. Generally, the merits of dimerization or multimerization of recombinant Ab fragments,

e.g., by leucine zipper extensions for environmental analysis, are ambivalent. Whereas this option

provides an efficient means for the enhancement of functional affinity for high molecular-weight

antigens in medical applications, no beneficial effects with respect to the affinity are expected for

small target molecules in environmental analysis.

In contrast, Ab fragments that are fused with marker proteins offer the advantage of a reduced

number of assay steps in analytical test formats. The genetically engineered fusion of the

Ab-binding function with marker enzymes was already reported for environmental analysis

[146]. The corresponding vector contains an alkaline phosphatase and generic restriction sites

for the convenient one-step cloning of scFv fragments obtained from Ab libraries. Similar, a

gene encoding green fluorescent protein was inserted into a vector harboring a picloram-specific
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FIGURE 2.11 Thermal stability of peptide-selective Ab clones isolated from HuCALw library. Ab fragments

were incubated for 24 h at temperatures ranging from 48C to 808C. Binding activity was subsequently

evaluated by measuring the maximum and minimum signal in ELISA according to this formula: (AmaxK
Amin temperature treated Ab)/(AmaxKAmin of untreated control)!100%.
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Ab fragment [147]. The resulting fluobody elegantly avoids the enzyme-substrate reaction for

colorimetric detection that is required in a conventional ELISA.

Finally, a remarkable concept based on fusion proteins paves the way for noncompetitive

homogeneous immunoassays for small target molecules instead of the standard competitive hetero-

geneous ELISA. The assay utilizes the antigen-dependent reassociation of Ab variable domains and

concomitant complementation of the enzyme b-galactosidase (b-gal) [148]. In a proof of principle

approach, the reassociation of two fusion proteins was monitored by restoring the enzymatic

activity. The first protein consists of an anti 4-hydroxy-3-nitrophenylacetyl VH fragment fused to

an N-terminal deletion mutant of b-gal (VHDa), and the second protein correspond to the VL
fragment fused to a C-terminal deletion mutant of b-gal (VLDu). Upon mixing of the reagents
with the sample, an analyte-dependent increase in reassociation and, thus, in enzymatic activity,

was observed. Compared to the corresponding heterogeneous open-sandwich ELISA, a 1000-fold

improvement in sensitivity was attained.

2.6.7 HOST ORGANISMS

Besides the crucial aspects of directed improvement of binding properties, the flexibility in Ab

fragment design, and the genetic combination of Ab with marker proteins, genetic Ab engineering

offers the choice between various host organisms. The decision for a particular expression host,

however, depends on the benefits and drawbacks of the individual systems employed. For analytical

applications, Ab fragments are definitely sufficient that comprise the entire antigen binding site. Even

bacteria are suited to optimize the yield of functionally expressedAb fragments by a careful choice of

the expression vector and the optimization of the expression conditions in order to meet the require-

ments for applications in industrial scale [145]. In an alternative expression system, a Fab-fragment

encoding gene was used for the functional expression of recombinant herbicide Ab in yeast cells. In

this approach, the Ab fragments do not need any further processing by affinity purification for the

majority of applications in environmental analysis [149]. The Ab fragments are directly translocated

into the culturemedium by a leader sequence inserted into the expression vector. Thereafter, they can

be directly harvested from the culture supernatant by simple concentration procedures because the

culture supernatant contains very low amounts of contaminating yeast proteins. Finally, the

functional expression of pesticide-selective Ab fragments in transgenic plants of Nicotiana

tabacum cv. Samsun NN and cell suspension cultures was reported [150]. Although “Molecular

Farming” offers advantages with respect to the economic mass production of recombinant proteins,

ecological deliberations may hamper the full potential of this approach (e.g., outdoor cultivation).

2.7 OUTLOOK

Acceptance of recombinant protein technology in general will be essentially driven by the facile

access to genetic Ab engineering, either as kit systems including training on the basic technique or

as a service of specialized biotechnology plants. Meanwhile, there are commercial Ab libraries

existing (e.g., HuCALw [124], Tomlinson I and J [151]) that are accessible for environmental

analysis. Some of these libraries are claimed to be universal, suggesting that the libraries

provide Ab, which are covering a huge panel of various specificities. However, even at their

best, these libraries represent nothing more than basic immune repertoires for the isolation of

primary binders. Their subsequent optimization by means of directed evolution strategies and/or

rational design probably remains an integral part in the synthesis of appropriate Ab for the majority

of immunochemical applications in environmental analysis. Therefore, one of the vital goals for the

future is the simple and cheap access to evolutionary technologies for tailored binders with prede-

fined properties such as selectivity, affinity, stability, and more. Massive parallel processing

combined with high-throughput strategies as well as high-content screening will have a beneficial

impact on this new era of receptor production.
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3.1 INTRODUCTION

The ability to produce homogenous antibody preparations was first documented 30 years ago by

Kohler and Milstein when they generated of the first hybridomas [1] via the somatic cell fusion of

antibody secreting B cells with an immortalized myeloma cell line. Since this groundbreaking

discovery, scientists have harnessed the specific antigen binding capacity of monoclonal antibodies

(MAbs) in a multitude of in vitro and in vivo applications. MAbs are key reagents in ELISAs

(enzyme linked immunoabsorbent assays), western blots, immuopreciptations, immunostaining of

cells and tissues, immunoaffinity purification as well as neutralization, activation, or depletion of

cells in vitro and in vivo [2–5]. Additionally, MAbs are utilized in the clinical setting where they

facilitate radioimmunoimaging procedures and also are the cornerstone of such immunotherapeu-

tics as the breast cancer drug Herceptinw [6–13].

All of these applications have created an enormous demand for MAbs at a reasonable cost.

Some procedures require less than a milligram, whereas others consume many milligrams and even

a few grams. Low concentration MAb stocks (mg/ml) have always been relatively easy to obtain
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because hybridomas naturally secrete significant amounts MAb into the culture media, about

10 –50 mg/ml [2]. For many years, the only efficient means of generating highly concentrated
MAb stocks (mg/ml) or large quantities (few mg to a gram) was via ascites [2,14]. This process

involves inducing an inflammatory response in the peritoneal cavity of mice with Pristane,

preparing it for the hybridoma cells that are injected 10–14 days later. MAb rich ascitic fluid

accumulates in the peritoneal cavity and is drained (tapped) before the animal experiences difficulty

walking. This procedure is considered painful and distressing to the mouse [15,16]. In vitro MAb

production systems became a viable alternative to ascites by providing the capacity of generating

milligrams of functional MAb per ml of culture media. This result prompted some European

countries and the United States to ban or restrict the use of mice for ascites productions,

respectively [17,18].

Currently, many academic core facilities use commercially available bioreactors to meet their

goal of producing up to a gram of MAb at concentrations that rival ascites (1–10 mg MAb/ml [2])

with relative ease and at a reasonable cost. The following section summarizes in vitro MAb

production approaches that can be brought into laboratories competent in tissue culture techniques

with minimal effort. A detailed protocol for culturing hybridomas in dialysis-based, dual-chamber

bioreactors is provided. A comparison of the productivity of and MAb concentrations obtained

from the various systems is shown.

3.2 IN VITRO MAB PRODUCTION SYSTEMS

Academic core facilities and research laboratories have many techniques available for culturing

hybridomas and producing MAbs. The best system for an individual group strikes a balance

between the quantity (micrograms, milligrams, or grams) and quality (purity, concentration) of

the MAb required for a particular line of experiments, along with the cost incurred by and technical

skill level required for the chosen method. This section provides a springboard from which an

academic or other laboratory can begin to match its needs to some of the in vitro MAb production

options currently available. Table 3.1 outlines four MAb production scales or levels, facilitating

TABLE 3.1
MAb Production Scales

Level 1 Level 2 Level 3 Level 4

MAb Amount 1 – 5 mg 5 – 20 mg 20 – 1,000 mg 100 to O 1,000 mg

mg MAb /ml 0.01 – 0.10 0.01 – 0.40 0.20 – 3.5 0.50 – 6.00

MAb Purity Negligible Negligible 20%–80% 20%–80%

Culture Vessels Standard tissue

culture vessels

Gas permeable bags Dialysis-based,

dual chamber

bioreactors

Dialysis-based,

hollow fiber

bioreactors

(Wells, flasks,

roller bottles and

spinner flasks)

(VetraCelle and

Wave Bioreactorw)

(miniPERMw and

CELLinee)

(FiberCelle)

Technical Skill Low Low to moderate Moderate Moderate

Media Adaptation Not necessary Not necessary Recommended Recommended

Principle Cost FBS Bioreactor, Bioreactor, Bioreactor,

(other than standard

tissue culture

equipment)

FBS (if used),

rocker (if needed)

FBS (if used),

roller (if needed)

FBS (if used),

pumping device

Labor Negligible Negligible ! 2 hours / week /

hybridoma

! 3 hours / week /

hybridoma
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a comparison of the various methodologies. These are loose groupings rather than rigid categories

that can easily blend into each other depending upon how well a hybridoma produces and which

culture conditions are employed, i.e., the use of serum free media, supplements, the amount of fetal

bovine serum (FBS), and the culture vessel chosen.

3.2.1 STANDARD TISSUE CULTURE VESSELS

The easiest and cheapest way to produce a functional MAb stock simply is to allow the hybridoma

to grow to saturation in standard media such as RPMI-1640 or DMEM-high glucose supplemented

with 5%–10% FBS. Several references exist outlining protocols using tissue culture flasks, roller

bottles, and spinner flasks [2,19–21]. As with all tissue culture techniques, it is best to start with a

viable (O90%), mycoplasma free, actively growing hybridoma culture. Then, grow the hybridoma

until the media have been exhausted, at which point many of the cells may have died. Media

containing phenol red becomes yellow (acidic) soon after the cells have reached saturation,

usually about 1.2 to 2!106 cells/ml. Centrifuge the cells and particulate debris away from the

exhausted/over-conditioned media at 900!g, and collect the MAb-enriched supernatant that is

ready for use and/or storage. Roller bottles and spinner flasks provide larger culture volume

options. The shearing force of these approaches can be an issue for some hybridomas, either

preventing the cells from growing at all or significantly decreasing the viability of the culture.

In these cases, commercially available supplements such as CellProtect(Greiner Bio-One) can

minimize this negative effect.

MAb concentrations in the exhausted/over-conditioned media vary greatly between individual

hybridomas, easily ranging from 0.01 to 0.10 mg/ml [2,22]. MAbs produced in this basic manner are
more than concentrated enough for many immunological techniques where the required working

MAb concentration is very low. The bovine serum albumin (BSA) and immunoglobulins (Ig) from

the FBS added to the initial culture media as well as the cellular debris are irrelevant contaminants

for many applications because they will not interfere with MAb-antigen binding and are washed

away during the protocol. Western blots, immunoprecipitations, and fluorescence-activated cell

scanning or sorting (FACS) need very little MAb, a working concentration aroundw1 mg/ml [3,4]
is usually sufficient. Therefore, exhausted/over-conditioned media provide researchers a relatively

effortless means of generating microgram to milligram quantities of impure MAb.

When small amounts of pure MAb are required, such as MAbs conjugated to fluorophores for

FACS, the MAb can be affinity purified with a Protein G coupled resin, (Pierce Biotechnology, GE

Healthcare, etc.). The main caveat to purifying MAbs from media supplemented with FBS is the

contaminating bovine Ig will co-purify. When necessary, this can be eliminated by using serum

replacement supplements (i.e., Nutridoma-CS from Roche Applied Science) or removing the

bovine Ig from the FBS with a Protein G coupled resin before addition to culture media. Hybridoma

serum-free media formulas are another option that are readily available from all the major media

suppliers (i.e., Invitrogen, Hyclone, Sigma, and Beckon Dickenson). MAb yields from serum-free

cultures may be slightly diminished, but this is not as much of an issue when used in conjunction

with one of the bioreactor systems described in the following sections.

3.2.2 GAS PERMEABLE BAGS

TheVectraCelle (BioVecta) andWave Bioreactorw (Wave Biotech) are gas permeable bags in which

hybridoma cells can be grown to saturation, in batch culture, inside a standard CO2 incubator.

The VectraCelle was previously sold as the iMAB, for which a study has been published [23].

The Wave Bioreactorw can also function as a continuous perfusion culture. Under this format, cells

are grown inside the gas permeable bag, conditioned media is removed and fresh culture media is

added back at set times for the duration of the production (Figure 3.1). Unlike the VectraCelle, the
Wave Bioreactorw is rocked to maximize oxygen and carbon dioxide exchange. VectraCelle
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product literature cites that hybridoma cells cultured with Hybridoma-SFM (Invitrogen) in its gas

permeable bags yield 0.01–0.4 mg MAb/ml. Similar concentrations (0.14 – 0.26 mg MAb/ml) are

also cited for the Wave Bioreactorw [24]. The major advantage to gas permeable bags over standard

tissue culture in flasks or roller bottles is reduced labor without decreasing the volume of MAb

enriched culture media. Gas permeable bags as large as 3 liters are available, allowing bulk

production with much less labor than traditional culture methods.

3.2.3 DIALYSIS-BASED BASIC BIOREACTORS

The concept of segregating hybridoma cells away from the bulk of the culture media with a dialysis

membrane has been evaluated for over 20 years [25–36]. Today, many academic core facilities

have found that commercially available dialysis-based bioreactors meet their goal of producing up

to a gram of MAb at concentrations that rival ascites (1–10 mg MAb/ml [2]) with relative ease and

at a reasonable cost.

The IVSS classic miniPERMw (VWR International) and Integra CELLinee (Fisher Scientific)

are dialysis-based, dual chamber bioreactors [33–38]. The two chambers are separated by a dialysis

membrane that has a 12.5 or 10 KDa molecular weight cut off (MWCO), respectively (Figure 3.2

and Figure 3.3). The smaller compartment (cell chamber) confines the hybridoma and MAb it

secretes in a minimum volume of culture media, allowing both to become very concentrated.

The miniPERMw production module is a 35 ml culture chamber, and the cell compartment of

the CELLinee can hold 10–15 ml (CL350) or 15–40 ml (CL1000), depending upon the unit.

The larger chamber (nutrient module) houses the bulk of the media upon which the hybridoma

feeds and into which its small metabolic by-products are able to dilute away from the cells. The

miniPERMw can hold up to 550 ml. The CELLinee CL350 and CL1000 have maximum volumes

of 350 and 1000 ml, respectively. The bottom of each cell compartment has a gas permeable

support that permits oxygen and carbon dioxide exchange with the atmosphere of the CO2 incu-

bator. Gases exchange also occurs with media in the nutrient compartment through a vented cap on

Floating perfusion filter moves with
wave motion

Inflated cell cultivation
chamber

Cells and culture media

Flexible filtrate draw-off tube

Rocking
motion

Rocking
motion

FIGURE 3.1 Wave Bioreactorw in perfusion mode.
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FIGURE 3.2 miniPERMw Bioreactor system.

Metabolites
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Oxygen supply
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FIGURE 3.3 CELLinee Bioreactor system.
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both systems. In addition, miniPERMw has a silicone finger that protrudes into the nutrient module

to maximize gas exchange.

When the media from the cell compartment is harvested it will contain 0.20 – 3.5 mg MAb/ml

and occasionally as high as 5 mg MAb/ml [34,37] (and data within this chapter). After the initial

harvest, the miniPERMw and CELLinee vessels can produce an average of 40–70 mg of MAb per

week per bioreactor (data in this chapter), respectively. The MAb in the harvested media or

bioreactor supernatant is rather pure, ranging from 20% for poor producers to 80% for high

secreting hybridomas (data not shown). Although there are subtle differences in the overall

design of the two systems, the main one is motion. The modified roller bottle style of the

miniPERMw requires a simple turning devise inside a standard CO2 incubator. The CELLinee
provides a stationary culture environment similar to regular culture flasks. They can be stacked on

top of each other, minimizing space requirements. Barring contamination, membrane rupture, or an

out growth of non-producing cells, both systems can continuously produce MAb over several

weeks, if not months, providing research groups with a steady source of concentrated MAb or

allowing hundreds of milligrams of MAb to accumulate over time with minimal labor.

3.2.4 DIALYSIS-BASED HOLLOW FIBER BIOREACTORS

Hollow fiber bioreactors take dialysis-based MAb production to the next level [39–42]. This design

involves culturing hybridoma cells with in a cylindrical cartridge through which many porous,

hollow fibers pass (Figure 3.4). Media pumps through the densely packed fiber bundles, providing

nutrients and removing cellular metabolites, much like the capillaries of the circulatory system. The

concept of using these artificial capillaries to culture various kinds of cells in vitro at high densities

was published [43] before the first hybridomas were even generated [1]. Hybridoma cells and MAbs

remain concentrated within the extracapillary space (ECS) because, as with the dual chamber

bioreactors, the pore size is only large enough for small proteins, cellular metabolites, and ions

to pass. Barring contamination, these systems can last 6–12 months.

FibercellTM cartridges (20 KDa MWCO)

Cross-section of
hollow fibers (HF),

through which culture
media is pumped,

surrounded by lymphocytes
and media (L/M).

15 ml60 ml

Pump
HF

L/M

Silicone tubing through
which media recycles
and O2 and CO2 are
exchanged.

FIGURE 3.4 Fibercelle Bioreactor system.
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The FiberCelle (FiberCell Systems, Bellco Biotechnology), previously marketed as the

CellMAXe, is probably the best-suited hollow fiber system on the market for academic environ-

ments or small start-up biotechnology companies [42,44]. It is reasonably priced (approximately

$425 for a 12 ml cartridge), the harvests contain highly concentrated MAb, and the technical skill

level required to bring it into a group is moderate, assuming tissue culture is an established

technique within the group. A few reusable bottle top fittings and a pumping station that fits

inside standard CO2 incubators are all that is needed to get started (Figure 3.4b). The MAb

production protocol for this system has been refined over the years and is available from FiberCell

Systems with a set of video segments demonstrating how to use the unit. Because hollow fiber

bioreactors can cultivate more than 108 cells/ml, it is not surprising that MAb concentrations of

0.5–5.0 mgMAb/ml are achieved with this system on a regular basis [42]. This result translates into

18–180 mgMAb/week when the 12 ml cartridge is harvested every 2 days and 100–1000 mgMAb/

week from the 70 ml cartridge when similarly cultured. Like the other dialysis-based systems, the

FiberCelle also yields a low endotoxin product. FiberCelle cartridges and CELLinee flasks are

reusable for culturing the same hybridoma cell line later, but care must be taken to thoroughly flush

the cartridge or flask before storage.

In contrast to the miniPERMw and CELLinee systems, the molecular weight cut off of the

membrane in the FiberCelle averages 20 KDa. Therefore, 30 KDa proteins can cross the fiber,

however, not as efficiently as a 10 KDa one. The pores in the miniPERMw and CELLinee
membranes are much smaller, restricting molecules larger than 12.5 and 10 KDa, respectively,

from crossing the membrane with 95% efficiency. Consequently, the hollow fibers of the Fiber-

Celle allow transforming growth factor-b (TGF-b) to dialyze away from the hybridoma into the

nutrient media, lowering its concentration around the cells. Hybridomas are generally growth

inhibited by this multifunctional cytokine [42,45]. Consequently, hybridomas that secrete TGF-b
and have an intact TGF-b signaling pathway should grow better in FiberCelle cartridges than the

dual-chamber models.

3.2.5 ADDITIONAL PRACTICALITY OF MAB-ENRICHED BIOREACTOR SUPERNATANTS

Because the miniPERMw, CELLinee, and FiberCelle systems can all yield hundreds of milli-

grams of very concentrated, rather pure MAb, purification is potentially much easier. Many

experimental applications require purified MAbs because the MAb either needs to be biochemically

manipulated (i.e., conjugated or proteolytic digested) or the other components of the spent media

(i.e., growth factors produced by the hybridoma, cellular debris, or serum proteins) interfere with

the experiment that utilizes the MAb (i.e., in vitro cell studies). Starting with concentrated material

always simplifies downstream purification and MAb supernatants from these three bioreactors

provide this edge. If a harvest is greater than 1 mg MAb/ml, the MAb can often be purified by

sodium sulfate precipitation (Table 3.2). More than 60% of mouse and rat IgG antibodies tested by

the Sloan Kettering Institute-Monoclonal Antibody Core Facility (SKI-MACF) at Memorial Sloan

Kettering Cancer Center can be purified toO95% purity with this very inexpensive and low-tech

method (see the legend of Table 3.2 for the protocol). When it works, the average yield is around

45%. When sodium sulfate precipitation fails to purify the MAb, the harvested bioreactor super-

natants can be purified by Protein G chromatography because the time necessary to load the MAb

onto the Protein G resin decreases as the MAb concentration increases. Because the time the MAb

remains on the column tends to be inversely proportional to the yield, shorter load times should also

maximize recovery.

MAb harvested as bioreactor supernatants can be used for in vivo animal studies as well. For

example, scientists can manipulate the immune system of a mouse with MAbs (i.e., depleting

CD4 positive T cells with clone GK1.5) or test a MAb for pre-clinical therapeutic efficacy by

injecting the MAb bioreactor supernatants into animals without any further processing.

These types of experiments require large quantities (0.1–2 mg MAb/mouse) of concentrated
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MAb (O1mg MAb/ml) that have very little, if any, endotoxins. Bioreactor supernatants meet all
these objectives. MAbs produced with the miniPERMw and CELLinee bioreactors at the SKI-

MACF contain less than 1 endotoxin unit/ml. The FiberCelle is another good option when low

endotoxin MAbs are the ultimate goal.

3.3 MINIPERMw VERSUS CELLINEe

The Integra CELLinee and IVSS classic miniPERMw, available through Fisher and VWR,

respectively, are basic dialysis-based bioreactors (Figure 3.2 and Figure 3.3) whose simple

designs cultivate hundreds of millions of cells producing milligrams of MAb in each harvest.

(For an additional overview of these systems, refer to the Dialysis-based Basic Bioreactor

section of this chapter, the manufacturer’s web sites, and refs [33–38].)

The classic miniPERMw comes with a 12.5 KDa MWCO, a 35 ml cell module, and a nutrient

module that holds up to 550 ml. The CELLinee can be purchased in two sizes, the CL 350 and CL

1000. The capacities are 10–15 ml or 15–40 ml of cells, and the cells feed off a maximum of 350 ml

or 1 L of media, respectively. Dialysis membrane rupture is an issue for both systems and care

should be taken not to over stretch the membrane.

There is a significant difference in the cost of these two systems. Because the miniPERMw is

basically a modified roller bottle, it requires an initial investment in a turning devise to rotate the

bioreactor within a CO2 incubator. The list price for an assembled miniPERM
w is approximately $460

each, when purchased as a kit containing four complete units. Buying cases of nutrient or production

modules separately and assembling them on site can save somemoney. The CELLineeCL 1000 units

TABLE 3.2
MAb Sodium Sulfate Precipitation Efficiency from Bioreactor Supernatant

Average # MAbs

Species Isotype Yield Purity
Precipitated toO95%

purity Precipitated Tested

Mouse IgG1 45% 90% 8 12 17

IgG2a 39% 85% 2 6 8

IgG2b 45% 91% 1 3 6

Rat IgG1 53% 95% 0 1 2

IgG2a 50% 93% 2 11 15

IgG2b 45% 91% 2 7 10

Overall 46% 91% 63% that precipitated

wereO95% pure

69% of MAbs tested

precipitated

Hamster Ig 39% 91% 2 8 9

Mouse IgM 43% 95% 1 1 2

Rat IgM 50% 91% 0 1 2

The results presented in this table are from sodium sulfate precipitations performed by the Sloan Kettering Institute

Monoclonal Antibody Core Facility at Memorial Sloan-Kettering Cancer Center. Bioreactor supernatants produced as

described in the final section of this chapter were pooled to no less than 1 mg MAb/ml and centrifuged at 13,000!g for

15 min. Two sequential precipitations were performed at 37oC, for 30 min., under constant slow stirring. The first precipi-

tation occurred with 18%–20% (w/v) sodium sulfate and the second used 16%–18% (w/v). Each precipitation was

centrifuged at 13,000!g for 15 min. at room temperature, and the pellet was resuspended in ultra pure water to either

one third the original volume for the first pellet and for the second pellet, one fifth of the original volume. The MAb was

finally dialyzed into phosphate buffered saline. This protocol is a revised version of one obtained from Dr. Peter Cresswell for

purification of IgGs and IgMs from ascitic fluid.
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cost about $175 per bioreactor when purchased as a case of three. CELLinee bioreactors have an

added monetary advantage because they can be recycled, as can the FiberCelle, by simply rinsing
the cell chamber and storing it in phosphate-buffered saline. Because the rate of contamination in

recycled CELLinee flasks is higher, it is wise not to re-inoculate units carried in parallel with cells

from a recycled bioreactor.

3.3.1 MAB PRODUCTION PROTOCOL FOR THE CELLINEe AND MINIPERMw BIOREACTORS

The SKI-MACF has produced MAbs from over 160 hybridomas using the protocol outlined in

Section 3.3.1.1. All hybridomas are the products of a mouse myeloma fusion with mouse, rat, or

hamster B cells. Most hybridomas easily adapt to the production media and produce concentrated

MAbwhen cultured in the bioreactors as described below. Less than 1% of all attempted adaptations

either fail to grow or simply do not produce enough MAb (O0.2 mg MAb/ml) on the first attempt.
Re-derivation of a stable homogeneous cell population by sub-cloning usually resolves poor

producers as well as some that fail to grow. Additional support for the protocol comes from the

fact that every one of the MAbs produced with this method has been functional in the assays for

which the MAb was selected, whether they be in vitro or in vivo techniques.

Dr. Howard Petrie initially developed the in vitro MAb production protocol for the mini-

PERMw when he began the SKI-MACF in 1994. What is outlined here reflects subsequent

refinements to the basic dual-chamber bioreactor protocol. Minor system specific differences for

each bioreactor unit are noted within the protocol. Similar production methods are published

[33–38]. Integra Biosciences, the CELLinee manufacturer, also provides a detailed

culture protocol.

3.3.1.1 Production Media

This method utilizes the serum-free media Hybridoma-SFM (Invitrogen) to minimize the fetal

bovine serum costs, as well as, the protein content it adds, specifically bovine Igs. Other serum-

free or animal-free formulas can be used such as BD CellTM MAb, but no other media currently

tested seems to work as well as Hybridoma-SFM. Although most hybridomas adapt into Hybri-

doma-SFM alone, this protocol supplements it with 0.5% FBS, providing a smooth transition into

the bioreactor for 99% of hybridomas without having to pamper the culture or resort to sub-cloning.

To minimize the amount of bovine Ig from the FBS contaminating the MAb harvests, FBS lots pre-

selected for ultra low levels of bovine Ig are preferred. They are available from most commercial

vendors upon requested (Invitrogen, Hyclone, Sigma, etc.) and generally are not significantly more

expensive. They may cost 25%–40% more money, but when the media only contain 0.5% FBS, the

impact on the total cost of the media is minimal. It is a good laboratory practice to screen FBS

stocks before purchasing many vendors supply trial lots for testing. With that said, the SKI-MACF

has not noticed significant differences in ultra-low bovine Ig lots of FBS it has tested. Antibiotics

can be added, but it is not recommended because if a baseline bacterial contamination is propagated

for a harvest or two, before it takes over the culture vessel, those harvests will contain significant

amounts of endotoxin from the bacteria.

3.3.1.2 Media Adaptation for MAb Production

To make the adaptation process easier, passage an actively growing, mycoplasma-free hybridoma

culture daily (usually a 1:1 ratio) into Hybridoma-SFM plus 1% FBS, referred here as Standard

Growth Media. For the rare hybridoma that has a harder time adjusting, carrying it as a small culture

in a 24-well plate where the cells tend to stay settled on the plastic is usually enough pampering to

permit later scale up into flasks. During adaptation into the Standard Growth Media, a sub-

population of cells that do not produce MAb may occasionally overgrow the culture. It is wise
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to confirm that the culture is still producing MAb prior to scaling up for freezing and bioreactor

inoculation. Sub-cloning of the parental stock after adaptation to 1% FBS usually resolves any

problem of lost or low expression by finding a stable producer or eliminating the non-productive

subpopulation, respectively.

3.3.1.3 Bioreactor Inoculation

On Friday (Day 0), prepare and inoculate each bioreactor type accordingly:

1. Assemble the miniPERMw in a sterile hood, making sure that all clips are properly set;

otherwise, media will leak out of the nutrient module. See package insert for

further instructions.

2. When adding or withdrawing media and cells into or from the cell compartments use a:

a. 60 cc syringe for the miniPERMw

b. 25 ml pipette for the CELLinee.
3. Pre-wet the membrane by adding 25 ml of Production Media (Hybridoma-SFM plus

0.5% FBS) to the nutrient compartment and 15 ml to the cell compartment.

a. If the dialysis membrane of the miniPERMw is ruptured, the first 25 ml added to the

nutrient module will leak into the cell module. It is best to see if this happens before

adding the cells.

4. Inoculate the cell compartment with the hybridoma resuspended in Production Media

accordingly:

a. CL 1000: 35–65!106 viable cells in a final volume of 15 ml (2–5!106 viable

cells/ml)

† If the membrane is pre-wet at least one hour before inoculation, 30 ml of cells at the

same density noted above can be added from the start.

† Ensure that all large and as many small bubbles as possible are removed from the

cell compartment because bubbles decrease the surface area through which

molecules on either side of the membrane can be exchanged.

b. miniPERMw: 50–100!106 viable cells in a final volume of 30 ml cells

† Anti-shearing supplements are not necessary when using Hybridoma-SFM. Pro-

ductions can be started with fewer cells. If the cell number is significantly less, the

first scheduled harvest will have lower than normal MAb concentrations and may

not be worth harvesting.

5. Fill the nutrient compartment with production media

a. miniPERMw with 350 ml

b. CELLinee with 650 ml.

6. Incubate until Monday (Day 3) at 37oC and 7% CO2
a. The miniPERMw needs to rotate, 5 rpm is sufficient. The cells simply need to

remain suspended.

3.3.1.4 Bioreactor Harvest

Harvest the MAb rich media and passage of the hybridoma cells (re-inoculation) every Monday

(Day 3, 10, 17, etc.) and Thursday (Day 7, 14, 21, etc.) accordingly:

1. For the CELLinee only, open the nutrient cap slightly to allow air to flow in and out.

2. Resuspend the cells by removing and replacing the cells a few times.

3. Transfer all the cells to a sterile 50 ml conical tube.

4. Perform a cell count and determine viability.
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5. Centrifuge the harvested cells and media at 300!g for 3–5 min.

6. Transfer the supernatant to a new sterile 50 ml conical tube. Centrifuge the supernatant

at 900!g to remove large particulate matter and aliquot the harvested bioreactor

supernatant into sterile tube(s) for analysis, use, and/or storage.

7. Resuspend the cell pellet in fresh Production Media and re-inoculate each bioreactor unit

with 30 ml of cells accordingly:

a. CL 1000: 12!106 or 6!106 viable cells/ml for Monday or Thursday

re-inoculations, respectively.

b. miniPERMw: 33% or 25% of the cells for Monday or Thursday re-inoculations,

respectively.

c. If the harvest does not contain O7!106 viable cells/ml for the miniPERMw or

12!106 viable cells/ml from the CELLinee, consider putting all the media and cells
back into the cell compartment until the next scheduled harvest. If this occurs after

the first harvest, the cells are not fairing well. If an alternative hybridoma is not an

option, increasing the serum or adding serum replacement supplements such as

Nutridoma-CS (Roche Applied Sciences), Hybridoma Fusion and Cloning Supple-

ment (Roche Applied Sciences) or Hybridoma Cloning Factor (BioVeris) can

promote cell survival in the bioreactor.

8. Incubate, as in step 6 of Section 3.3.1.3, until the following day when the nutrient

compartment media is changed.

3.3.1.5 Nutrient Compartment Media Exchange

Aspirate all the media from the nutrient compartment and replace with fresh Production Media

every Tuesday (Day 4, 11, 18, etc.) and Friday (Day 8, 15, 22, etc.).

† miniPERMw: always receives 350–550 ml, depending upon how low the pH has gone

since the last feeding.

† CELLinee: receives 650 ml when there are three days between harvest and 1 L when-
ever there are four days between harvests.

Do not use a Pasteur pipette because it can rupture the membrane directly or, if it breaks inside,

the glass chips can theoretically cause small holes.

Some hybridomas consume more glucose and change the pH faster than this feeding timetable

provides. Therefore, more frequent media changes may be necessary if the color is more yellow

than orange or if the glucose goes below 200 on a standard blood glucometer (available at any

pharmacy). With this twice-a-week exchange, most hybridomas should have more than enough

nutrients to last 3–4 days. Regular testing of glucose levels is usually not necessary.

3.3.2 TIPS FOR LARGER SCALE MAB PRODUCTIONS

When more than a gram of MAb is required, the FiberCelle is a great option. If a few hundred

milligrams to a gram is needed, multiple miniPERMw or CELLinee units can be carried in parallel,

or the systems can be maintained for months until the target amount is reached. Each research group

will need to decide which is more important to them, saving the cost of the bioreactor(s) and

spending more time and labor maintaining the continuous production over months or saving

time and some labor by simultaneously culturing more bioreactors with the same hybridoma.

When multiple units are concurrently producing the same MAb, it is best to scale up early

because some hybridomas do lose expression over time. Remember, if recycled CELLinee bio-

reactors are used for multiple bioreactor productions, it is best not to use the cells harvested from
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the re-used units for the re-inoculations because they have a higher chance of carrying contami-

nation that has not yet been noticed. This is especially true if antibiotics are employed.

3.3.3 MAB PRODUCTION COMPARISON

The following data come from MAb productions performed by the SKI-MACF using the protocol

described in the previous section. Each harvest was evaluated by SDS-polyacrlymide electrophoresis

(10% pre-cast gel from BioRAD) under reducing conditions. The gels were stained with Commassie

Blue R-250, de-stained, digitally scanned, and analyzed by densitometry using BioRAD’s Quantity

One or its predecessor, Molecular Analyst. Purified mouse polyclonal IgG from Sigma (5, 10, and

15 mg per lane) was used as the standard to determine MAb concentrations and purity.
Data in Figure 3.5 and Figure 3.6 comes from at least 85 different hybridomas (mouse/mouse,

rat/mouse and hamster/mouse) cultured in the miniPERMw and CELLinee bioreactors, giving rise

to over 160 independent productions for each system. Most of these productions were not

performed side by side. Data for the fraction that were performed side by side is consistent with

the numbers presented here. Figure 3.5 and Figure 3.6 demonstrate how well each system produces

MAb under the culture conditions outlined in the previous section. Complementary graphs between

each figure have identical x- and y-axes to facilitate the comparison. The average value (black) and

standard deviations (grey) for each harvest (day 3, 6, 10, 13, 17, etc.) are plotted for the following

variables monitored during a MAb production in the SKI-MACF for quality control purposes:

† MAb concentration of the bioreactor supernatant (top, center)

† Mg MAb/day/bioreactor (top, right)

† viable cells/ml harvested (bottom, left)

† cellular viability (bottom, center)

† total number of cells (bottom, right).

The milligrams of MAb being produced /day/bioreactor is a measure of productivity. It is a

useful tool to estimate when a particular production may reach the target amount and be terminated

prior to actually having quantitated the MAb in the final harvest.

One significant difference between MAb productions in these two bioreactors is the concen-

tration of viable cells at the time of harvest (bottom, left). Using this production protocol, the

CELLinee can sustain more viable cells per ml (w22.5!106/ml) than the miniPERMw (w15!
106/ml). This is not due to the cells being more viable overall (bottom center graphs) because, on

average, the cells plateau around 70% viability by the second scheduled harvest (day 6) in both

bioreactors. Rather, a higher total number of cells is achieved in the CELLinee (bottom, right). Not

surprisingly, maintaining more viable cells per ml correlates well with a higher MAb concentration

in CELLinee than miniPERMw harvests, approximately 1.5 mg MAb/ml verses 1.0 mg MAb/ml,

respectively. Because the inoculation and harvest volumes for both units were identical (30 ml), this

translates into the CELLinee being a more productive system (average about 12 mg/day/bior-

eactor) than the miniPERMw (average around 7 mg/day/bioreactor) when this protocol is used.

M.P. Bruce et al. [36] also found more concentrated harvests from the CELLinee when they

measured functional MAb, but they came to the opposite conclusion with respect to productivity

because, in their analysis, the miniPERMw yielded more MAb in the end. This discrepancy is likely

because they compared the CL 350 with classic miniPERMw that have significantly different cell

compartment volumes, 15 and 35 ml, respectively. Although more concentrated MAb was

harvested from a CELLinee production, twice the volume was harvested from the miniPERMw

and inturn more total MAb. The data in this chapter compare the CL 1000 and classic miniPERMw

using identical harvest volumes. This is most likely the source of the differing conclusions.

The overall higher MAb concentrations and yields from the CELLinee hold true when looking

at individual clones as well. Table 3.3 provides a comparison of 30 hybridomas. 30% of these
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hybridomas produced MAb equally well in either bioreactor (noted by a dash). Only 7% of these 30

hybridomas produced more MAb in miniPERMw (M) and 63% (C) were more productive in the

CELLinee. For the clones that preferred the CELLinee, the MAb concentration and productivity
were, on average, double what was harvested from the miniPERMw, specifically 2.1 versus 1.0 mg

MAb/ml and 15.2 versus 7.3 mg/day/bioreactor, respectively. In addition, all 162 MAbs produced

by the SKI-MACF are functional in the in vitro or in vivo application for which they were selected.

TABLE 3.3
CELLinee versus miniPERMw: MAb Concentration and Production Efficiency

mg MAb/ml mg MAb/day/bioreactor

Hybridoma
Clone Isotype

Preferred
Bioreactor miniPERM CELLine miniPERM CELLine

9E10 Mouse IgG 1 – 0.6 0.7 4.2 4.6

DA6.147 Mouse IgG 1 C 0.7 1.7 5.7 10.5

Private 1 Mouse IgG 1 C 0.5 1.4 4.2 6.3

Private 2 Mouse IgG 1 C 1.1 3.0 9.1 21.8

Private 3 Mouse IgG 1 C 0.9 1.9 6.1 12.8

Private 4 Mouse IgG 1 – 0.9 1.0 6.7 7.4

104–2 Mouse IgG 2a C 0.8 1.8 5.5 13.4

A–20 Mouse IgG 2a C 1.1 2.2 6.1 14.5

W6/32 Mouse IgG 2a C 0.6 1.7 4.6 9.7

Y3P (cl.10) Mouse IgG 2a C 0.3 0.7 2.1 4.6

PK136 (cl.30) Mouse IgG 2b – 1.1 1.0 8.1 7.6

11B11 Rat IgG 1 C 1.1 2.6 9.1 15.2

PC61.5.3 Rat IgG 1 C 0.6 1.0 4.1 6.2

1C10 Rat IgG 2a C 1.2 3.3 8.6 24.3

1D3 Rat IgG 2a C 0.2 0.5 1.8 5.5

53.6–72 Rat IgG 2a C 1.7 3.1 11.6 17.8

FGK45 Rat IgG 2a – 1.0 1.5 8.1 8.3

KT3 Rat IgG 2a – 1.3 1.9 10.1 13.9

Private 5 Rat IgG 2a – 2.0 2.1 13.4 13.6

2.43 Rat IgG 2b M 1.4 1.2 10.0 7.5

2.4G2 Rat IgG 2b C 1.1 2.4 8.4 17.1

GK1.5 Rat IgG 2b – 0.9 1.3 6.7 8.1

Private 6 Rat IgG 2b – 1.0 1.2 8.6 10.1

Private 7 Rat IgG 2b C 1.0 2.0 8.4 18.6

Rb6–8C5 Rat IgG 2b C 2.9 3.9 22.3 36.4

Ter 119 Rat IgG 2b C 0.9 3.3 6.6 26.4

RA3–3A1/6.1 Rat IgM M 1.4 0.6 9.2 3.9

Private 8 Hamster Ig – 0.3 0.5 2.5 3.4

H57–597 Hamster Ig C 0.9 2.6 6.1 19.3

MR-1 Hamster Ig – 1.3 1.2 10.1 9.6

Average 1.0 1.8 7.6 12.6

Comparison of 30 different hybridomas produced as described in this chapter. The data presented are the average MAb

concentration or mg MAb/day/bioreactor for the specific hybridoma cultured either in the miniPERMe or the CELLinee

bioreactors. A dash in column 3 denotes productions where there is no difference between the two systems (30%). An “M” in

the third column signifies highlights productions where the cells produced more MAb when cultured in the miniPERMe

(7%). A “C” in the third column denotes hybridomas that secrete moreMAb in the CELLinee (63%). “Private” is used in the

place of some hybridoma names because the Sloan Kettering Institute, Monoclonal Antibody Core Facility at Memorial

Sloan Kettering Cancer Center produced these clones at the exclusive request of certain researchers and does not have

permission to disclose the clone name.

DK9421—CHAPTER 3—13/11/2006—18:27—NRAJARAM—15332—XML MODEL C – pp. 75–92

In Vitro Monoclonal Antibody Production: Academic Scale 89



3.4 CONCLUDING REMARKS

There are more in vitro MAb production options available beyond what has been outlined here such

as stirred-tank, airlift, fixed-bed, fibrous-bed, acoustic wave, and more advanced hollow fiber

systems [22,37]. This chapter has concentrated on those techniques that most laboratories

already performing basic tissue culture techniques could bring into their group with minimal

effort. They include producing MAb as exhausted/over-conditioned media from hybridomas

grown in flasks, roller bottles, or spinner flasks as well as producing MAb as bioreactor supernatants

using the commercially available miniPERMw, CELLinee, and FiberCelle systems. A compari-

son of the basic dual-chamber dialysis bioreactors indicates the CELLine e is a more cost effective

and productive system than the miniPERMw when following the culture protocol described here.

The FiberCelle cartridges yield more concentrated MAb faster with a little more cost and not much

more effort and technical skill. Therefore, this more advanced dialysis-based system is a good

option for those groups who consistently need tens of milligrams more than a gram of MAb. No

matter how much MAb an academic core facility or research laboratory needs to produce, in vitro

MAb production methods have developed well enough that ascites should rarely, if ever,

be employed.
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4.1 INTRODUCTION

A heavy metal can be defined as any metallic chemical element with a relatively high density. At

certain sites, heavy metals, including mercury (Hg), cadmium (Cd), lead (Pb), uranium (U), and

copper (Cu) have been released into the soil or groundwater at levels that are toxic to plant

and animal life. Unlike carbon-based environmental contaminants that will eventually be degraded

and removed, metals that are deposited in the environment can persist for very long periods of time.

When bound to soils and sediments, metals are relatively non-toxic except to bottom-feeding

aquatic life [1]. Unfortunately, any number of ill-defined episodes, including changes in weather

patterns and hydrology, changes in soil or water pH, or release of organics into the environment can
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mobilize metals and greatly increase their toxicity. Sites contaminated with heavy metals require

long-term stewardship that includes regular monitoring for heavy metal mobilization.

Of the analytical techniques [2–6] currently used to measure metal ions, inductively coupled

plasma atomic emission spectroscopy (ICPAES) is the most commonly employed [7,8]. This

technique routinely affords good sensitivity; however, the analysis is expensive, and large

sample volume is often required to achieve maximum sensitivity. In addition, the time required

for analysis can be prolonged because the samples must be analyzed sequentially and may sit in a

queue for long periods of time. Unless coupled with mass spectrometry, high performance liquid

chromatography, or capillary electrophoresis [9,10], ICPAES cannot provide information on metal

ion speciation. Analyses conducted using such coupled instruments are particularly expensive and

often less sensitive than those conducted using each individual instrument.

Antibody-based techniques are alternative approaches for metal ion analyses. These approaches

are attractive to local and governmental agencies because they have significant advantages over the

traditional analytical methods. Immunoassays are remarkably quick, reasonably portable to the

analysis site, and simple to perform. Because most of the technology of an immunoassay is built

into the antibody that is at the core of this detection system, sample pretreatment is usually minimal,

and the instrumentation designed to transduce the antibody binding event to a measurable signal

can be relatively small and inexpensive. The immunoassay and instrument can also be formatted for

high throughput analysis. In addition, studies have shown that the use of immunoassays during

remediation processes can reduce analysis costs by 50% or more [11]. Although most of the

commercial immunoassays are directed toward complex organic chemicals, peptides, and proteins

[12–17], this technique is theoretically applicable to any analyte, including a metal ion, if a suitable

antibody can be generated.

Over the past ten years, this laboratory has generated over 20 monoclonal antibodies directed

toward different chelated metal ions by immunizing mice with the corresponding metal–chelate

complexes. This article reviews the techniques used to generate and characterize these antibodies

and describe how they may be formulated into field portable assays designed to provide inexpen-

sive, portable, near real-time analyses of heavy metals in environmental samples.

4.2 PREPARATION OF THE IMMUNOGEN

4.2.1 CHOOSING THE CORRECT CHELATOR

Heavy metals do not elicit immune responses; however, this laboratory and others discovered that

when a heavy metal was added to a chelator covalently conjugated to a protein, the resulting metal–

chelate complex comprised an epitope that was immunogenic and could elicit an immune response

[18–24]. In general, the tighter the complex between a metal and a chelator, the greater the

likelihood that the complex will survive in vivo to stimulate an immune response. This laboratory

has used published critical stability constants of metal–chelate interactions to guide the choice of

chelator for a particular metal ion [25]. It should be noted, however, that the published constants

have been extrapolated to extremes of pH where the chelator is completely ionized (the conjugate

base); at physiological pH and ionic strength, the actual stability constant can be lower than the

published value by several orders of magnitude. The chelators used in these studies, (e.g., EDTA,

DTPA, cyclohexyl-DTPA, 2,9-dicarboxyl-1,10-phenanthroline) have relatively open structures

(Figure 4.1) that facilitate diffusion-controlled binding of the metal to the chelator. This rapid

formation of the metal–chelate complex is required in a fast antibody-based assay. Crown ether

derivatives like DOTA (1,4,7,10-tetraazacyclodecane-1,4,7,10-tetraacetic acid) often require incu-

bation of the metal and chelate for prolonged periods of time (more than 24 h) and/or at high

temperatures for metal–chelate complex formation. Such requirements have limited the enthusiasm

for crown ether-based chelators in immunoassays designed for near real-time analysis. Because

metal–chelate complexes by themselves are too small to stimulate the immune system, high
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molecular weight immunogens were constructed using bifunctional chelators as shown in

Figure 4.1. Although the bifunctional chelators shown in Panels a–c were originally synthesized

as a means to target radionuclides to cancer cells [26–28], our team discovered that they could also

be used to generate antibodies to metal–chelate complexes. In the team’s experience, the ease of

developing a monoclonal antibody with specificity for a single metal (or pair of metals) was highly

dependent upon the bifunctional chelator used to generate the immunogen. Immunogens prepared

from bifunctional EDTA (Figure 4.1, Panel a) were relatively efficient in eliciting antibodies with

specificity to Hg2C, Cd2C, and Cu2C but failed to produce antibodies with specificity to Pb2C. It

hypothesized that the Pb2C was released from the chelate during the immune processing of the

antigen, and when bifunctional chelators with higher affinity for Pb2C were chosen (Figure 4.1,

Panels b and c), the team was able to generate antibodies that recognized Pb2C–chelate complexes

[23,29,30]. Despite several attempts, antibodies with specificity for chelated UO2C
2 using immuno-

gens prepared from the bifunctional chelators shown in Panels a–c of Figure 4.1 could not be

generated. A study of the binding affinities of several chelators for UO2C
2 finally led the team to the

phenanthroline derivative shown in Panel d. This chelator that bound to UO2C
2 approximately 1000
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FIGURE 4.1 Bifunctional chelators used in the generation of antibodies to metal-chelate complexes. (a)

Bifunctional derivative of EDTA (1-(4-isothiocyanatobenzyl)ethylenediamine-N,N,N 0,N 0-tetraacetic acid),
available commercially from Dojindo Molecular Technologies, Inc., Gaithersburg, MD, was used to generate

antibodies with specificity for chelated Cd2C, Hg2C, and Cu2C. (b) Bifunctional derivative of DTPA, (2-(4-

isothiocyanatobenzyl)-diethylenetriamine-N-N-N 0-N 0-N 00-pentaacetic acid), available commercially from

Macrocyclics, Dallas, TX, was used to generate antibodies with specificity for chelated Pb2C and Co2C. (c)

Bifunctional derivative of cyclohexyl-DTPA (2-p-isothiocyanatobenzyl-trans-cyclohexyldiethylenetriamine

N-N-N 0-N 0-N 00-pentaacetic acid, CHX-A-DTPA) was synthesized as described in Brechbiel and Gansow. This
compound was used to generate antibodies to chelated Pb2C. (d) Bifunctional derivative of 2,9-dicarboxyl-

1,10-phenanthroline (5-isothiocyanato-1,10-phenanthroline-2,9-dicarboxycylic acid), was synthesized as

described in Blake et al. and used to generate antibodies to chelated UO2C
2 . (From Brechbiel, M. W. and

Gansow, O. A., J. Chem. Soc. Perkin Trans., 1, 1992; and Blake II, R. C., Pavlov, A. R., Khosraviani, M.,

Ensley, H. E., Kiefer, G. E., Yu, H., Li, X., and Blake, D. A., Bioconjug. Chem., 15, 2004.)
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times more tightly than did EDTA also turned out to be very efficient in eliciting antibodies with

high affinity and specificity for chelated UO2C
2 [24].

4.2.2 SYNTHESIS OF PROTEIN CONJUGATES

Once the optimal chelator had been chosen, the immunogen was prepared as shown in Figure 4.2.

The metal-free bifunctional chelator was first mixed with a 1.1-fold molar excess of the metal of

interest, then with the carrier protein. Although our team has always followed strict procedures for

working under metal-free conditions during the preparation of its immunogens [31], loading the

chelator with metal before synthesis and purification of the conjugate ensured that the majority of

the chelate molecules coupled to the carrier protein contained the metal of interest, not some

undesirable trace metal scavenged by the chelate during synthesis. The isothiocyanate on the

bifunctional chelate reacted with unprotonated amino groups on the carrier protein to form a

stable thioureido group [32]; because the protonated amino groups are unreactive, the reaction

rate increased with increasing pH. Care was taken to choose a buffer that did not contain primary

amino groups (for example, Tris) as they would interfere with the coupling reaction. In the team’s
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FIGURE 4.2 Preparation of metal–chelate–protein conjugates for use as immunogens and immunoassay

reagents. For conjugation using bifunctional EDTA- and DTPA-based reagents, a 1.1-fold molar excess of a

single metal ion (Cd2C, Pb2C, Cu2C, Hg2C) was added to the chelator before reaction with the protein.

Conjugation reactions normally contained 10–20 mg/mL of protein and 1.5–3.0 mM of the bifunctional

chelate, buffered to pH 9.0–9.5 with HEPES or borate (50–100 mM). After reaction for 18 h at room tempera-

ture, the metal–chelate–protein conjugate was separated from low molecular weight reaction products by

ultrafiltration or size exclusion chromatography, and the extent of substitution on the epsilon amino groups

of lysyl residues was determined as described in Cavot and Tainturier. Immunogens and immunoassay reagents

were prepared using keyhole limpet hemocyanin (KLH) and bovine serum albumin (BSA), respectively, as the

protein carrier. The addition of UO2C
2 to the bifunctional phenanthroline derivative (Panel d in Figure 4.1) at the

mM concentrations required for the conjugation reaction caused precipitation. These protein conjugates were

therefore synthesized and stored as metal-free derivatives, and UO2C
2 (1.1-fold molar excess) was added after

dilution of the protein conjugates to working concentrations (0.5–50 mg/mL). (From Blake, D. A., Chakrabarti,

P., Khosraviani, M., Hatcher, F. M., Westhoff, C. M., Goebel, P., Wylie, D. E., and Blake II., R. C., J. Biol.

Chem., 271, 1996; Blake II, R. C., Delehanty, J. B., Khosraviani, M., Yu, H., Jones, R. M., and Blake, D. A.

Biochemistry, 42, 2003; Khosraviani, M., Blake II, R. C., Pavlov, A. R., Lorbach, S. C., Yu, H., Delehanty, J. B.,

Brechbiel, M. W., and Blake, D. A. Bioconjug. Chem., 11, 2000; Chakrabarti, P., Hatcher, F. M., Blake II, R.

C., Ladd, P. A., and Blake, D. A. Anal. Biochem., 217, 1994; and Cayot, P. and Tainturier, G. Anal. Biochem.,

249, 1997.)
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experience, both borate and HEPES buffers have performed well in the synthesis of protein

conjugates [24,30,33].

The standard practice in this laboratory has been to synthesize and characterize the conjugate

that will serve as the immunogen (metal–chelate–keyhole limpet hemocyanin) and the carrier

protein to be employed for screening assays (metal–chelate–bovine serum albumin) at the same

time. Keyhole limpet hemocyanin has been the carrier protein of choice for immunization; this

highly immunogenic protein stimulates T cell-dependent responses and is often used as a carrier for

low molecular weight antigens [34,35]. Bovine serum albumin was chosen as the carrier protein for

screening assays because it is structurally dissimilar to keyhole limpet hemocyanin, readily soluble,

and available in a highly purified, metal-free form. For some assay formats, the team also syn-

thesized metal–chelate-horseradish peroxidase conjugates [36,37]; in those experiments, the pH

of the reaction mixture was lowered to 8.5 to preserve enzyme activity. After an overnight reaction,

the conjugates were purified to remove low molecular weight reaction products, and the extent of

free lysine substitution was characterized using the trinitrobenzenesulfonic acid method [38].

Carrier proteins with between 15% and 50% of derivatived lysyl residues normally provided

adequate performance as immunogens and in assays.

4.3 ANIMAL IMMUNIZATION, CELL FUSION, AND HYBRIDOMA

SCREENING

Purified immunogens (20–50 mg/animal/injection) were emulsified in adjuvant and intraperitone-
ally injected into mice at approximately two-week intervals as shown in Figure 4.3. Both Ribie and

TiterMaxe adjuvants were well-tolerated by the animals and evoked similar immune responses.

Immunization of six animals has permitted this group to evaluate the polyclonal antibody response

and to choose the animal with the best response for subsequent preparation of hybridomas. Once the

animal had been sacrificed, splenocytes were prepared and fused with myeloma cells (X63-Ag

8.653 or SP2/Ag 14 lines). The reagents required for cell fusion and subsequent cell expansion were

supplied in the ClonaCell-HYe kit available from StemCell Technologies (Vancouver, BC).

Individual hybridoma colonies were selected from the semisolid growth medium and cultured in

microwell plates. Antibody activity was assessed directly from the culture supernatants of the

microwell plates.

Supernatant screening was the most critical step in the identification of monoclonal antibodies

useful for environmental analysis. The team’s screening protocol was designed to rapidly and

efficiently identify antibodies with the following properties

1. Little or no reactivity with the metal-free chelator. Most metals in environmental samples

exist as complexes with other compounds (inorganic anions, humics, etc.). In environ-

mental immunoassays, relatively high concentrations of metal-free chelator were used to

pull the metal ion of interest away from the natural complexants in the environmental

sample and into a form recognized by its antibodies (the metal–chelate complex). During

the monoclonal antibody screening procedures, only those clones that synthesized

antibodies with low affinity for the metal-free chelator were expanded and further charac-

terized. During more than ten years of study on the binding properties of these

monoclonals, our team has discovered that antibodies that bound very tightly to the

metal-chelate complex (with sub-nanomolar equilibrium dissociation constants, Kd’s)

were also more likely to bind with relatively high affinity to the metal-free chelator [24].

Antibodies that bound to the metal-loaded chelate at least fifty times more tightly than to

the metal-free chelator could usually be formulated into useful environmental assays.

2. Strong reactivity with the metal–chelate complex of interest. A second characteristic of

the ideal antibody was a tight and specific binding to the metal–chelate complex in the

DK9421—CHAPTER 4—13/11/2006—20:47—MAHESWARI—15333—XML MODEL C – pp. 93–111

Antibodies to Heavy Metals 97



immunogen. The binding affinity of the antibody to the complex was directly related to

the ultimate sensitivity of the final assay. Antibodies that bound to the metal–chelate

complex with Kd values of less than or equal to 10K8 usually proved useful in

immunoassay formats.

3. Little or no binding with metals most likely to contaminate the environmental sample.

The specificity of the final assay was also directly related to antibody affinity for other

chelated metal ions. In these monoclonal antibody screening protocols, this group looked

for at least a ten-fold difference between the affinity of the metal–chelate of interest and

the affinity of other metal–ion complexes likely to be present in the sample matrix.

Monoclonal antibodies that did not exhibit this ideal behavior could still be formulated

into useful assays through the use of masking reagents that specifically bound to inter-

fering metals and removed them from the binding equilibrium [21]. Different distance

matrices were also used to compare the molecular shapes of metal–chelate complexes in

an attempt to predict which chelate complexes might provide the best metal ion speci-

ficity when used as immunogens [39]. This approach has been limited, however, by the

scarcity of available crystal structures and the inability of current molecular modeling

programs to accurately represent the electron orbitals of heavy metal atoms.

1. Inject metal−chelate−KLH conjugate

2. Collect mouse serum and test
for antibody production using
metal−chelate−BSA conjugate

3. Select mouse with best polyclonal
response for preparation of hybridomas

4. Preserve spleen tissue from other
immunized mice for preparation of
recombinant antibody libraries.

FIGURE 4.3 Immunization protocol and generation of antibodies. (1) Metal–chelate–KLH conjugates were

emulsified in RIBI or TiterMax adjuvant according to the manufacturers’ protocols, and 50 mg aliquots of
emulsified conjugate were intraperitoneally injected at approximately 2-week intervals. (2) After four–five

injections, a small amount of blood (0.05–0.1 mL) was collected from the tail of each animal, and the

polyclonal antisera were assessed for the ability to bind to the immobilized metal–chelate–BSA conjugate

by indirect ELISA and by the competitive two-step ELISA method shown in Figure 4.4a, below. (3) The

animal that displayed the best polyclonal response was sacrificed, and its splenocytes were used in the

preparation of hybridomas. (4) Additional immunized animals were reserved until a suitable hybridoma had

been generated; these animals were then sacrificed and their spleens preserved for use in preparation of

recombinant antibody libraries.
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4. Insensitivity to changes in ionic strength and pH. The effects of sample matrix in immu-

noassay and immunosensor performance has been a challenging problem in the

development of environmental immunoassays because it is difficult to predict what

types of interfering substances will be encountered in a given sample matrix. In this

laboratory, antibody binding at a variety of pHs and ionic strengths have been routinely

assessed in an attempt to minimize the effect of the sample matrix and to maximize

precision and reproducibility [22,40].

In order to identify those antibodies that exhibit these desirable characteristics, a streamlined

screening assay has been developed that has permitted the rapid analysis of the large number of

supernatants that are generated during the production and screening of hybridoma clones. Each

culture supernatant was diluted with an equal volume of one of the four following reagent mixtures:

HBS buffer (10 mM HEPES, pH 7.2, 140 mM NaCl, 10 mM KCl); HBS buffer containing metal-

free chelator (10 mM for EDTA or DTPA, 2 mM for DCP); HBS buffer containing the metal-free

chelator plus 5–50 ppm of the metal ion used to prepare the immunogen; and HBS buffer containing

the metal-free chelate plus 5–50 ppm of a mixture of other metal ions (usually other metals of

environmental interest, e.g., Pb2C, Ni2C, Zn2C, Cd2C, and/or Cu2C). HEPES buffer was used in

these experiments because of its negligible metal binding capacity [41]. These mixtures were

subsequently incubated for an hour in microwells coated with the metal–chelate–BSA conjugate.

After a wash step to remove unbound primary antibody, an enzyme-labeled secondary antibody was

added, and color was subsequently developed.

Hybridoma supernatants that contained antibodies with desirable characteristics demonstrated

patterns of color formation as shown in Figure 4.4a. They bound tightly to the metal–chelate–BSA

conjugate coated in the microwell (buffer), and the addition of metal-free chelator (bufferC
chelator) either had no effect on the binding or actually stimulated binding to the immobilized

conjugate. A decrease in absorbance in the well that contained both chelate and the metal ion that

was used in the synthesis of the immunogen (bufferCchelatorCmetal) indicated that soluble

metal–chelate complex was capable of inhibiting binding to the immobilized metal–chelate–

BSA conjugate. The final well (bufferCchelatorCmixture) was included to assess the metal ion

specificity of the culture supernatant. On occasion, the pattern of color formation shown in

Figure 4.4b was also detected, indicating that antibodies to metal–chelate complexes other than

those used for immunization had been generated by the animal. Hybridomas whose supernatants

demonstrated either of the patterns shown in Figure 4.4 were expanded and recloned by limiting

dilution. These hybridomas were subsequently cultured either as an ascites or in a CellLine appar-

atus to generate large quantities of purified antibody for subsequent binding studies and

assay development.

4.4 CHARACTERIZATION OF THE BINDING PROPERTIES OF ANTIBODIES

TO METAL–CHELATE COMPLEXES

Detailed studies of the binding properties of purified antibodies generated in this laboratory have

greatly enhanced the ability to formulate these antibodies into workable assays. The equilibrium

dissociation constants of many of the antibodies have been determined for both metal-free and

metal-loaded chelators (see Table 4.1 and references therein). These studies have defined the

apparent specificity of the antibodies for both the metal ion and the chelator and, in addition,

provided an estimate of the likely sensitivity of the eventual immunoassay. It is evident and

generally acknowledged that the sensitivity of an immunoassay is directly related to the affinity

of the antibody for its antigen: the higher the affinity, the more sensitive the assay. Bimolecular

association and unimolecular dissociation rate constants have also been determined for many of the

higher affinity antibody–antigen interactions. The values of the individual dissociation rates for
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these higher affinity interactions control the time required to reach equilibrium; in some rapid

sensor formats, the time required to reach equilibrium can be rate-limiting for the assay [42].

Equilibrium and kinetic binding studies for antibodies to metal–chelate complexes have been

performed on the KinExA 3000e instrument using standard assay protocols developed in our

group’s laboratories [20,29,43,44].

Table 4.1 provides a partial list of the equilibrium dissociation constants determined for four-

teen different antibodies generated by the laboratory. For most of the antibodies in the table,

equilibrium dissociation constants have been determined for a wide variety of different com-

binations of individual chelates and metals ions; the reader is directed to the cited references for

more comprehensive descriptions of the binding affinities of these antibodies.

4.5 FORMULATION OF ENVIRONMENTAL ASSAYS

All of the environmental immunoassays for metals developed in the laboratory are based upon the

same general principal. Metal-free chelator was added to an environmental sample in quantities

sufficient to complex the metal of interest. When the antibody used for the analysis had been raised

using a chelator that bound relatively non-specifically to a variety of metals (e.g., EDTA or DTPA),

the concentration of chelator needed to be high enough to complex all the divalent metal ions in the

sample. If the antibody had been raised using a chelate that bound relatively specifically to a subset

of metals in the sample (e.g., the interaction of DCP with UO2C
2 ), then significantly lower

Buffer

Buffer + chelate

Buffer + chelate + metal

Buffer + chelate + mixture

0 25

Percent buffer absorbance(a) (b)

50 75 100

Buffer

Buffer + chelate

Buffer + chelate + metal

Buffer + chelate + mixture

0 25

Percent buffer absorbance

50 75 100

FIGURE 4.4 Representative data from screens of hybridoma supernatants. Panel (a). Pattern of color formation

that indicates that a hybridoma is making a monoclonal antibody specific for the soluble form of the metal–

chelate complex used in the immunogen. Panel (b). Pattern of color formation that indicates that a hybridoma is

making a monoclonal antibody that may have specificity for another soluble metal–chelate complex. In these

experiments, hybridoma supernatants were mixed with an equal volume of one of the following: buffer. HBS

(10 mM HEPES, pH 7.2, 140 mM NaCl, 10 mM KCl); bufferCchelator. HBS buffer containing metal-free

chelate (10 mM for EDTA or DTPA, 2 mM for DCP); bufferCchelatorCmetal. HBS buffer containing the

metal-free chelate plus 5–50 ppm of the metal ion used to prepare the immunogen; bufferCchelatorC
mixture. HBS buffer containing the metal-free chelate plus 5–50 ppm of a mixture of other metal ions

(usually other metals of environmental interest, e.g., Pb2C, Ni2C, Zn2C, Cd2C, and/or Cu2C). These mixtures

were subsequently incubated for an hour inmicrowells coated withmetal–chelate–BSA conjugate. After a wash

step to remove unbound primary antibody, an enzyme-labeled secondary antibody was added, and color was

developed (see Panel a of Figure 4.5, below for more details). Data were expressed as percent of buffer control.

For hybridoma screening, these analyses were normally performed as singlets.
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concentrations of chelate were required. Antibody was added, and the binding of antibody to the

metal–chelate complex was allowed to proceed to equilibrium.

This binding event could be transformed into a quantifiable signal in a number of ways. Three

of the assay formats used in this laboratory are illustrated in Figure 4.5. The first format, shown in

Panel a, is very similar to the assay used to screen hybridomas. First, the metal–chelate–BSA

conjugate was coated onto microwell plates. Next, the antibody and soluble metal–chelate

derived from the environmental sample were added to the plate, and the immobilized and

soluble metal–chelate complex competed for antibody binding sites. In the third step, each micro-

well was washed to remove unbound primary antibody. An enzyme-labeled anti-species secondary

antibody was subsequently added in step four, and after a second wash to remove unbound

secondary antibody, enzyme substrate was added to generate a colored signal. This format has

been used in the development of assays for both cadmium and uranium [21,22,40].

TABLE 4.1
Antibodies and Antibody Fragments that Recognize Metal–Chelate Complexes

Metal–Chelates Kd (M)

Clone Designation
Recognized with
Highest Affinitya

Metal-Loaded
Chelator Metal-Free Chelator Reference

2A81G5 Cd(II)-EDTA 2.1!10K8 O10K1 [20]

Hg(II)-EDTA 2.6!10K8 [20]

A4 Hg(II)-EDTA 3.6 !10K9 O10K1 [39]

Cd(II)-EDTA 1.5!10K8

E5 Cd(II)-EDTA 1.6!10K9 [39]

Hg(II)-EDTA 3.6!10K9

rE5Fab AmBz-EDTA-Cd(II) 1.45!10K11 O10K1 [23]

scFv-A10 Cd(II)-EDTA- 1.6!10K7 O10K3 [56]

Protein conjugate

Cd(II)-EDTA 1.3!10K3 O10K1

2C12 Pb(II)-CHXDTPA 8.4!10K9 2.1!10K7 [30]

Pb(II)-DTPA 1.0!10K5 2.1!10K3

Ca(II)-DTPA 2.8!10K6 2.1!10K3

5B2 AmBz-EDTA-Pb(II) 9.5!10K10 8.0!10K6 [29]

AmBz-EDTA-Ca(II) 8.9!10K6

Pb(II)-DTPA 3.9!10K7 1.9!10K6

Ca(II)-DTPA 1.1!10K6

r5B2Fab Pb(II)-DTPA 2.6!10K6 nd [23]

Ca(II)-DTPA nd

15B4 Co(II)-DTPA 5.2!10K8 O10K3 [57]

Ni(II)-DTPA 2.7!10K7

Zn(II)-DTPA 2.5!10K7

8A11 U(VI)-DCP 5.5!10K9 3.7!10K6 [24]

10A3 U(VI)-DCP 2.4!10K9 2.8!10K6 [24]

12F6 U(VI)-DCP 9.1!10K10 1.5!10K7 [24]

1A4 Cu(II)-EDTA 2.2!10K10 6.9!10K9 This publication

4B33 Cu(II)-EDTA 2.2!10K9 1.25!10K8 This publication

a The following abbreviations were used in this table: EDTA, ethylenediamine-N,N,N 0,N 0-tetraacetic acid; CHXDTPA, trans-
cyclohexyldiethylenetriamine N-N-N 0-N 0-N 00-pentaacetic acid; DTPA, diethylenetriamine-N-N-N 0-N 0-N 00-pentaacetic acid:
AmBzEDTA, (1-(4-aminobenzyl)ethylenediamine-N,N,N 0,N 0-tetraacetic acid); DCP, 2,9-dicarboxyl-1,10 phenanthroline;
rFab, recombinant Fab fragment; scFv, single chain variable fragment.
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FIGURE 4.5 Assay formats for analysis of metals using antibodies to metal-chelate complexes. Panel (a), two-

step competitive ELISA. (1) The wells of a microtitre plate were coated with a metal-chelate-BSA conjugate and

nonspecific binding sites were blocked with BSA. (2) The sample (or standard) was mixed with chelator and a

known concentration of primary antibody, and themixturewas added to themicrowell where the immobilized and

the soluble antigens compete for primary antibody binding. (3) Unbound antibody was washed away. (4) Bound

primary antibody was detected with an HRP-conjugated anti-species secondary antibody. (5) Reaction color is

developed by addition of HRP substrate. Panel (b), one-step competitive ELISA. (1) Thewells of amicrotitre plate

were coatedwith primary antibody to themetal–chelate complex and non-specific binding sites were blockedwith

BSA. (2) The sample (containing metal–chelate complex) was spiked with a known concentration of HRP-

conjugated metal–chelate complex, and this mixture was allowed to bind to the immobilized primary antibody.

Enzyme-linked and unconjugatedmetal–chelate complexes competed for binding to the immobilized antibody. (3)

Excess unbound antigen is washed away. (4) Reaction color is developed by addition of HRP substrate. Panel (c),

SensorAssay. (1) Sample (or standard) containingmetal-chelate complexwasmixedwith knownconcentrationsof

primary antibody, and the mixture was allowed to come to equilibrium. (2) The equilibrated antibody–antigen

solutionwas thenpassed rapidlyover themetal–chelate complex immobilizedon the surface of beads packed into a

capillary bed. (3) Only those antibodieswithoutmetal-chelate complex in their binding siteswere available to bind

to the immobilized antigen; unbound antibody-antigen complex was washed away. (4) Bound primary antibodies

captured in the capillary bed were detected by using a fluorescently-labeled anti-species secondary antibody.
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Although the format described above could accurately assess metal ion concentrations in

environmental samples, the total time for the analysis was 3–4 h because each of the two antibody

incubation steps required 60 min. In an effort to streamline the analysis, a one-step assay format

[36,37] was developed as shown in Figure 4.5, Panel b. In this format, the purified metal–chelate

specific antibody was coated onto themicrowell. Ametal–chelate–horseradish peroxidase conjugate

and the soluble metal–chelate complex were then allowed to compete for antibody binding sites.

After a wash step to remove the unbound metal–chelate–horseradish peroxidase conjugate, enzyme

substratewas added to generate a colored signal. This format required only one 60-minute incubation

step, and the total assay time was reduced from 3 to 4 h to approximately 90 min. This method as

originally published (36, 37) required relatively large quantities of purified anti-metal antibody to

coat the microwell plate (12–24 mg/96-well plate). In an effort to reduce antibody consumption, the
original one-step assay has beenmodified by first coating themicrowell with 2 mg/ml of purified anti-
mouse antibody and then adding a 5–10-fold lower concentration of the purified anti-metal–chelate

antibody. Control experiments showed that this modification provided data identical to the published

method while reducing consumption of the purified anti-chelate antibody by 80%–90% [45].

Representative data obtained using either the two-step or one-step microwell format are shown

in Figure 4.6, Panel a. The data obtained in the microwell assays conformed to the log-linear

concentration dependence characteristic of such competitive immunoassays. These data were fit

to the following equation

yZ a0K
ða1 xÞ
ða2CxÞ (4.1)

where y was the observed absorbance, x was the metal ion concentration, a0 was the absorbance in

the absence of metal ion, a1 was the difference between the absorbance in the absence of metal ion

and at a saturating concentration of metal ion, and a2 was the IC50, the metal ion concentration that

produced a 50% inhibition of signal.

In an effort to further streamline these analyses for field applications, a sensor format was

developed [46–48] as shown in Panel c of Figure 4.5. This sensor consisted of a capillary
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FIGURE 4.6 Representative data from different assay formats. Panel (a). Representative data developed using

either the 2-step or 1-step microwell assay formats described in Figure 4.4. As the concentration of metal-

chelate complex in the sample increases (x-axis), the relative signal decreases (y-axis). Panel (b).

Representative data from the sensor assay format. Each trace is derived from the equilibrium binding

between the primary antibody and a single antigen concentration. As the concentration of antigen increases,

the fluorescence decreases, so 1 represents a mixture with the lowest concentration of antigen, and 6 represents

one with the highest antigen concentration.
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flow/observation cell fitted with a microporous screen through which various solutions were drawn

under negative pressure. Uniform particles larger than the average pore size of the screen were

deposited above the screen to form a microbead column. The antibody was mixed with the soluble

metal–chelate complex derived from the environmental sample, and the assay components were

allowed to come to equilibrium (1–2 min). This mixture was then passed over the microbead

column that contained an immobilized version of the metal-chelate complex. Only those antibody

molecules with unoccupied binding sites were available to bind to the immobilized ligand on the

surface of the beads; antibodies whose binding sites were already occupied with ligand were not.

After a buffer wash to remove unbound primary antibodies from the microbeads, a fluorescently

labeled anti-species antibody was then introduced, and excess unbound secondary antibody was

removed by a buffer wash. An light-emitting diode (LED) was used to excite the fluorophore bound

to the microbeads, and a photodiode measured the amount of fluorescence emanating from the

microbead column. The amount of antibody bound to the microbeads was inversely proportional to

the amount of metal–chelate complex in the sample because the binding of the antibody to the

complex reduced the free antibody concentration in a dose-dependent fashion.

Representative data from the sensor format is shown in Figure 4.6, Panel b. The instrument

began monitoring fluorescence starting from the introduction of the antibody-antigen mixture. The

instrument response from 0 to 95 s corresponded to the background signal generated while the

unlabeled equilibrium mixture was exposed to and washed out of the packed microbead column.

The time period from 95 to 215 s corresponded to the exposure of the microbeads to a fluorescently

labeled anti-mouse antibody, and the time from 215 s to 400 s corresponded to a buffer wash that

removed excess unbound secondary antibody from the microbeads. When the equilibrium mixture

contained enough metal-chelate complex to saturate all the enzyme-binding sites (trace 6 in

Figure 4.6, Panel b), the instrument response resembled a square wave corresponding to the

fluorescence of the secondary antibody during its transient passage through the microbeads in

the observation cell. The signal failed to completely return to background levels; this indicated

that a small (0.5%) amount of the secondary antibody remained bound nonspecifically to the

microbead column. When no metal-chelate complex was added to the antibody mixture applied

to the column (trace 1 of Figure 4.6, Panel b), all of the antibody binding sites were available for

interaction with the immobilized complex on the microbeads. The instrument response from 95 to

215 s reflected the sum of two contributions: the fluorescence of unbound secondary antibody in the

interstitial regions among the beads and that of the labeled secondary antibody that had bound to the

primary antibody captured by the immobilized metal–chelate complex. Binding of the secondary

antibody was an ongoing process that produced a positive slope in this portion of the curve. When

the excess unbound secondary antibody was washed from the beads (instrument response from

215 to 420 s), the signal that remained was the sum of the labeled secondary antibody bound to the

primary antibody plus the small amount due to non-specific binding. Instrument traces 2–5 in

Figure 4.6, Panel b represent concentrations of soluble metal–chelate complex intermediate

between those of zero and saturation.

Theoretically, information about the concentration of metal-chelate complex in an environ-

mental sample could be derived either from the positive slope in the 95 to 215 s interval of the trace

or from the average value of the plateau in the interval from 215 to 420 s. The slope parameter have

been used to quantify metal–chelate concentrations in alpha and beta prototypes of a field-portable,

hand-held sensor and the average plateau values to quantify metal–chelate concentrations using the

KinExA 3000e and the autonomous in-line sensor (see Figure 4.7 and [48,49]).

Four versions of this sensor are presently available in this laboratory as shown in Figure 4.7.

Panel a is a photograph of the KinExA 3000e, a research instrument commercially available from
Sapidyne Instruments Inc. (Boise, ID) [43]. The user assembles various antibody-antigen equili-

brium mixtures and prepares the antigen-coated microbeads. Subsequent steps in the analysis,

including preparation of the microbead column, introduction of the antibody solutions and buffer

washes, are controlled by a computer interfaced to the instrument. A second version of this sensor,
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shown in Figure 4.7, Panel b, is a handheld device for field analysis [48]. The user prepares a

mixture of the environmental sample, chelator, and antibody and loads it into the syringe located on

the right side of the instrument. The sensor, controlled by a Palme device, pushes the sample

through a prepacked microbead column located inside the light-tight disposable cassette unit at the

top of the syringe. The instrument monitors the accumulation of fluorescently labeled antibody on

the microbead column and converts arbitrary fluorescence units to the concentration of metal in the

environmental sample; this concentration calculation is based upon calibrators previously run on

the instrument. A third version of this sensor, shown in Panel c of Figure 4.7, is the beta prototype of

an in-line sensor designed to autonomously monitor industrial processes or environmental reme-

diation. This instrument has the ability to autonomously run a standard curve and prepare

environmental samples for analysis [47]. The user prepares concentrated stock solutions and

antigen-coated microbeads and loads them into a refrigerated compartment of the instrument.

The instrument then autonomously prepares antibody-antigen mixtures from these stocks or

from a combination of stocks and environmental samples via a programmable computer interface.

The final sensor in development in this laboratory is shown in Figure 4.7, Panel d. This sensor was

designed to operate in underwater buoys or autonomous underwater vehicles. It contains five

prepacked microbead columns and can be programmed via the attached Palme device to

analyze a sample for either five different types of analytes or to perform multiple assays of a

single analyte over a prearranged period of time. A smaller version of this sensor is also under

development for miniaturized autonomous underwater vehicles.

4.6 ANALYSIS OF ENVIRONMENTAL AND SERUM SAMPLES

These antibody-based assays for heavy metals have thus far seen limited use in the field, primarily

because the antibodies are not yet available commercially and have not been formulated into

(a)

(c) (d)

(b)

FIGURE 4.7 Photographs of four sensors available for immunoanalyses. Panel (a). The KinExA 3000e, a
research instrument available commercially from Sapidyne Instruments Inc. (Boise, ID). Panel (b). The beta

prototype of a handheld sensor designed for field-portable analyses. An updated version of this sensor is

presently under development. Panel (c). The beta prototype of an in-line sensor designed to autonomously

monitor industrial processes or environmental remediation, also available commercially from Sapidyne Instru-

ments Inc. Panel (d). Alpha prototype of a sensor designed to operate in underwater buoys or autonomous

underwater vehicles.
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easy-to-use kits. 2A81G5 was the first anti-metal monoclonal antibody isolated in this laboratory,

and most of this group’s analytical applications have utilized this antibody. 2A81G5 has been

used in both a two-step and one-step ELISA format to measure cadmium in environmental water

samples spiked with cadmium [22,36]. Representative data from these experiments are shown in

Figure 4.8. Panel a shows a comparison of results obtained when environmental water samples

were spiked with 0.36–5.37 mM cadmium and assayed either by the two-step ELISA or by

graphite furnace atomic absorption spectroscopy (AAS). In general, the results from the immu-

noassay correlated well with the values obtained from AAS, and the immunoassay correctly

identified minimally, moderately, and heavily contaminated water samples. There was some

positive bias in the immunoassay, as indicated by the nonzero intercept of the graph in Panel

a; however, such a positive bias may be acceptable in an assay designed as a field-portable

screening tool.

The one-step ELISA that required approximately one hour to perform [36] also showed better

sensitivity for cadmium than did the two-step assay (compare the x-axes in Panels a and b of

Figure 4.8). In spike and recovery experiments using the one-step procedure, the immunoassay

was actually superior to graphite furnace AAS in accurately determining the amount of cadmium

that had been spiked into each environmental water sample (Figure 4.8, Panel b). A variation of the

one-step ELISA has also been developed for serum [37]; the serum ELISA has been used to

demonstrate significant differences in the levels of serum cadmium in patients with pancreatic

cancer as compared with age-matched controls [45].
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FIGURE 4.8 Comparison of ELISA and atomic absorption results in the analysis of spiked environmental

water samples for cadmium. Panel (a). Cadmium was added to water samples collected on different dates from

Bayou Trepagnier and analyzed for cadmium using either the two-step ELISA or the graphite furnace AAS.

The cadmium concentrations determined by two-step ELISA were plotted on the y-axis, and the cadmium as

determined by AAS was plotted on the x-axis. Linear regression analysis of the data generated a line with a

slope of 0.951, an intercept of 0.2 mM, and a correlation coefficient of 0.931. Panel (b). Cadmium analysis

using the one-step ELISA. Cadmium was spiked into water taken from Bayou Trepanier at concentrations from

5.6 nM to 178 nM, and the samples were subsequently analyzed by one-step ELISA or graphite furnace AAS.

The solid line shows the theoretical line obtained if all samples exhibited a 100% recovery of cadmium; (B)

cadmium values determined by graphite furnace AAS; (,) cadmium values determined by the one-step

ELISA. Bayou Trepagnier was chosen to test the cadmium immunoassays because its water chemistry is

typical of polluted bayous found in southern Louisiana. (From Khosraviani, M., Pavlov, A. R., Flowers, G. C.

and Blake, D. A. Environ. Sci. Technol., 32, 1998.; and Darioish, I. A. and Blake, D. A., Anal Chem., 73, 2001.)
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4.6.1 FUTURE RESEARCH DIRECTIONS

As investigators who have employed antibodies in the development of several new analytical

methodologies, our group has discovered that the performance of any new ELISA kit or immuno-

sensor is largely dependent upon the antibodies incorporated into the assay. An important aim of

our present research is to develop new technologies in antibody engineering that will enhance

antibody function in the ongoing immunosensor program. Recombinant antibodies have potential

advantages over monoclonal antibodies produced by standard hybridoma technology. The cloned

genes represent a stable, recoverable source for antibody production. In addition, the recombinant

format offers opportunities for protein engineering that could enhance antibody performance and

for mechanistic studies that could lead to a better understanding of the nature of the antibody–

antigen interaction. The nucleotide and deduced amino-acid sequences have been determined for

the light and heavy chain variable regions of most of the metal–chelate-specific monoclonals

generated by this laboratory. These sequences have been expressed in a variety of recombinant

forms in order to determine if any of the recombinant forms might provide an improved reagent for

immunoassays and immunosensors.

Monoclonal antibodies to metal–chelate complexes have been expressed in all of the structural

variations shown in Figure 4.9. The heavy and light chain variable regions of two antibodies, 5B2

and E5, were expressed as single chain fragments (scFv, d in Figure 4.9) using both bacterial and

mammalian expression vectors. Although scFv protein was expressed in both systems, neither

antibody retained binding activity toward metal-chelate complexes when expressed as an scFv.

When the light and heavy chain variable regions of E5 were then expressed in the scAb format (c in

Figure 4.9), this recombinant fragment regained between 15% and 20% of its binding activity. It

was hypothesized that the binding site was compromised in these single chain formats and that the

more correct alignment of the light and heavy chains possible with a Fab or F(ab)2 format would

increase the stability of the protein–ligand interaction and would increase the affinity of the

recombinant antibodies for metal–chelate complexes.

Indeed, when the 5B2 and E5 antibodies were expressed as recombinant F(ab)2 fragments

(shown in Figure 4.8b), they regained their binding activities. This recombinant format was
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FIGURE 4.9 Antibodies and antibody fragments used in immunoassays. (a) Intact IgG molecule that contains

two light chains (L) and two heavy chains (H). The hypervariable regions of the light and heavy chain are

designated with a V; the constant regions are designated with an H. (b) F(ab)2 fragment that consists of the

entire light chain and the variable and first constant region of the heavy chain. This fragment can be prepared

either by proteolysis of an intact IgG molecule or via recombinant technology. (c) Single-chain antibody

fragment (scAb) usually produced via recombinant technology in bacterial cells. This fragment contains the

variable region of the heavy chain and the variable and constant region of the light chain connected by a linker

peptide. (d) scFv variable also recombinantly produced that consists of variable regions of the light and heavy

chain connected by a flexible linker peptide disulfide bonds are shown as cross-hatched bands. (Adapted from

Roitt, I., Brostoff, J. and Male, D. Immunology, 5th ed., Mosby International, London, 1998.)
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generated by ligating the complete light chain and the variable and first constant region of the heavy

chain into a commercially available dicistronic mammalian expression vector [23]. These tech-

niques have been used to express recombinant F(ab)2 fragments for three different monoclonal

antibodies: 5B2, E5, and 12F6 (Table 4.1). In all three cases, the recombinant proteins had binding

properties identical to the F(ab)2 prepared by proteolysis of the native monoclonal antibody [23].

Molecular models of the heavy and light chain variable domains were constructed according to the

canonical structures method detailed by Morea et al. [50]. The participation of specific residues in

antigen recognition could then be assessed using site-directed mutagenesis.

In a separate series of experiments, a recombinant phage-displayed antibody library has also

been prepared using RNA isolated from the spleens of sheep and rabbits immunized with specific

metal–chelate complexes. Phage-display libraries produced from an immunized source are inclined

to include variable genes specific for the immunized antigen(s), many that are already affinity-

matured. An antibody fragment specific for the UO2C
2 DCP complex has been isolated from

this combined phage display library. Whereas the binding affinity of this antibody fragment for

UO2C
2 DCP was not as high as that of monoclonal antibodies, the beauty of antibody phage

display technology is that it allows for the potential manipulation and maturation of the antibody’s

binding affinity that may drastically improve and ultimately surpass that of monoclonal antibodies.

A number of techniques can be employed to both produce and select antibodies with improved

specificities and affinities. Error-prone polymerase chain reaction followed by selection with phage-

display increased the affinity of an scFv against lysozyme five-fold [51]. Schier et al. [52,53] used

chain shuffling to increase the binding affinity of an scFv for tumor antigen c-erbB-2 by six-fold

from 16 nM to 2.5 nM. Chain shuffling involves introducing a variety of light chains to a heavy

chain specific for a particular antigen. Once the antibodies with the greatest binding affinity are

chosen, a portion of the heavy chain is replaced. As the CDRH3 loop is most likely to confer

specificity for an antigen, this portion of the variable heavy chain is retained [54]. Site-directed

mutagenesis can also be employed to improve antibody affinity [54], but as shown by error-prone

PCR affinity maturation, some changes in the antibody sequence that improved binding affinity

were not anticipated and centered mainly on framework residues and those residues in the CDRs

that were not in direct contact with the antigen [55].

4.7 CONCLUSIONS

Antibody-based assays for metal ions are a promising new technology that will permit the real-time,

on-site assessment of heavy metal contamination. In the research programe discribed, the isolation

and characterization of antibodies directed toward metal–chelate complexes was performed in

parallel with the development of autonomous and miniaturized field-portable sensors that incor-

porate these antibodies as the recognition element. The availability of such sensors will

significantly decrease the cost of site monitoring and greatly improve risk assessment efforts.
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5.1 INTRODUCTION

Recent years have seen an extensive interest in the field of molecular imprinting [1] where, in

particular, there has been much research activity into analytical separation applications. These

applications include the use of molecularly imprinted polymers (MIPs) as antibody mimics in

pseudo-immunoassay, affinity sorbents in solid-phase extraction (SPE), highly selective stationary
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phases in liquid chromatography and capillary electrochromatography, and selective barriers in

chemical sensing. In many cases, MIPs have been shown to give highly competitive, if not

improved, results over traditional materials. The main attraction of the technique is its apparent

simplicity (Figure 5.1). In theory, the synthesis of a polymer in the presence of a template molecule

and subsequent removal of the template creates a robust material with memory sites that have the

ability to selectively rebind the original template from a mixture. In principle, MIPs can be made

with selectivity for essentially any of a diverse range of analyte species such as drug enantiomers,

pesticides, hormones, toxins, short peptides, and nucleic acids. Whereas for biomacromolecules,

antibody technology will in the foreseeable future remain the obvious alternative, molecular

imprinting may offer a viable alternative for small molecules. In these instances, antibody prep-

aration requires conjugation of the hapten to a carrier protein that often changes the structural

properties of the antigen exposed to the immune system. Therefore, the antibodies obtained may be

directed against a structure subtly different to the intended one. In some instances, MIP selectivity

profiles are better than those reported of monoclonal antibodies. MIPs are inherently more robust

than antibodies, and they can be employed for separation of the analyte in matrices ranging from

pure organic solvents to biological fluids.

5.2 PREPARATION OF IMPRINTED POLYMERS

5.2.1 FORMATION OF MOLECULAR IMPRINTS

Two principally different approaches, covalent and non-covalent imprinting, can be used to achieve

complexation between the monomers and the template. Covalent imprinting [2,3] utilizes reversible

Association of template
and functional

monomers

Polymerisation
with crosslinkers

Removal of
template

FIGURE 5.1 The formation of molecular imprints occurs when functional and cross-linking monomers are

allowed to polymerise in the presence of a template. The functional monomers are selected so that they interact

and form complexes with the template in the pre-polymerization solution. The arrangement of the functional

monomers around the template is then retained in position by polymerization with an excess of cross-linker

that forms the bulk of the resultant insoluble polymer. Removal of the template leaves behind imprinted sites

with a steric (size and shape) and chemical (complementary chemical functionality) memory for the template.

These imprints can selectively rebind the original template from a mixture.
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covalent bonds and requires a synthesis step to prepare the imprint species consisting of functional

monomers covalently bound to the template. After polymerization, these bonds then must be

cleaved, usually by hydrolysis, to produce the imprinted sites. Non-covalent imprinting [4,5] is a

self-assembly approach that employs interactions such as hydrogen bonds, ionic bonds, and hydro-

phobic interactions between complementary chemical functionalities of the template and functional

monomers. It is generally accepted that the non-covalent approach is experimentally easier and

more flexible with respect to chemical structures amenable to imprinting. Also, the functional

monomers can be selected from a wider range of commercially available chemicals. Other mol-

ecular imprinting approaches include stoichiometric non-covalent imprinting [3,6] that employs

multiple hydrogen bonds between template and monomer and thereby gives rise to very stable

template-monomer complexes. Although associations are very strong in aprotic solvents, the

template can be dissociated from the imprint by addition of water or alcohols. The lack of

excess monomers results in the location of all monomer functional groups within the imprint

sites. Semi-covalent imprinting employs covalent binding in order to synthesize imprinted poly-

mers, and the subsequent recognition mechanism employs non-covalent binding of the analyte to

the imprinted site [7,8]. This result is achieved by cleaving off the template, often simultaneously

removing a sacrificial spacer between template and monomer, to vacate the imprinted site leaving

behind a functional group able to non-covalently interact with the template molecule in the same

position. Molecular imprinting based on metal ion co-ordination [9,10] involves the formation of

ternary template-metal ion-monomer complexes. The interactions are strong under conditions used

for polymerization that again minimizes formation of non-specific binding sites and offers a high

degree of versatility for binding of biologically relevant template functionalities.

Non-covalent imprinting will be the main focus of discussion in this chapter as it has been used

for the majority of applications discussed in depth later. Although appearing relatively simple, this

method of synthesis encompasses a range of factors that can affect the morphology, binding

capacity, affinity, and surface properties of the resulting polymer. There are, however, a number

of rules of thumb, discussed later, that, when applied, generally result in imprinted sites within a

polymer matrix [11,12].

5.2.2 TEMPLATE

Whereas a large number of low-molecular weight compounds are amenable to non-covalent

imprinting, there are certain requirements of a template molecule. It should be both soluble in

the monomer solution and also be chemically inert under the required polymerization conditions.

Does the template contain any double bonds or any other chemical functionality that may interfere

with free radical polymerization? Is the template stable to UV or heat used to activate the initiator?

It is necessary to consider these questions; and if the answers are satisfactory, then molecular

imprinting is theoretically possible.

5.2.3 FUNCTIONAL MONOMERS

Functional monomers carry chemical functionalities that engage in complementary interactions

with the template in solution and during polymerization, e.g., a hydrogen bond donor binds with a

hydrogen bond acceptor. These interactions remain in the resultant imprints in correct spatial

positions, and together with the complementary shape of the imprint, form the basis for the

molecular recognition observed (Figure 5.1). Typically, the functional monomer is chosen from

any of the vinyl, methacrylate, acrylate, methacrylamide, or acrylamide monomer classes

(Table 5.1). It is possible to use more than one type of monomer as long as the types readily

copolymerize with each other during the free radical polymerization [11]. The most common

monomer is methacrylic acid (MAA) that is both a hydrogen bond donor and a hydrogen bond

acceptor and can form hydrogen bonds with a variety of template functionalities. Hence, MAA is
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TABLE 5.1
Representative Monomers Used for Molecular Imprinting of Small Molecules

Monomer Properties

OH

O

Methacylic acid (MAA)

Acidic monomer with pKa Z4.6. Participates in ionic

interactions and hydrogen bonding. Generally applicable.

OH

OF

F

F

Trifluoromethacrylic acid (TFMAA)

More acidic monomer than MAA with pKaZ2.1. Participates

in ionic interactions and hydrogen bonding.

N
N

2- and 4-vinylpyridine (VPy)

Basic monomers with pKaZ5.0 and 5.4, respectively.

Participates in ionic interactions and hydrogen bonding.

NH2

O

NH2

O

Acrylamide and methacrylamide

Neutral monomers. Participates in strong hydrogen bonding.

OH
O

O

2-Hydroxyethylmethacrylate (HEMA)

Neutral monomer. Participates in hydrogen bonding. Renders

MIP surface hydrophilic.

HN

N

N,N´-diethyl(4-vinyl-phenyl)amidine

Strongly basic monomer with pKaZ11.9. Forms strong ionic

bonds with acidic groups, such as carboxylic acids and

phosphonic acids.

O

O
O

O

Ethylene glycol dimethacrylate (EGDMA)

The most commonly used cross-linking monomer.

O

O
N
H

O

N,O-bismethacryloyl ethanolamine (NOBE)

Cross-linking monomer, which contains acrylamide

functionality. Participates in hydrogen bonding and can be

used alone without additional functional monomer.

(continued)
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applicable to imprinting of a diverse range of template structures. A comparison of the binding

properties of dansyl-L-phenylalanine-MIPs prepared by copolymerization of MAA and/or 2-vinyl-

pyridine (2VPy) with EGDMA showed that the 2VPy-MIP gave increased enantiomeric selectivity

over the MAA-MIP [13]. The combination of 2VPy and MAA in the same MIP gave an even

greater increase in enantiomer selectivity. The monomer 2-trifluoromethacrylic acid (TFMAA) is

more acidic than MAA, and as a result, is expected to form stronger interactions with basic

templates [14]. However, a MIP prepared using both MAA and TFMAA showed an unexpectedly

higher affinity for the prometryn template than a polymer containing solely MAA or TFMAA [15].

Acrylamide is a neutral monomer that provides strong hydrogen bonding interactions and has, for

some templates, been shown to give improved enantiomer recognition and load capacities over

MAA based MIPs [16]. Several studies have used 2-hydroxyethylmethacrylate (HEMA) [17] and

an interesting alternative is monomers with an urea functionality [18]. Basic monomers proven to

form selective imprints of acidic templates include the amidine-based monomer N,N 0-diethyl(4-
vinyl-phenyl)amidine [19], 4-vinylpyridine, and 1-vinylimidazole [20].

The functional monomer to template ratio influences selectivity, binding capacity, and affinity

of the resulting polymer and should be optimized for each system. Typically, (non-optimized) ratios

of 4:1 are employed [or rather two monomers per chemical functionality (amine, amide, carboxylic

acid, hydroxyl, carbamate, etc.) of the template molecule]. In equilibrium binding studies, very high

ratios are acceptable [21,22]. Morphine-MIPs prepared with an MAA to template ratio of 50:1 have

been employed in radio-ligand binding studies without significant loss of binding capacity or

selectivity, and a ratio of 150:1 still gave measurable binding curves with reduced capacity [21].

This extends the applicability of non-covalent imprinting to templates that are expensive, not

available in large quantities, or are poorly soluble. For chromatographic separations, the situation

is more complex. Although imprinting efficiency increases with increased ratio, non-specific

binding also increases with more functional monomer residues being randomly distributed on

the polymer surface. At high monomer-to-template ratios, non-specific binding dominates

leading to long retention times and a complete loss of selectivity. An optimal ratio that balances

capacity, selectivity, and non-specific binding must be experimentally found.

5.2.4 CROSS-LINKING MONOMERS

The cross-linker performs three main functions within the MIP: it helps to permanently fix the

functional monomers that interact with the template in place within the imprinted site (Figure 5.1);

it gives mechanical stability to the polymer; and it helps to control the morphology of the polymer

matrix. Ethylene glycol dimethacrylate (EGDMA) is the most commonly used cross-linker [2–5].

TABLE 5.1 (Continued)
Monomer Properties

O

O

OO
O

O

Trimethylolpropane trimethacrylate (TRIM)

Trifunctional cross-linker. Useful for chromatographic

applications.
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It is cheap, and it produces MIPs with excellent mechanical, thermal, and chemical stability [23]

and often with good selectivity. There are several alternatives that have been successfully used such

as the trifunctional cross-linkers trimethylolpropane trimethacrylate (TRIM) and pentaerythritol

triacrylate that were reported to produce MIPs with good chromatographic enantiomer selectivity,

higher load capacity, and better resolution than the corresponding EGDMA MIPs [24]. However,

literature also provides evidence of the reverse where nicotine-imprinted MAA/EGDMA polymers

had a better selectivity than MAA/TRIM polymers [25]. Another popular cross-linker is divinyl-

benzene (DVB), and a metsulfuron-methyl imprinted TFMAA/DVB polymer has been reported to

give lower non-specific binding than the TFMAA/EGDMAMIP [26]. The hybrid cross-linker N,O-

bismethacryloyl ethanolamine (NOBE) that contains an acrylamide functionality eliminates the

need for additional functional monomers, and the utilization of NOBE alone is reported to provide

polymers with enantiomer selectivity better than traditional EGDMA/MAA systems [27,28].

However, despite these discoveries, EGDMA still tends to be the cross-linker of choice in non-

covalent imprinting.

The ratio of cross-linker to functional monomer is another important factor that affects polymer

morphology and, to some extent, imprint selectivity [2,29]. A ratio of approximately 5:1 or alter-

natively in excess of 80 mol% cross-linker is considered to be the optimum and most commonly

used composition. Recently, factorial design approaches to finding the optimal ratio predicted an

optimum at 55:10:1 (cross-linker to functional monomer to template) for imprinting of sulfametha-

zine in MAA/EGDMA polymers [30] although this may be system specific rather than a general

optimum condition for any given template.

5.2.5 SOLVENTS

In polymer synthesis, template, functional monomers, and cross-linking monomers are all dissolved

in a solvent otherwise known as a porogen. The amount and type of solvent has a large influence on

physical properties and morphology, including pore volume, pore size, and surface area observed

for the resulting MIP [5]. For instance, surface area varied from 3.5 to 256 m2/g when the solvent

was chloroform and acetonitrile, respectively, for polymers imprinted with the same template using

the same composition of MAA and EGDMA and prepared under otherwise identical conditions

[31]. Additionally, the solvent has a large influence on the strength of the binding interactions that

stabilize the complexes between monomers and template present in the pre-polymerization mixture

[5]. For monomers that interact via hydrogen bonding and electrostatic interactions with the

template, maximal efficiency of imprint formation occurs when the polymerization is performed

using an aprotic, apolar solvent. Depending on solubility of the imprint species, typical solvents

employed are toluene, chloroform, dichloromethane, and acetonitrile. This ensures maximal

strength of the polar non-covalent interactions employed that are strongly dependent on the polarity

of the solvent. If instead hydrophobic interactions are being exploited, then a solvent such as water

should be used to encourage the interaction between the template and functional monomers. This is

a less popular approach, and there are only a few successful literature reports including a

2,4-dichlorophenoxyacetic acid-MIP based on 4VPy and EGDMA that was prepared in a

mixture of methanol and water (4:1; v/v) [32].

5.2.6 POLYMERIZATION AND WORK UP

Once the imprinting solution is prepared, the initiator is added. Then, in order to prevent inhibition

of the free radical polymerization, any dissolved oxygen is removed either by degassing with an

inert gas or by freeze thaw treatment. The initiator added is commonly 2,2 0-azo-bisisobutyronitrile
(AIBN) or 2,2 0-azo-bis(2,4-dimethylvaleronitrile) (ABDV). Polymerization is started by thermo-
chemical decomposition of the initiator into free radicals at 608C or 408C, respectively, or
photochemically by UV irradiation at 58C or even down toK308C or below where low temperature
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seems to be beneficial for imprint formation [33]. Finally, the resultant polymer must be worked up.

Polymer development involves extensive solvent extraction to remove the template followed by

crushing and sieving the robust polymer to produce small particles (!25 mm or 25–50 mm in size).

Unfortunately, the wash process rarely removes 100% of the template, and often, traces remain

embedded within the polymer matrix [34]. This may later lead to template bleed during use, so it is

sometimes beneficial to use a dummy template approach where a structural analogue of the analyte

is used as the template [35,36].

As a direct result of the large number of factors that require optimization in molecular

imprinting, recently, there has been a trend toward the use of combinatorial chemistry techniques

[37,38]. A large number of small-scale polymers are prepared, often in HPLC vials or in a 96-well

plate format, and evaluated. In this way, the optimal conditions are identified with high speed and

synthesis of the polymer is scaled up for more detailed evaluation. Stringent experimental design

and multivariate analysis increase precision of the optimization and allow better understanding of

the interdependence of variables [39]. NMR is an excellent technique to study stoichiometry and

structure of pre-polymerization complexes [40–42], including the influence of cross-linking

monomer template interaction and functional monomer self-association [43]. The data generated

provide detailed information about the system and valuable input into polymer design. Compu-

tational chemistry allows the development of a virtual library of functional monomers and

screening against a template using molecular modeling software [44].

5.2.7 ALTERNATIVE POLYMERIZATION TECHNIQUES

There are five commonly used polymer synthesis methods for molecular imprinting: suspension,

precipitation, multi-step swelling, core-shell emulsion, and bulk polymerization [45]. Bulk poly-

merization is performed as described in the previous text, and the resultant polymer is produced in

the form of a monolith that must be crushed and sieved in order to produce particles of the required

size. This process is time consuming, and it results in a relatively low yield of irregularly sized and

shaped particles with many fines (!10 mm). Therefore, alternative, less time-consuming methods
that produce MIPs with similar, or better, binding properties than bulk polymerization are urgently

required.

1. Multi-step swelling polymerization involves the initial swelling of polystyrene seed

particles in an activating solvent followed by a second step swelling in an emulsion of

initiator, toluene, and polyvinyl alcohol in water, a third step swelling in a dispersion of

monomers and template in water, and finally, polymerization [46]. The procedure

produces uniformly sized particles that could selectively separate the enantiomers of

the template in aqueous-rich media [46].

2. Suspension polymerization of monomers and template dissolved in small droplets of an

organic solvent in an inert liquid fluorocarbon as the continuous phase is initiated after

achieving an emulsion of the imprinting mixture in the presence of a perfluoropolymeric

surfactant [47]. Adaptation of the procedure to work with different porogenic solvents

and polymerization conditions resulted in a controlled average bead size between 5 and

50 mm with enantiomer separation abilities and binding capacities similar to those of

bulk polymers [48].

3. Precipitation polymerization is based on the precipitation of the growing polymeric

chains, out of the solvent, in the form of particles as they grow more and more insoluble

in a continuous organic medium [49]. It is a technique initially used for the production of

monodisperse copolymer particles [49], and only recently has it been brought to the

attention of molecular imprinters [50]. When compared to conventional bulk poly-

merization, the resulting monodisperse particles of 0.2 mm had higher binding site

densities and allowed faster ligand transfer rates to the binding sites [50].
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4. Core-shell emulsion polymerization uses submicron cores produced by batch emulsion

polymerization in a second-stage emulsion polymerization of an imprinting mixture to

create an imprinted layer (shell) over the seed core particle [51]. The particles produced

by this method are often !100 nm.

A comparative study performed on these five techniques evaluated the selective binding to each

of the imprinted systems in organic and aqueous solvents [52]. Under aqueous conditions,

the selective rebinding of radioactive ligands varied as follows: two step swellingz
suspensionzbulkOcore shellOprecipitation. Rebinding from a toluene solution was somewhat

different with precipitationOsuspensionObulkOcore shellOtwo step swelling. Although free
radical polymerization is the major method for the preparation of MIPs, other approaches

include condensation polymerization to form polyurethane based MIPs [53], cross-linking of

pre-formed polymers [54,55], sol-gel technology [56,57], and imprinting in liquid crystalline

polysiloxane materials [58].

It is also possible to prepare imprinted films [59], and there are at least three main approaches

to the formation of MIP films: (1) Sandwiching where imprinting solution is trapped between a

non-adhesive surface and a treated surface. An example is the polymerization of a 2 mmMIP layer

between the surface of a gold electrode and a quartz cover disk [60]; (2) Addition of the imprinting

solution to the sensor surface and spin coating to remove excess solution before polymerization

under nitrogen gas using UV radiation [61]; and (3) Preparation of composite films by filling the

pores of another film or membrane, for instance, polymerization of the imprinting solution on a

glass filter [62].

5.3 PSEUDOIMMUNOASSAYS

5.3.1 INTRODUCTION TO PSEUDOIMMUNOASSAY

The inherent selectivity of biological antibodies and their high affinity for the antigen are frequently

exploited in order to perform quantitative analysis using various forms of immunoassay [63]. A

characteristic for many immunoassays is their ability to detect minute amounts of analyte in a

complex biological matrix such as plasma, serum, or urine without prior extensive sample pre-

treatment. Although immunoassays are extremely sensitive, the antibodies used, like many other

biological macromolecules, are prone to being unstable, expensive, and sometimes very difficult to

generate. The use of MIPs as an alternative to antibodies in pseudo-immunoassays has been widely

researched over recent years. MIPs are stable, robust, relatively cheap, and easy to produce, and

they can, in principle, be used in aqueous buffers over a wide pH range as well as in organic

solvents. A disadvantage is that, at present, molecular imprinting is generally limited to

small molecules.

The first example of a MIP-based pseudoimmunoassay is a radio-labeled competitive assay

reported by Vlatakis et al. [64]. Imprinted polymers prepared against theophylline and diazepam

demonstrated strong binding of the original template and cross-reactivity profiles similar to those of

antibodies. The assay, however, required extraction of the analyte from plasma into an organic

solvent where the actual assay was performed. This was typical of the early assays as the selective

binding to the imprints was particularly strong in organic solvents. Selective binding has since been

extended to aqueous samples, including plasma samples.

5.3.2 MIP CHARACTERISATION

One particular use of pseudoimmunoassay is for the characterization of imprinted polymers. In the

literature, MIP binding selectivity is most commonly characterized using LC and retention analysis

although the use of pseudoimmunoassay can give more information in a shorter time period
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[42,52,65–67]. Initial characterization examines binding capacity and binding selectivity of the

imprinted polymer as well as the relative contribution of selective and non-specific binding modes

with the imprinted sites and polymer surface, respectively. Using pseudoimmunoassays, binding

capacity can be characterized in polymer titration experiments, where a constant amount of probe

(typically, the radio-labeled form of the template) is added to increasing concentrations of polymer.

Following incubation in a suitable solvent (an organic solvent or an aqueous buffer) until equili-

brium, the polymer particles are separated, and the unbound probe in the supernatant is quantified.

The binding capacity of the polymer can be defined as the PC50-value that is the polymer concen-

tration where 50% of the probe is bound (Figure 5.2). This is an empirical value that, in principle, is

related to the number of binding sites with a certain or higher affinity. The concentration of probe

determines which range of affinity of the sites is probed.

The selectivity of the imprints is characterized using competitive binding experiments that

evaluate the MIP’s ability to bind molecules structurally related or unrelated to the template.

Increasing concentrations of ligand compete with probe for binding to a limited and constant

number of imprinted sites, and any binding of the competing ligand results in displacement of

the probe into the supernatant (Figure 5.3). The selectivity of the MIP toward different structural

analogues can be expressed as a series of IC50-values that are the respective ligand concentration

where 50% of the probe is displaced from the polymer.

In some instances, non-specific binding with polymer surface is present. In water, non-specific

adsorption is due to hydrophobic interactions with the hydrophobic polymer surface and in apolar

organic solvents because of hydrogen bonding and electrostatic interactions with polar function-

alities distributed at the polymer surface. Whereas the binding to a MIP is the sum of both selective

and non-specific binding modes, the binding of the probe to a non-imprinted reference polymer

prepared in the absence of a template is equivalent to the non-specific binding to the MIP surface.

Therefore, imprint binding can be calculated as the total binding to the MIP minus any non-specific

binding observed for the reference polymer.

Non-covalent molecularly imprinted polymers exhibit a polyclonal distribution of binding sites

from high numbers of low affinity sites to low numbers of high affinity sites. Depending on the

conditions used for its characterization, differing binding capacities and selectivity profiles may be

observed for the same MIP [42]. Notably, chromatography uses relatively high concentrations of

ligand, and the MIP appears less selective than when it is characterized using radio-ligand binding
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FIGURE 5.2 The PC50-value is the polymer concentration where 50% of the added probe is bound. A MIP

with higher affinity and binding capacity for the probe will give rise to a lower PC50-value as a lower

concentration of polymer is needed to bind 50% of the probe.
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studies that are performed over a much larger concentration regime. All of the above parameters are

empirical and directly determined from experimental data, and they require no assumption with

respect to any binding site affinity distribution model. As long as the conditions are consistent

between experiments, PC50- and IC50-values can be used to compare imprinting recipes as well as

to compare re-binding efficiency between varying incubation conditions. For a more thorough

discussion on models for characterization of the binding properties of MIPs, see [68] and original

work primarily by the groups of Guiochon [69,70] and Shimizu [71,72].

5.3.3 METHOD DEVELOPMENT

5.3.3.1 Application to Organic Solvent-Based Samples

Most MIP syntheses are organic solvent-based. Subsequent characterization studies on imprint

rebinding often are conducted using organic solvents as the incubation medium. Also, for assay

of samples, the use of organic solvents may be beneficial such as following extraction of solid

samples and following clean up of liquid samples by solvent extraction or in situations where the

analyte is very poorly soluble in aqueous buffers. A common perception is that optimal binding is

achieved in the porogen used for polymer synthesis. The use of matched solvents has been shown to

result in superior imprint rebinding selectivity [5,73]. In practice it is, however, often more fruitful

to optimize binding strength as lower limits of detection and higher binding capacities may be

achieved. For imprint molecular recognition based on polar interactions such as hydrogen bonding

and electrostatic interactions (such as is the case for the frequently studied MAA-type MIPs),

binding strength correlates with polarity of the solvent used. A less polar solvent gives a higher

binding strength and a higher apparent binding capacity when measured as PC50-values. Binding

strength increases (PC50-value decreases) when the solvent is changed from acetonitrile to

dichloromethane to toluene to heptane, either as a pure solvent or as mixtures. Also non-specific

adsorption to randomly distributed monomer residues increases with decreased polarity of the

solvent, and small amounts of a polar and protic modifier can be added to overcome this effect.

Such modifiers typically include, in order of increasing ability to reduce non-specific adsorption,

ethanol, methanol and acetic acid. These modifiers also show increasing ability to interfere with the

selective imprint-ligand binding, and their concentration should be optimized for each system under
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FIGURE 5.3 The IC50-value is the ligand concentration where 50% of the probe is displaced from the

polymer. A lower IC50-value indicates that the polymer is more selective to that ligand as 50% displacement

of the probe occurs at a lower concentration.
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study. Additions of small amounts of acetic acid in acetonitrile or toluene have been used to reduce

the non-specific binding while maintaining the selective imprint-binding of morphine [74], yohim-

bine [75], and (S)-propranolol [65] to their respective MIPs. Optimal binding of corticosteroids to

cortisol- and corticosterone-MIPs was achieved in mixtures of tetrahydrofuran and n-heptane with a

small amount of acetic acid [76], and toluene-acetonitrile was demonstrated to be the optimal

binding solvent for atrazine [77].

5.3.3.2 Application to Aqueous Samples

With regards to application of pseudoimmunoassay to aqueous samples, an early breakthrough was

made with the example of a morphine-MIP that bound morphine with high affinity and a selectivity

profile comparable to those of antibodies [74]. Because of the hydrophobic nature of many MIPs,

problems with non-specific adsorption to the polymer surface are often encountered. Also, water

may strongly interfere with the hydrogen bonding interactions between imprint and ligand. These

two effects of water have been reported to result in a loss in binding [75] or a reduction in selectivity

[76]. If the non-specific binding is too strong, the majority of binding events will occur through

adsorption to the polymer surface and the selectivity associated with the imprinted sites may remain

obscured. Reduction of the hydrophobic interactions can be achieved through the use of organic

modifiers such as methanol, ethanol, and acetonitrile [65,66]. A second means of reducing non-

specific adsorption is the use of detergents where non-charged detergents such as Tween 20, Triton

X-100, and Brij 35 can reduce efficiently non-specific binding while leaving selective imprint-

analyte interactions intact [78]. Buffer pH also may influence the extent of non-specific adsorption,

where an increase in pH may lead to an increase in seen for adsorption of basic compounds to

MAA-type polymers [65,66,74] and a decrease with increased pH for adsorption of acidic

compounds to VPy type MIPs [79]. A detailed investigation into binding of (S)-propranolol

under aqueous conditions studied the effects of pH, ethanol concentration, buffer concentration,

and ionic strength, and it found that optimal selective binding was achieved in sodium citrate

(25 mM, pH 6) containing 2% ethanol [65]. A study into the combined use of a surfactant and

an organic solvent as additives found optimal selective binding of bupivacaine to a bupivacaine-

MIP in citrate buffer (50 mM, pH 5) containing 5% ethanol and 0.05% Tween 20 [66]. An assay

system for 2,4-D based on a VPy type MIP used phosphate buffer (20 mM, pH 7) containing 0.1%

triton X-100 [32]. Whereas these additives reduce non-specific binding to the polymer surface, they

also may affect selective imprint-ligand binding, and it is necessary to optimize additive levels to

achieve minimal degrees of non-specific binding while maintaining high levels of selective binding.

The selectivity of the imprint-analyte interactions is tuned by the solvent composition of the

incubation medium. In apolar solvents such as toluene and chloroform, the imprints show relatively

better recognition of the parts of the ligand molecule that can participate in hydrogen bonding,

whereas in water, the imprints demonstrate better recognition of hydrophobic parts of the molecule.

A study onMAA type S-propranolol-MIPs showed that the MIPs had excellent enantioselectivity in

toluene, and under aqueous conditions, high substrate selectivity in the presence of structurally

similar compounds was observed [65]. For this system, enantioselectivity requires recognition of

the relative positions of several hydrogen bonding groups around the chiral carbon, whereas

substrate-selectivity requires recognition of a hydrophobic naphthyl ring on propranolol. For analo-

gous reasons, a bupivacaine-MIP showed greater selectivity for bupivacaine over structural

analogues in aqueous buffers than in toluene [66]. In contrast, binding studies on a morphine-

MIP performed in toluene gave better selectivity against the analogues codeine and normorphine

than that reported for monoclonal antibodies, and weaker and less selective binding was observed in

water [74]. Significantly higher cross-reactivity was observed for rebinding to an atrazine-MIP

under aqueous conditions than under organic solvent conditions [77]. This shows that the
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conditions for an assay may be chosen so as to obtain a selectivity pattern more suitable for a

particular analysis problem.

5.3.4 ENZYME-LABELED, FLUORESCENT AND OTHER PROBES

Whereas most generic studies into imprint molecular recognition have used a radio-labeled form of

the ligand, a wider acceptance of pseudoimmunoassay requires access to more popular detection

systems such as those based on fluorescent, electroactive, or enzyme-labeled probes. The first

enzyme labeled assay was reported by Surugiu et al. who presented an assay for the herbicide

2,4-D [79]. The reporter probe was 2,4-D conjugated to tobacco peroxidase and used with either

colorimetric or chemiluminscence detection. Selective binding of the enzyme conjugate with the

2,4-D-MIP was achieved, resulting in a competitive assay for 2,4-D. Further work by the same

group demonstrated the possibility of transferring this method to 96- or 384-well microtitre plate

formats where poly(vinylalcohol) was used as a glue to coat MIP microspheres in the wells [80].

Again, it was a competitive assay, and the bound fraction of 2,4-D tobacco peroxidase conjugate

was quantified. Following the addition of a chemiluminescent substrate, luminol, light emission

was measured by a CCD camera. Because of irregularities in the manually prepared polymer

coatings, the sensitivity and reproducibility of the assay decreased when 384-well plates were

used over 96-well plates. A flow injection system also was developed by covalently attaching

the MIP to the inner wall of glass capillaries and regeneration of the MIP capillary after each

measurement allowed consecutive measurements of a large number of samples [81].

Additional enzyme labeled assays include microtitre plates coated by the polymerization of

3-aminophenylboronic acid in the presence of epinephrine that resulted in the grafting of a thin MIP

layer to the polystyrene surface of the wells [82]. Using an epinephrine-horseradish peroxidase

(HRP) conjugate, an enzyme-linked assay for competitive binding studies was developed. Over a

range of pH-values, the epinephrine-conjugate bound stronger to the MIP than to a non-imprinted

reference polymer. Photografting has been used to coat polymer beads with a biotin-imprinted layer

that showed superior affinity for a biotin-HRP conjugate over HRP [83] and HRP-labeled micro-

cystin-LR was used to evaluate the affinity and cross-reactivity of microcystin-MIPs [84]. These

methods were not as sensitive as some antibody based enzyme-linked assays, but the results

demonstrate a great potential for the use of MIPs in enzyme-linked pseudoimmunoassay. A

potential problem is the large size and bulkiness of the enzyme that may impede diffusion of the

probe into the fine pores of the MIP and dramatically reduce binding with the imprinted sites. An

example is the observed inability of an atrazine-MIP to recognize an enzyme labeled form of the

template, and instead, a smaller fluoresceine-labeled triazine derivative was used as the probe [85].

Increased accessibility can be produced by the use of particles with imprinted sites located on the

surface of the polymer such as MIP microspheres [79] and surface imprinted beads [83]. Also, HRP

has been used as a high-molecular weight refractive label for surface plasmon resonance (SPR)

detection of domoic acid using a thin MIP film coated on an SPR chip [86].

Two distinctly different approaches may be applied when developing a fluorescence assay: the

use of a fluorescence-labeled derivative of the analyte; and the use of a structural analogue of the

analyte that is fluorescent and selectively binds to the imprinted sites. A chloramphenicol-methyl

red conjugate [87] and a dansylated analogue of chloramphenicol [88] were demonstrated to

selectively bind to chloramphenicol-MIPs and used in competitive flow-injection assays (FIA)

for determination of chloramphenicol. A fluorescein labeled 2,4-D derivative bound solely in a

non-specific manner to the 2,4-D-MIP, and a non-related fluorescent probe, based on coumarin and

with some structural features in common with the analyte, was found to selectively bind to the

imprints and could be used for the development of a competitive assay for 2,4-D [89].

Electroactive structural analogues have been used as probes for the development of

competitive assays for 2,4-D. One study investigated two electrochemically active compounds:
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2, 4-dichlorophenol and homogentisic acid, of which the latter bound weakly, but selectively,

with the imprints and could be used as a competitive probe on disposable screen-printed

electrodes [90]. Another study identified a close structural analogue, 2-chloro-4-hydroxyphe-

noxyacetic acid that was used with a MIP prepared against the probe rather than the analyte

on screen-printed electrodes for detection of 2,4-D [91].

Covalent incorporation of a scintillation monomer into the MIP allowed development of a

homogenous radioactive assay that used the MIP itself as the detection system and did not

require separation of bound and unbound ligand [92]. Imprinted microspheres were prepared

where the selective binding of radio-labeled S-propranolol was translated into a radioluminescent

signal that could be measured in both aqueous buffers and organic solvents [93]. Conventional

radioactive assay could be simplified by the use of magnetic beads that were separated from the

incubation solution by application of a magnetic field [94].

5.3.5 ANALYTICAL APPLICATIONS

Although great progress has been made in the development of assay systems, few studies have dealt

with analysis of real samples. In early studies, pseudoimmunoassay of biosamples was performed

after a prior liquid-liquid extraction of the analyte. Theophylline could be determined in patient

serum samples of clinically significant concentrations and with good correlation with an established

immunoassay method [64]. Diazepam in serum [64] and cyclosporin A in whole blood [95] could

be similarly assayed, and preliminary data indicated that chloramphenicol could be detected in

bovine serum [87]. Once the efficient use of pseudoimmunoassay under aqueous conditions was

demonstrated, the first assay performed directly on samples without a prior clean up step for

determination of S-propranolol in human plasma with a high degree of accuracy and precision

was soon developed [96]. Environmental assays include 2,4-D in tap water samples [80].

5.4 SOLID PHASE EXTRACTION

5.4.1 INTRODUCTION TO SPE

In order to perform trace analysis of analytes contained in complex biological or environmental

matrices, a sample pre-treatment step such as liquid-liquid extraction, protein precipitation, or solid

phase extraction is often required. A more efficient sample clean-up that removes the majority of

the matrix components simplifies the downstream analytical separation or immunoassay and facili-

tates accurate and sensitive quantification. Solid-phase extraction (SPE) involves passing the

sample through a packed bed of extraction material that ideally binds the analyte quantitatively

while most matrix components are not retained. Separation on most commercial SPE materials is

based on physicochemical retention on the functionalized surface (C2, C8, C18, ion exchange, etc.),

and the SPE column may not only retain the analyte but also other matrix components. Immuno-

sorbents [97,98] and MIPs are more selective materials that rely on affinity interactions and

potentially offer a more efficient extraction and cleaner extracts. Characteristic for both types of

affinity materials are their high selectivity and affinity where selectivity can be pre-determined for a

particular analyte by the choice of antigen used for antibody generation or the choice of template

used for MIP preparation. Molecular imprint-based solid-phase extraction (MISPE) is a relatively

young technique with the first reported study being that of Sellergren where a pentamidine-MIP was

used for online sample enrichment of a spiked urine sample [99]. Since then, MIPs have been

extensively investigated for use as an alternative to traditional SPE materials and, to date, have been

successfully used for on-line and off-line extractions of both environmental and biological samples

(Table 5.2).
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5.4.2 METHOD DEVELOPMENT

5.4.2.1 Solvent Systems and Solvent Switch

MISPE method development has used either aqueous samples after appropriate pre-treatment steps

such as pH-adjustment or protein precipitation of plasma samples (Table 5.2) or in particular in

many early MISPE studies application of samples dissolved in a non-polar organic solvent. To

achieve this, the analyte first must be extracted into an organic solvent that may be done by solvent

extraction of solid samples (soil, tissue, vegetables), liquid-liquid extraction (serum, plasma), or

SPE using a hydrophobic column (various types of water samples, plasma) (Table 5.2). In most

instances, highly selective binding can be achieved in apolar organic solvents, sometimes in the

presence of a polar additive such as acetic acid, formic acid, ethanol, or methanol [43,100–102], to

suppress non-specific binding.

In order to avoid a time-consuming extraction of analyte into organic solvents prior to

MISPE, considerable work has been done to investigate the possibilities of direct application

of aqueous samples to the MIP material. Upon extraction of aqueous samples, quantitative

retention of the analyte is achieved in many instances through a combination of imprint

binding and non-specific hydrophobic adsorption to the polymer surface. Then, a selective

wash step is required to improve MIP selectivity and to remove all other adsorbed sample

components. The strength and selectivity of the imprint-analyte binding is tuned by the

solvent properties of the surrounding medium (aqueous vs. non-aqueous, buffer pH, additives,

etc.). Also non-specific retention varies with the conditions used and under aqueous conditions,

non-specific physicochemical retention is mainly due to hydrophobic interactions. The selective

imprint-analyte binding that is mainly due to hydrogen bonding and electrostatic interactions is

strong in apolar solvents where non-specific hydrophobic adsorption is weak. Therefore, a

solvent switch [67,103], e.g., to acetonitrile or dichloromethane, changes the retention con-

ditions to the normal-phase mode that leads to re-distribution of the analyte to the imprinted

sites and washing off of non-related structures (Figure 5.4 and Figure 5.5). For large sample

volumes, e.g., in environmental analysis, the strong hydrophobic adsorption can be employed for

capturing the analyte from the aqueous sample passed through the column. A subsequent solvent

switch assures a selective MISPE method ([104] and references in Table 5.2). The decision to

Application of
sample

Aqueous wash
step

Solvent switch Elution

FIGURE 5.4 A typical protocol for extraction of aqueous samples on a MIP column. After activation of the

column, the aqueous sample is applied. This is followed by an aqueous wash step to remove any hydrophilic

matrix components. A solvent switch using an organic wash step then removes any hydrophobic matrix

components non-specifically bound to the polymer surface and encourages selective binding of the analyte

to the imprinted sites. Finally, the analyte is eluted using either acid or base in solvent or water.
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use organic or aqueous conditions for a MISPE method relies on the type of sample and analyte,

i.e., whether it is necessary or optimal to use pre-treatment steps using organic solvents and

retention and selectivity on the MIP under different conditions.

Because of the often strong imprint-analyte affinity, difficulties in effecting quantitative elution

of the analyte have been encountered in some instances [35,105–107]. This is most pronounced for

extraction of basic analytes containing amino functionalities on MAA-type MIPs where typically

eluents consisting of (sometimes high percentages of) acetic acid, formic acid, TFA, or TEA in

acetonitrile or methanol are used. For neutral compounds, weak acids, and weak bases, complete

elution may occur simply by treatment with polar solvents, mixtures of polar solvents and water, or

acidic water.

On occasion, the clean up from this approach is not sufficient as in the determination of triazines

in corn samples using solvent extraction followed by MISPE. As a result, a two-step MISPE

approach was employed where a non-imprinted polymer was used to retain some interfering

matrix compounds [100]. The analytes were eluted from the non-imprinted polymer and transferred

for further clean up on the imprinted polymer. A possibility to speed up SPE in the off-line mode is

the parallel extraction of samples using a 96-well MISPE format as was reported by Chassaing et al.

[119]. The high throughput 96-well format resulted in improved reproducibility, and the clean

MISPE extracts allowed the method to be validated at a better sensitivity than a conventional

SPE assay.

5.4.2.2 Non-Specific Adsorption

Because of the hydrophobic nature of many polymers, extraction of aqueous samples often results

in moderately and highly lipophilic compounds being non-specifically adsorbed to the MIP surface.

This hydrophobic driven adsorption can be reduced while largely maintaining the integrity of the

binding of analyte to the imprinted sites by the addition of an organic modifier such as ethanol,

methanol, or acetonitrile [65,66] or a detergent such as Tween 20, Triton X-100, or Brij 35 [78] to
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FIGURE 5.5 Chromatogram from the analysis of an extract of 5 mL calf urine spiked with clenbuterol at

0.5 ng/mL. The sample was applied to a brombuterol-MIP, and the column was washed with 1 mL of water,

1 mL of acetonitrile-acetic acid (98:2; v/v), 1 mL of 0.5 M ammonium acetate pH 5, and 1 mL of acetonitrile-

water (7:3; v/v). The analyte was eluted using methanol-trifluoroacetic acid (99:1; v/v) and analyzed on a

BetaBasic C18 column with UV detection. (Reprinted from Blomgren, A., Berggren, C., Holmberg, A.,

Larsson, F., Sellergren, B., and Ensing, K., J. Chromatogr. A, 975, 2002. With permission.)
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the buffer. Also, buffer pH may influence the extent of non-specific adsorption where increased pH

results in increased adsorption of basic compounds to MAA type polymers [65,66], and decreased

pH results in increased adsorption of acidic compounds to VPy type polymers [32]. An example is

an MAA-based bupivacaine-MIP for which optimal selective binding was achieved at pH 5 in the

presence of 5% ethanol and 0.5% Tween 20 [66]. Non-specific adsorption also may be reduced by

the use of small columns, thereby reducing the polymer surface area available for lipophilic

adsorption. As most MISPE applications are for trace analysis, binding capacity does not seem

to be a problem.

5.4.2.3 Template Bleeding

One of the main technical problems with the use of MIPs in SPE is leaching, or bleeding, of

template molecules during elution of the extracted analyte. It is not unusual to observe template

peaks when extracting blank samples as a result of the incomplete removal of the template after

polymerization. Whereas often, template recovery of R99% is obtained, this still leaves a signi-

ficant amount of the template embedded within the polymer matrix. This leftover amount can leach

during an extraction process and give artificially high levels of analyte, resulting in inaccurate

quantification when performing trace analysis. A study into the influence of various post-poly-

merization treatments on bleeding compared extraction techniques such as thermal annealing,

microwave-assisted extraction, Soxhlet extraction, and supercritical fluid desorption [34]. Although

microwave-assisted extraction using trifluoroacetic acid or formic acid was found to be the most

efficient extraction technique, polymer degradation and loss of selectivity also were observed. After

solvent extraction, the lowest levels of bleeding were achieved when the polymer was washed with

pure organic acids such as TFA or acetic acid. None of these methods, however, eradicated the

problem of bleeding; they only reduced the bleed to acceptable levels.

In order to circumvent problems with template bleeding, a structural analogue of the analyte or

a dummy template can be used as the imprint molecule (Table 5.3). The alternative template should

possess common structural features with the analyte and give rise to imprints with the ability to

selectively bind the target analyte(s) (Figure 5.6). Following extraction and elution, the analyte and

leaking template then are separated via a chromatographic technique for quantification. An early

example is the use of a close structural analogue of sameridine to form a MIP for the extraction of

sameridine where the MIP was found to bind analyte, internal standard, and template with similar

strength [35]. Dibutylmelamine was used as a dummy template [36] for the preparation of a MIP for

class selective extraction of triazine herbicides from environmental samples [108]. A per-deuter-

ated analogue of bisphenol A was used for the preparation of a bisphenol A-selective MIP [109].

Other examples are seen in Table 5.3. A possible limitation of this approach is the availability of

two structural analogues for use as template and internal standard. Control over template bleeding is

particularly important in a trace analysis, and each method development must include a confir-

mation that template bleeding does not interfere with the assay giving rise to poor accuracy and

precision. The risk is most severe for off-line extraction protocols using fresh material for each

extraction, whereas for on-line protocols, the MIP column is constantly washed by the continuous

flow, and bleeding can be reduced to below detection levels.

5.4.2.4 Aqueous Compatible MIPs

Recently, there has been an increased effort to produce more aqueous compatible MIPs. The

addition of the hydrophilic monomers glycerol monomethacrylate and glycerol dimethacrylate at

the final stage of polymerization can render the polymer surface more hydrophilic [110]. The

resultant MIPs were successfully applied to the extraction of rat plasma samples. Serum albumin

was quantitatively recovered in the breakthrough volume demonstrating their hydrophilic proper-

ties with low non-specific hydrophobic adsorption. Another technique uses the replacement of a
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portion of the cross-linking monomer EGDMA with 2-hydroxyethylmethacrylate (HEMA). Incor-

poration of HEMA in the polymer matrix created a hydrophilic bupivacaine-MIP that, in pure

phosphate buffer pH 7.4, showed strong retention of the template while non-specific binding was

reduced compared with a standard MAA-EGDMA MIP [111]. Successful extraction of plasma

samples was demonstrated. Other aqueous compatible MIPs include MIP membranes with low non-

specific binding synthesized as a MIP layer grafted onto a commercial low binding membrane

(hydrophilised PVDF) at optimum cross-linker ratios [112].

5.4.2.5 On-Line Extraction Techniques

Although the majority of the work published on MISPE has been performed using off-line SPE,

various on-line extraction protocols offer possibilities to automate and to perform the entire sample

preparation and analysis in one operation and in a short period of time. The sample can be

introduced either directly on the MIP column or via a prior trapping column that captures the

analyte and transfers it to a solvent where MIP-analyte binding is selective (Table 5.2). In a

multidimensional extraction of chlorotriazines [113], the sample was loaded onto a restricted

access material (RAM) column that retained low molecular weight compounds on its hydrophobic

inner surface while high molecular weigh compounds were directed to waste. The retained small

compounds were then transferred in an organic solvent from the RAM column onto the MIP column

where only the triazines were retained. The triazines were next transferred to the analytical separ-

ation system in acidic water containing an organic solvent modifier. An advantage of this approach

is that selective binding can be achieved in the load solvent without the need for additional wash

steps. This approach has been applied to the extraction of tramadol from human plasma [114] and to

varying degrees validated for extraction of verapamil from plasma and urine [115] and triazines

from river water [113]. Direct on-line injection of samples onto the MIP column is also possible and

Template removal
Imprinting of dummy template

Binding of target analyte

FIGURE 5.6 Imprinting of a dummy template produces imprints that recognize structural analogues when the

same binding interactions are formed as for the original template. Variations in non-binding parts of the

analogue are allowed.
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has been demonstrated for extraction of 4-chlorophenols and 4-nitrophenol (Figure 5.7) [116]. The

use of optimal loading conditions and a solvent switch wash, however, is required to enhance the

selectivity of binding to the polymers. A highly interesting achievement is the use of a MIP with a

hydrophilic external surface as a RAM-MIP for direct injection of plasma samples in a coupled-

column system [110]. The versatility of an automated and on-line MIP solid-phase micro extraction

(SPME) system was demonstrated by the determination of propranolol in serum [117]. Advantages

of on-line MISPE are drastic reduction or elimination of the leaching problem and the ability to

process and pre-concentrate large sample volumes.

A simple technique that relies solely on the highly efficient sample clean up achievable on MIPs

uses on-line extraction with direct detection by UV, mass spectrometry, fluorescence, or voltam-

metry (Table 5.2). Extraction on a MIP micro-column with pulsed elution and direct in-line

UV-detection was first realized by Mullet and Lai [118]. The technique involves the application

of a sample using a mobile phase that encourages selective binding of the analyte to the imprinted
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FIGURE 5.7 Chromatogram obtained by on-line MISPE with a 4-chlorophenol-MIP of 10 mL Ebro river

water (pH 2.5) spiked at 10 mg/L with 12 phenolic compounds. (a) With washing using 4 mL water (pH 2.5).

(b) After an additional wash step using 0.1 mL of dichloromethane only phenols with a 4-chloro group were

retained. The analytes were desorbed using 1% acetic acid in acetonitrile and analysed on a C18 column with

UV detection. (Reprinted from Caro, E., Marcé, R. M., Cormack, P. A. G., Sherrington, D. C., and Borrull, F.,

J. Chromatogr. A, 995, 2003. With permission.)
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sites and the elimination of non-specific adsorption of interfering components by differential pulsed

elution using successive aliquots of solvent with increasing polarity and protic nature. Pulsed

elution of analyte in a very narrow band allows sensitive UV detection online. Theophylline was

extracted from serum into chloroform, and an aliquot of the organic layer was injected onto the MIP

micro-column in a mobile phase of chloroform [118]. Interfering drugs were eliminated by an

intermediate wash with a pulse of acetonitrile and a pulse of methanol quantitatively desorbed the

bound theophylline.

5.5 CONCLUSIONS

Two main attractions of molecular imprinting are its apparent simplicity of polymer synthesis, in

the presence of a template molecule where subsequent removal of the template produces a material

with memory sites, and the highly selective rebinding of the original template from a mixture. The

chemistries available for imprinting are expanding with novel monomers being added to the

toolbox that provide greater ability to synthesize selective MIPs against an increasing number of

target structures. A current effort is the exploration of different polymerization techniques to

produce MIPs in any desired format, from microbeads of highly defined shape and narrow size

range, to thin polymer membranes, and to MIPs with hydrophilic external surface for better

compatibility with biological matrices. Also, the future will see more MIPs with built-in detection

systems where binding gives rise to fluorescent, scintillation, or other type of signal. Increased use

of structural analogue and dummy template imprinting circumvents problems with template

leakage and produces MIPs with class-selective recognition. As seen by the variety of pseudoim-

munoassay and solid-phase extraction applications discussed in this review, MIPs can be employed

for separation of the analyte in matrices ranging from pure organic solvents to complex environ-

mental and biological samples. Several MISPE studies have made direct comparisons with

conventional SPE materials and demonstrated superior cleanup using the MIP material. This

allows the use of MIPs for pre-concentration of very large sample volumes and simplification of

the downstream analytical separation system as well as for single analyte analysis with direct

quantification of the MISPE eluate by UV, fluorescence, or mass spectrometry detection.

REFERENCES

1. Sellergren, B., Ed,Man-Made Mimics of Antibodies and their Applications in Analytical Chemistry,

Elsevier, Amsterdam, 2001.

2. Wulff, G., Molecular imprinting in cross-linked materials with the aid of molecular templates—a

way towards artificial antibodies, Angew. Chem. Int. Ed. Engl., 34, 1812, 1995.

3. Wulff, G. and Biffis, A., Molecular imprinting with covalent or stoichiometric non-covalent

interactions, In Molecularly Imprinted Polymers. Man-Made Mimics of Antibodies and their Appli-

cations in Analytical Chemistry, Sellergren, B., Ed., Elsevier, Amsterdam, pp. 71–111, 2001.

4. Mosbach, K. and Ramström, O., The emerging technique of molecular imprinting and its future

impact on biotechnology, Bio/Technology, 14, 163–170, 1996.

5. Sellergren, B., The non-covalent approach to molecular imprinting. In Molecularly Imprinted Poly-

mers. Man-Made Mimics of Antibodies and their Applications in Analytical Chemistry, Sellergren,

B., Ed., Elsevier, Amsterdam, pp. 113–184, 2001.

6. Wulff, G. and Knorr, K., Stoichiometric non-covalent interaction in molecular imprinting, Biose-

paration, 10, 257–276, 2002.

7. Whitcombe, M. J., Rodriguez, M. E., Villar, P., and Vulfson, E. N., A new method for the introduc-

tion of recognition site functionality into polymers prepared by molecular imprinting: synthesis and

characterization of polymeric receptors for cholesterol, J. Am. Chem. Soc., 117, 7105–7111, 1995.

8. Klein, J. U., Whitcombe, M. J., Mulholland, F., and Vulfson, E. N., Template-mediated synthesis of

a polymeric receptor specific to amino acid sequences, Angew. Chem. Int. Ed. Engl., 38, 2057–2060,

1999.

DK9421—CHAPTER 5—13/11/2006—18:26—NRAJARAM—15334—XML MODEL C – pp. 113–146

Immunoassay and Other Bioanalytical Techniques138



9. Striegler, S., Designing selective sites in templated polymers utilizing coordinative bonds,

J. Chromatogr. B., 804, 183–195, 2004.

10. Chen, G. H., Guan, Z. B., Chen, C. T., Fu, L. T., Sundaresan, V., and Arnold, F. H., A glucose-

sensing polymer, Nat. Biotechnol., 15, 354–357, 1997.

11. Cormack, P. A. G. and Zurutuza Elorza, A., Molecularly imprinted polymers: synthesis and

characterisation, J. Chromatogr. B., 804, 173–182, 2004.

12. Sellergren, B. and Hall, A. J., Fundamental aspects on the synthesis and characterization of imprinted

network polymers, In Molecularly Imprinted Polymers. Man-Made Mimics of Antibodies and their

Applications in Analytical Chemistry, Sellergren, B., Ed., Elsevier, Amsterdam, pp. 21–57, 2001.

13. Ramstrom, O., Andersson, L. I., and Mosbach, K., Recognition sites incorporating both pyridinyl

and carboxy functionalities prepared by molecular imprinting, J. Org. Chem., 58, 7562–7564, 1993.

14. Matsui, J., Doblhoff-Dier, O., and Takeuchi, T., 2-(Trifluoromethyl)acrylic acid: a novel functional

monomer in non-covalent molecular imprinting, Anal. Chim. Acta, 343, 1–4, 1997.

15. Matsui, J., Miyoshi, Y., and Takeuchi, T., Fluoro-functionalised molecularly imprinted polymers

selective for herbicides, Chem. Lett., 1007–1008, 1995.

16. Yu, C. and Mosbach, K., Molecular imprinting utilizing an amide functional group for hydrogen

bonding leading to highly efficient polymers, J. Org. Chem., 62, 4057–4064, 1997.

17. Sreenivasan, K., Effect of the type of monomers of molecularly imprinted polymers on the

interaction with steroids, J. Appl. Pol. Sci., 68, 1863–1866, 1998.

18. Hall, A. J., Achilli, L., Manesiotis, P., Quaglia, M., De Lorenzi, E., and Sellergren, B., A substructure

approach toward polymeric receptors targeting dihydrofolate reductase inhibitors 2. Molecularly

imprinted polymers against Z-L-glutamic acid showing affinity for larger molecules, J. Org. Chem.,

68, 9132–9135, 2003.

19. Wulff, G. and Schönfeld, R., Polymerizable amidines—Adhesion mediators and binding sites for

molecular imprinting, Adv. Mater., 10, 957–959, 1998.

20. Kempe, M., Fischer, L., and Mosbach, K., Chiral separation using molecularly imprinted hetero-

aromatic polymers, J. Mol. Recogn., 6, 25–29, 1993.

21. Mayes, A. G. and Lowe, C. R., Optimization of molecularly imprinted polymer for radioligand

binding assays, In Drug-Development Assay Approaches Including Molecular Imprinting and Bio-

markers, Reid, E., Hill, M., and Wilson, I. D., Eds., The Royal Society of Chemistry, Cambridge,

U.K., pp. 28–36, 1998.

22. Yilmaz, E., Mosbach, K., and Haupt, K., Influence of functional and cross-linking monomers and the

amount of template on the performance of molecularly imprinted polymers in binding assays, Anal.

Commun., 36, 167–170, 1999.

23. Svenson, J. and Nicholls, I. A., On the thermal and chemical stability of molecularly imprinted

polymers, Anal. Chim. Acta, 435, 19–24, 2001.

24. Kempe, M., Antibody-mimicking polymers as chiral stationary phases in HPLC, Anal. Chem., 68,

1948–1953, 1996.

25. Zander, Å., Findlay, P., Renner, T., Sellergren, B., and Swietlow, A., Analysis of nicotine and its

oxidation products in nicotine chewing gum by a molecularly imprinted solid phase extraction, Anal.

Chem., 70, 3304–3314, 1998.

26. Zhu, Q.-Z., Haupt, K., Knopp, D., and Niessner, R., Molecularly imprinted polymer for metsulfuron-

methyl and its binding characteristic for sulfonylurea herbicides, Anal. Chim. Acta., 468, 217–227,

2002.

27. Sibrian-Vasquez, M. and Spivak, D. A., Enhanced enantioselectivity of molecularly imprinted poly-

mers formulated with novel cross-linking monomers, Macromolecules, 36, 5105–5113, 2003.

28. Sibrian-Vasquez, M. and Spivak, D. A., Molecular imprinting made easy, J. Am. Chem. Soc., 126,

7827–7833, 2004.

29. Sellergren, B., Molecular imprinting by noncovalent interactions. Enantioselectivity and binding

capacity of polymers prepared under conditions favouring the formation of template, Makromol.

Chem., 190, 2703–2711, 1989.

30. Davies, M. P., de Biasi, V., and Perrett, D., Approaches to the rational design of molecularly

imprinted polymers, Anal. Chim. Acta., 504, 7–14, 2004.

31. Sellergren, B. and Shea, K. J., Influence of polymer morphology on the ability of imprinted network

polymers to resolve enantiomers, J. Chromatogr., 635, 31–49, 1993.

DK9421—CHAPTER 5—13/11/2006—18:26—NRAJARAM—15334—XML MODEL C – pp. 113–146

Molecular Imprinting for Small Molecules 139



32. Haupt, K., Dzgoev, A., andMosbach, K., Assay system for the herbicide 2,4-Dichlorophenoxy acetic

acid using a molecularly imprinted polymer as an artificial recognition element, Anal. Chem., 70,

628–631, 1998.

33. O’Shannessy, D. J., Ekberg, B., and Mosbach, K., Molecular imprinting of amino-acid derivatives at

low-temperature (08C) using photolytic homolysis of azobisnitriles, Anal. Biochem., 177, 144–149,

1989.

34. Ellwanger, A., Berggren, C., Bayoudh, S., Crecenzi, C., Karlsson, L., Owens, P. K., Ensing, K.,

Sherrington, D., and Sellergren, B., Evaluation of methods aimed at complete removal of template

from molecularly imprinted polymers, Analyst, 126, 784–792, 2001.

35. Andersson, L. I., Paprica, A., and Arvidsson, T., A highly selective solid-phase extraction sorbent for

preconcentration of sameridine made by molecular imprinting, Chromatographia, 46, 57–62, 1997.

36. Matsui, J., Fujiwara, K., and Takeuchi, T., Atrazine-selective polymers prepared by molecular

imprinting of trialkylmelamines as dummy template species of atrazine, Anal. Chem., 72,

1810–1813, 2000.

37. Takeuchi, T., Fukuma, D., and Matsui, J., Combinatorial molecular imprinting: an approach to

synthetic polymer receptors, Anal. Chem., 71, 285–290, 1999.

38. Lanza, F., Sellergren, B., Method for synthesis and screening of large groups of molecularly

imprinted polymers, Anal. Chem., 71:2092-2096.

39. Navarro-Villoslada, F., San Vicente, B., and Moreno-Bondi, M. C., Application of a multivariate

analysis to the screening of molecularly imprinted polymers for bisphenol A, Anal. Chim. Acta., 504,

149–162, 2004.
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135. Caro, E., Marcé, R. M., Cormack, P. A. G., Sherrington, D. C., and Borrull, F., Molecularly

imprinted solid-phase extraction of naphthalene sulfonates from water, J. Chromatogr. A, 1047,

175–180, 2004.
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6.1 INTRODUCTION

Aptamers are artificial nucleic acid ligands that can be generated against amino acids, drugs,

proteins and other molecules. They are isolated from complex libraries of synthetic nucleic acids

by an iterative process of adsorption, recovery and amplification called systematic evolution of

ligands by exponential enrichment (SELEX) [1].

Several reviews on aptamers have appeared in the literature in the last 10 years, after the first

publications on their selection [2,3] and their initial employment in the therapeutic field [4,5]. In one

of the first reviews [6], aptamers were presented as a recent entry in the field of selective binding and

molecular recognition and the authors forecasted the expansion of their application beyond clinical

diagnostics and therapeutic monitoring to a broader area of analytical chemistry. Later, the potential

application of aptamers as alternative ligands in diagnostic assays [7], biosensors [8–10] and other

analytical techniques [11,12] have been presented.

In a very recent review, several critical aspects of aptamers have been documented [13] with a

particular focus on the problems related to the selection process and to the generation of universal

rules for the analytical use of already-selected aptamers.

The present review will follow this line, examining in detail the possible important aspects

when using aptamers in bioanalytical methods. The selection process (SELEX) and the molecules

for which aptamers have been selected will also be considered. Moreover, several important aspects

that should be considered when developing bioanalytical methods based on aptamers will be

discussed, with particular emphasis on the immobilization process and on the assay protocol.
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6.2 APTAMER SELECTION

The SELEX process [2,3] is described in Figure 6.1. It involves iterative cycles of selection and

amplification (usually 12–18 cycles) starting from a library of oligonucleotides with different

sequences. A candidate mixture of nucleic acids of differing sequences is generated by a standard

DNA-oligonucleotide synthesizer, including a randomized region (usually 30–40 nucleotides long)

flanked by fixed regions (each member of the library contains the same sequences at the same

location). The fixed sequences are the polymerase chain reaction (PCR) primers’ binding sites and,

for RNA aptamers selection, the 5 0 constant region contains the T7 promoter sequence, onto which
T7 RNA polymerase binds for the in vitro transcription of the library into RNA. Selections are

frequently carried out with RNA pools due to the known ability of RNAs to fold into complex

structures that can be a source of diversity of RNA function, but single-stranded DNA pools can

also yield aptamers. Single-stranded DNAs are also known to fold in vitro into structures containing

stem loops, internal loops, etc., even if the structures are less stable than the corresponding

RNA structures.

T7 promoter

Constant
region

Constant
region

Addition of
target

Incubation
of target
with the pool

Partition of binding
from non-binding species

Elution of bound
RNA or ssDNA

ssDNA or RNA pool

RT-PCR/PCR

PCR

dsDNA

Library of random
DNA sequences

Transcription (to have an RNA pool)
Strand separation (to have a ssDNA pool)

5' 3'

FIGURE 6.1 Scheme of the SELEX process for the in vitro selection of nucleic acid aptamers. A library of

DNA oligonucleotides containing a portion of randomized sequence is synthesized. The library is converted

into dsDNA by PCR using the 5 0 and 30 constant regions for primers annealing, and then converted into ssDNA
by strands separation or into RNA by in vitro transcription using the T7 RNA polymerase. The target analyte is

mixed with the nucleic acid pool and, after incubation, the nonspecific or low-affinity binding nucleic acid

molecules are removed by washing steps. The captured RNA/DNA molecules are eluted, recovered, and

amplified by RT-PCR/PCR to obtain a new, enriched DNA library. The whole cycle is repeated until obtaining

a specific population of RNA/DNA that is finally isolated and characterized.
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The library of nucleic acids is then mixed with the target molecule to search for the small

fraction of individual sequences of the pool binding to the target (usually only 5% of the pool has

this ability at this stage). Usually, this incubation step is performed in solution for proteins or, in the

case of small molecules, with the target immobilized on a solid support to generate an affinity

matrix (i.e., a column). After mixing, the complex obtained from the interaction pool-ligand is

isolated by nitrocellulose filtering [3], immunoprecipitation [14], or separation on polyacrylamide

gels [15]. When a small molecular target is immobilized on a solid support, the separation can be

performed by simple washing steps. In this way, the nucleic acid molecules with the highest affinity

for the target are separated from the nonbinding species. The oligonucleotides that are selected

during partitioning are amplified (PCR for DNA aptamers and RT-PCR for RNA aptamers) to

create a new mixture enriched in those nucleic acid molecules having a relatively high affinity for

the target. After several iterations of the selection process (12–18 cycles), performed under increas-

ingly stringent conditions, the required enrichment in the pool of the high-affinity sequences at the

expense of the low-affinity binders is reached, eventually resulting in one or more potential candi-

dates with the best performance (highest affinity). The enriched library (10–30 individual

sequences) is finally cloned and sequenced. Individual sequences are investigated for their

ability (affinity constants values) to bind to the target.

There are a number of issues that need to be considered for a good selection process, among

which the complexity of the library, the chemistry of the nucleotides, and the design of the constant

regions being the most important as they determine the final product of the selection process

[16,17]. Considering the complexity, or the molecular diversity, of the library, the starting pool

must be large enough to generate a high probability of selecting an active aptamer. If the random-

ized oligonucleotides are N in length and generated from y different nucleotides, then the

complexity is given by the formula yN. Usually, for practical reasons regarding the DNA synthesis

chemistry, the maximum number of sequences that can be screened is 1013–1015. Diversity can also

be introduced during the cycles of selection, and especially during the PCR amplification step, due

to the possible introduction of mutations into the selected oligonucleotides.

The second important factor is the chemistry of the nucleotides to be used [16], which can

strongly influence the result of the selection process. The nature of the nucleotides defines the range

of possible three-dimensional structures that an aptamer can fold into, as well as the stability for

degradation. The high number of secondary (and tertiary) structural motifs with different shapes

that aptamers can assume are based on the ability of nucleotide bases to interact with each other

through canonical Watson–Crick, as well as unusual base pairing [18]. Moreover, regarding the

selection of RNA aptamers, ribonucleotides 2 0-fluoro- or 2 0-amino-modified ribonucleotides can
be used instead of naturally occurring ribonucleotides because they can be incorporated by T7

RNA polymerase. The SELEX process has been conducted with a normal RNA pool and with a

pool containing 2 0-amino-pyrimidines; due to these different libraries, aptamers with different
sequences and structural motifs have been selected [19].

Because the nucleases that are most abundant in biological fluids are the pyrimidine-specific

nucleases, introduction of specific modifications at the 2 0-position of pyrimidine nucleotides (2 0-
amino and 2 0-fluoro functional groups) protects an RNA oligonucleotide from degradation,

increasing the half-life up to 15 h [20]. Because 2 0-amino and 2 0-fluoro CTP and UTP can be

incorporated into in vitro transcribed RNA, these modifications can be introduced into the combi-

natorial library. In this way, it has been possible to select aptamers with enhanced stability in

biological fluids from libraries containing modified pyrimidines with 2 0-amino and 2 0-fluoro [21].
A second option for RNA aptamer stabilization is represented by a post-selection modification

and exploits enantiomeric aptamers known as spiegelmers (from the German word for mirror). This

process initially involves the creation of a chemical mirror image of the target, followed by

the selection of aptamers to this mirror image and the creation of a chemical mirror image of the

SELEX-selected aptamer. The spiegelmer will bind the target but will not be susceptible to normal

enzymatic cleavage [19,22].
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The third important parameter for a correct selection process is the constant region (primers)

design. Aptamers consist of a random DNA or RNA sequence that is the core region, flanked by two

constant regions: 5 0 and 3 0 flanking sequences. These function as sites for primer hybridization for
Klenow extension, cDNA synthesis, polymerase chain reaction amplification, and T7 RNA poly-

merase transcription, all of which are essential for the SELEX protocol. The design of the constant

regions should ensure a correct amplification of the desired fragments, i.e., primers should anneal

strongly to the template and should not form secondary structures or dimers [17]. These are the

normal properties for primer design in common PCR protocols, but their importance is greater for a

SELEX process where many selection and amplification rounds are performed [16].

One of the major drawbacks of aptamers is the SELEX process itself in terms of time required

for a complete selection and factors influencing the result of the selection [13]. Usually, a selection

process can take around 15 cycles of selection and amplification and each round can be accom-

plished in 2–3 days. This means that a typical SELEX experiment may be completed in

approximately 3 months, which is at least faster than the time required to generate a cell line to

produce a specific monoclonal antibody and purify it [7]. Several research groups have worked for

the development of a faster selection process. An automated SELEX process has been presented

[23–26] in which a multiple selection is performed on microtiter plates with a robotic workstation

accommodating 8 selections in parallel and completing about 12 rounds in 2 days. The system is

also capable of performing the selection of aptamers for 8 different targets in a run.

An automated platform has also been reported [27,28] for the generation of photoaptamers with

5 0-iodo- or 5 0-bromo-substituted bases in a 96-well format. With this new photochemical SELEX

(PhotoSELEX) method, modified ssDNA aptamers capable of photo-crosslinking the target

molecule (human basic fibroblast growth factor (bFGF)) have been identified. The method is

based on the incorporation of a modified nucleotide activated by absorption of light, in place of

a native base in either RNA- or in ssDNA-randomized oligonucleotide libraries. The aptamers

selected with this method have the ability to form a photoinduced covalent bond with the target

molecule and have, for this reason, greater sensitivity and specificity than those aptamers selected

through conventional selection methodologies.

In addition, capillary electrophoresis (CE) was coupled to the SELEX process to reduce the

number of selection cycles. Nonequilibrium capillary electrophoresis of equilibrium mixtures

(NECEEM) has been recently presented as an effective method to reduce the number of cycles

required for the selection [29]. In a previous paper, a different research group [30] has also

demonstrated that the use of CE to separate the binding sequences for the nonactive aptamer can

shorten the SELEX process to only four rounds, thereby reducing the time required for the whole

selection process to only 2–4 days.

Recently, advances in the in vitro selection methods have provided signalling aptamers appli-

cable for biosensors and allosteric ribozymes regulated by both small ligands and proteins [31].

6.3 APTAMERS AND ANTIBODIES

For several decades, antibodies have been the most-used biomolecules for target recognition in

bioanalytical methods. Although antibodies and aptamers can both bind the relative target with high

affinity and specificity, aptamers can offer advantages over antibodies that make them very promis-

ing for this application [9,12]. The main advantage is that aptamers overcome the use of animals or

cell lines for the production of the molecules. Antibodies against molecules that are not immuno-

genic are difficult to generate. On the contrary, aptamers are isolated by in vitro methods that are

independent of animals: an in vitro combinatorial library can be generated against any target. In

addition, generation of antibodies in vivo means that the animal immune system selects the sites on

the target protein to which the antibodies bind. The in vivo parameters restrict the identification of

antibodies that can recognize targets only under physiological conditions, limiting the extension to
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which the antibodies can be functionalized and applied. Moreover, the aptamer selection process

can be manipulated to obtain aptamers that bind a specific region of the target and with specific

binding properties under different binding conditions. After selection, aptamers are produced by

chemical synthesis and highly purified by eliminating the batch-to-batch variation found when

using antibodies. In addition, by chemical synthesis, modifications in the aptamer can be introduced

that enhance the stability, affinity, and specificity of the molecules. Often, the kinetic parameters of

the aptamer-target complex can be changed for higher affinity or specificity. Another advantage

over antibodies can be seen in the higher temperature stability of aptamers; in fact, antibodies are

large proteins that are sensitive to temperature and can undergo irreversible denaturation. On the

contrary, aptamers are very stable; they can recover their native active conformation

after denaturation.

The primary limitation on the use of aptamers (mainly RNA aptamers) in bioanalytical methods

has been their nuclease sensitivity, which is very critical for their use in ex vivo and in vivo

applications [22]. However, it has been shown that the stability of such molecules can be improved

by chemical modification of the ribose ring at the 2 0-position [32].
Several authors have reported a direct comparison between aptamers and antibodies that are

specified for the same molecule when used as biorecognition elements in biosensors or biochips. An

anti-IgEDNA aptamer was comparedwith themonoclonal antibody for the samemolecule (IgE) in a

quartz crystal biosensor [33]. The two receptors were immobilized onto the gold surface of the sensor

following a similar procedure and sensitivity, specificity, and stability of the two biosensors were

compared. They both reached a detection limit of 0.5 nM for IgE, but the aptamer-based one showed a

10-fold extended linear range (Figure 6.2a), probably due to the better immobilization of the small

aptamer in a dense and well-oriented layer relative to the bigger antibody molecule. Moreover,

regeneration and recycling of the aptamer-based biosensor was possible in contrast with the antibody

layer. When examining the possible regeneration of the sensor, in the case of the antibody, the

receptor layer was probably damaged or irreversibly unfolded after regeneration and all the sub-

sequent injections of IgE resulted in reduced signals. In contrast, the anti-IgE aptamer tolerated

repeated cycles of regeneration and binding with little loss of sensitivity (Figure 6.2b). A similar

comparison has been performed on a piezoelectric biosensor using anRNAaptamer specific forHIV-

1 Tat protein and the corresponding monoclonal antibody [34]. In this case, an extended linear range

was obtained with the antibody, but the aptamer-based sensor exhibited better sensitivity. The

reproducibility of the two sensors was comparable and a good specificity was observed with both

of the receptors.

To determine whether aptamers exhibit a specific affinity that rivals antibodies, the individual

rupture force of IgE-anti IgE monoclonal antibody was compared to that of IgE-anti IgE aptamer by

atomic force microscopy (AFM) [35]. IgE was immobilized on the AFM tip and the modified tip

was used to measure the interactions with different substrates modified with the aptamer or the

antibody under the same experimental conditions. The average rupture forces of IgE-aptamer and

IgE-antibody were calculated and compared. Comparing the results obtained from the same AFM

tip revealed that the rupture forces for the aptamer were always larger than those of the IgE-

antibody interaction. These results revealed the high affinity of the aptamer for the protein that

can even surpass that of the antibody for the same molecule.

Besides antibodies, the selection process itself, with the amplification step, gives some advan-

tages to aptamers with respect to other nonnatural receptors, such as oligopeptides, that cannot be

amplified during their selection procedure.

6.4 APTAMER IMMOBILIZATION SCHEMES

The procedure to fix the aptamer to the biosensor/bioanalytical device surface is of paramount

importance to obtain an ordered layer that is able to exploit the flexibility of the bioreceptor as much
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as possible without altering its structure and its affinity for the target molecule. Aptamers can bind

to their targets with high affinity and they can discriminate between closely related targets [31].

This is due to the adaptive recognition: aptamers, unstructured in solution, fold upon associating

with their molecular targets into molecular architectures in which the ligand becomes an intrinsic

part of the nucleic acid structure. The immobilization of the aptamer on a solid support must avoid

any steric hindrance or constraint that could prevent the folding of the aptamer in the

correct conformation.
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FIGURE 6.2 An aptamer-based biosensor for the detection of IgE. (a) Calibration plot for IgE; comparison

between two different IgE-binding aptamers and the anti-IgE antibody. (b) Sensorgram for different binding/

regeneration cycles between the aptamer and IgE (regeneration with EDTA 50 mM). (From Liss, M., Petersen,

B., Wolf H., and Prohaska, E., Analytical Chemistry, 74, 4488, 2002.)
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Usually, the aptamer molecule (RNA and DNA) is immobilized via a modifying molecule

present at the 3 0 or the 5 0 end: the most frequent modifications are a thiol [36–39], or an amino
group [35,40] or a biotin molecule [41–43]. A beacon aptamer-based biosensor has been developed

by Bang et al. [44] to detect thrombin via an electrochemical method by using the amino-group

modification. Beacon aptamers are single-stranded oligonucleotides containing a short stem and a

loop region. The short stem structure, possessing a complementary sequence at both ends of the

beacon aptamer, can be used as a transducing element because upon aptamer-target-molecule

binding, the broken stem structure leads to changes in the vibrational energy of the fluorescent

tagging or intercalating molecules at the stem structure. Gold electrodes were modified with a

beacon aptamer fixed at the 5 0 end via a linker containing a primary aliphatic amine. The authors
demonstrated the high specificity of the sensor, the possibility of regeneration, and a detection limit

for the protein of 11 nM. The interaction between streptavidin and a 5 0 or 3 0 biotinylated aptamer is
one of the most widely used immobilization protocols in the development of different biosensors

and/or other bioanalytical techniques.

An aptamer-based biosensor array for multiplex analysis of proteins has been developed using

5 0-biotinylated aptamers specific for several proteins with relevance to cancer (inosine mono-
phosphate dehydrogenase (IMPDH), vascular endothelial growth factor (VEGF) and basic

fibroblast growth factor (bFGF)) [45]. Fluorescence polarization anisotropy was used for solid-

phase measurements of target–protein binding. The dissociation constant, kd, for the target–sensor

interaction (kdZ15 nM) was similar to that from solution-phase experiments (kdZ26 nM),

suggesting that the immobilization of the aptamer did not affect its functionality. The same

immobilization technique was adopted in a recent work on aptamer-based arrays published by

Ellington and coworkers [46]. The authors report the adaptation of a chip-based microsphere

array (the electronic taste chip) to aptamer receptors. The system was composed of a flow cell

connected to a fast-performance liquid chromatograph pump and a fluorescence microscope for

observation. The flow cells contained silicon chips with multiple wells in which beads modified

with the sensor elements were deposited. Commercially available streptavidin agarose beads were

modified with 5 0-biotinylated aptamers; RNA anti-ricin aptamers were used to demonstrate the

possibility of quantifying the labeled protein. A sandwich assay format was also optimized using

anti-ricin antibodies, to directly detect the unlabelled protein. In the assay, the aptamer was bioti-

nylated during transcription by introducing biotinylated dinucleotides into the reaction mixture.

After immobilization, the aptamer was put in contact with the solution containing fluorescently

labeled ricin. The fluorescence intensities of the captured proteins were used to construct a cali-

bration plot for ricin and a detection limit of 8 mg/mL was calculated. The estimated kd of the

aptamer–protein complex was 1.24 mM, higher than the previously reported kd (7.4 nM) [47]. In the
sandwich assay, the anti-ricin aptamer acted as a capture reagent and unlabeled ricin bound to the

aptamer could interact with a fluorophore-labelled antibody that served as a reporter. A detection

limit of 320 ng/mL was achieved in this format with high selectivity, as demonstrated by the

absence of a fluorescence signal from negative controls lacking ricin. The sensor was reusable

after denaturation and removal of the bound protein with a washing solution containing 7 M urea.

In 2002, Liss et al. [33], in developing a quartz crystal biosensor designed to detect IgE,

compared the immobilization of a 5 0- or a 3 0-biotinylated aptamer with a protocol based on the
use of an amino-modified IgE-specific aptamer. The biosensors modified by coupling 5 0- or 3 0-
amino-modified aptamers to 3,3 0-dithiodipropionic acid di(N-succinimidyl ester) (DSP) activated
surfaces, were specific for IgE, but they were not as sensitive as the antibody-based sensors or the

biotinylated aptamer-based sensor. On the contrary, both the 5 0- and the 3 0-biotinylated aptamers
showed better specific and sensitive target binding. Moreover, a dissociation constant of 3.6 nM

was found for the aptamer that was extended both at the 5 0 and the 3 0 ends by adding a GCGC
sequence with respect to the original aptamer (kdZ10 nM).

The 5 0-modified aptamer-coated biosensor was also demonstrated to specifically detect IgE in
complex protein samples, such as low-fat milk, meat extract, and brain–heart bouillon.
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A detailed study on the effect of the aptamer immobilization on an enzyme-linked aptamer

assay (ELAA) was performed by Baldrich et al. (2004) [48] by using four variants (Table 6.1) of a

biotinylated thrombin aptamer. An additional 6C-linker was included or not in 3 0- and 5 0-biotiny-
lated aptamers to study the effect of this spacer arm on the flexibility of the aptamer. Immobilization

through the 3 0 end improved the thrombin binding relative to immobilization via the 5 0 end. The
authors suggested that this could be due to the interference of the 5 0 modification with the correct
folding of the aptamer and to the improved stability of the 3 0-modified aptamer. Addition of a linker
correlated with improved target binding in both cases, probably due to the decrease of steric

hindrance resulting in a better folding and target recognition. The same results were obtained

when performing a competitive assay using the same four variants. The highest sensitivity (5.2!

10K5 AU/nM) and the best detection limit (2 nM) were obtained when using the 3 0-biotinylated
aptamer with the spacer arm.

Some recent works report the use of this immobilization protocol for the development of

biochips (arrays) and stationary phases. In particular, a lysozyme-specific aptamer with biotin at

the 5 0 end was immobilized on streptavidin-coated magnetic beads and used with an electro-
chemical approach (chronopotentiometric stripping measurements) of the captured target

molecule with a detection limit of 7 nM [49]. RNA aptamers specific for the same target molecule,

lysozyme, were also spotted on streptavidin-coated microarrays slides. In this case, they were

directly transcribed with biotinylated-guanoside 5 0-monophosphate to produce 5 0-biotinylated
molecules. A detection limit of 70 fM was obtained in this case and the microarray retained the

specificity for the target protein of a 10,000-fold excess of T-4 cell lysate protein [50].

A biotinylated anti-L-arginine D-RNA aptamer was also used as target-specific chiral stationary

phase and employed in an HPLC system [51]. Usually, when dealing with biotinylated aptamers, a

thermal treatment of the molecule is applied before immobilization to unfold the aptamer strand and

make the biotin label available for the interaction with streptavidin; this can also be used to unfold

existing 3D structures that can interfere with the target binding. The thermal treatment usually

consists of the incubation of the aptamer at high temperature, followed by rapid cooling in ice to

block the molecule in its unfolded structure [52]. A thermal treatment (908C for 1 min, in ice for

10 min) was applied to the RNA aptamer specific for HIV-1 Tat protein before its immobilization

on piezoelectric quartz crystals [34]. A lower experimental detection limit (0.25 ppm) was obtained

with respect to the biosensor with the nontreated aptamer and the reproducibility was improved,

without altering the specificity of the system. A similar treatment (958C for 3 min, chilling in ice)

was applied to a biotinylated anti-IgE DNA aptamer for the development of another piezoelectric

biosensor [33]. No comparison to the same biosensor with a nontreated aptamer was reported.

Other authors reported a slightly different treatment involving heating the aptamer at 708C or

858C and then slowly cooling it to room temperature to allow the molecule to fold into its active

conformation. This treatment (708C) was used with biotinylated RNA aptamers specific for

TABLE 6.1
Variants of the Thrombin-Binding Aptamers Used in the Development of an

ELAA (Enzyme-Linked Aptamer Assay)

Thrombin Aptamer Variants Aptamer Sequence

5 0-biotinylated with spacer 5 0-biot-6C-GGTTGGTGTGGTTGGT
3 0-biotinylated with spacer GGTTGGTGTGGTTGGT-6C-biot-3 0

5 0-biotinylated without spacer 5 0-biot-GGTTGGTGTGGTTGGT
3 0-biotinylated without spacer GGTTGGTGTGGTTGGT-Biot-3 0

Source: From Baldrich, E., Restrepo, A., and O’Sullivan, C. K., Analytical Chemistry, 76, 7053, 2004.
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lysozyme before their immobilization onto streptavidin-coated microarray slides [50] or onto

micromachined chips for an electronic tongue sensor array [46]. Brumbt et al. [51] treated an

anti-arginine RNA aptamer at 858C before its immobilization for the development of a chiral

stationary phase. A very interesting study has been conducted and reported on this subject by

Baldrich et al. [48], who examined the effect of aptamer denaturation with a thrombin-specific

DNA aptamer to be immobilized on streptavidin-coated plates for a direct enzyme-linked aptamer

assay. The assay was conducted with plates modified with the aptamer with and without a thermal

treatment before its immobilization (948C for 10 min, rapid cooling in ice) and the results were

compared in terms of target binding. According to this comparison, aptamer denaturation did not

improve the efficiency of the assay, suggesting that the aptamer adopts the same folding before and

after the denaturation and that the presence of thrombin promotes a certain folding. They suggested

that this denaturation treatment may be necessary in other cases when, unlike the thrombin aptamer,

the molecule is known to adopt very stable conformations that compete with a less stable structure

needed for target binding.

An alternative to the immobilization method based on the biotin/streptavidin interaction can be

found in the modification of the aptamer by a thiol group at one of the two ends. Savran et al. [53]

employed a thiol-modified aptamer specific for Thermus aquaticus (Taq) DNApolymerase, immobi-

lized on the surface of a cantilever for a micromechanical detection of the protein. By using

interferometry, the differential bending between this cantilever and a reference cantilever modified

with a nonspecific sequence was determined. The system was characterized in terms of sensitivity

performing binding experiments at seven different Taq concentrations; a kd of 15 pMwas calculated.

Recently, a 5 0-thiol-modified aptamer specific for human IgE mixed with cysteamine to create a

hybrid modified layer has been immobilized on an array of electrodes and used in an electrochemical

impedance spectroscopy method [54]. The same electrodes were examined by atomic force

microscopy (AFM) after the immobilization of the aptamer and the binding of the target. AFM

images demonstrated that IgE could specifically bind to the aptamer and stand above the monolayer

surface. All these researchworks, centered on aptamer-based bioanalytical methods created by using

several different immobilization protocols, suggested that the procedure to fix the aptamer to the solid

surface should be studied and optimized for each different aptamer. This demonstrates that the

properties of the aptamer have a strong influence on the sensor/assay performance and should be

taken into account each time a new aptamer is used for an analytical application [48].

6.5 APTAMER-BASED ASSAY PROTOCOLS

6.5.1 APTAMER-BASED DETECTION OF PROTEINS

The advancement in the use of protein-specific aptamers, together with the identification of impor-

tant medical marker proteins, could facilitate the development of new bioanalytical methods to be

applied in proteomics and the detection or treatment of diseases.

A great amount of RNA or DNA aptamers have been selected currently against specific

proteins, some of which are reported in Table 6.2 [4,5,24,43,55–69]. In the following sections,

several protocols that have been optimized for the aptamer-based detection of proteins are reported.

6.5.1.1 ELONA—Enzyme Linked Oligonucleotide Assay

The use of ELONA was patented by NeXstar Pharmaceuticals (now Gilead Sciences) and applied

to the detection of human VEGF, a protein secreted by tumors that generates the growth of new

blood vessels [60]. The system followed one of the possible formats that can be exploited in

ELONA or mixed ELISA/ELONA assays [8] (Figure 6.3a). The format consists of the use of

antibodies as capture molecules and labeled aptamers against the antibody–analyte immunocom-

plex as reporter molecules. Anti-VEGF monoclonal antibody was immobilized onto microtiter
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plates and then reacted with samples containing different amounts of VEGF. Fluoresceinated anti-

VEGF RNA aptamers were bound to the captured VEGF and then reacted with anti-fluorescein

antibodies conjugated with alkaline phosphatase for a chemiluminescent signal transduction. Stan-

dard solutions of VEGF in the concentration range of 31–8000 pg/mL were detected and the assay

was able to detect VEGF in human serum with results similar to a standard antibody-based ELISA.

A similar mixed assay has been presented for the detection of thrombin using a hybrid immu-

nobead aptamer test [70]. Also in this case, the aptamer has the function of detection reagent.

Immunomagnetic beads were coated with anti-thrombin antibodies and reacted with an incubated

mixture of thrombin to be detected and the anti-thrombin 5 0-biotinylated DNA aptamer. Europium-

labeled streptavidin was finally added to the beads and the reaction was read by time-resolved

TABLE 6.2
Selected Protein-Binding Aptamers

Target Protein Type of Aptamer Reference

Thrombin DNA 4,55

IgE DNA 5

NF-Kb RNA 56,57

Lysozyme DNA 24

HIV-1 Tat protein RNA 58,59

Vesicular endothelial growth factor (VEGF) RNA 60

CD4 antigen RNA 61

HIV-1 gag protein RNA 62

L-selectin DNA 63

Iron regulatory protein (IRP) RNA 64

HIV-1 rev protein RNA 65

SelB E. coli protein RNA 66

Platelet-derived growth factor (PDGF) DNA 67

Colicin E3 RNA 68

Thyroid transcription factor (TTF1) DNA 43

Acetylcholine receptor RNA 69

Labelled aptamer

Labelled antibody

Labelled aptamer (II)

Target Target

antibody aptamer

Target

aptamer (I)

(a) (b)

(c)

FIGURE 6.3 Different formats for enzyme linked oligonucleotide assays (ELONA). (a) The antibody is

immobilized onto a solid support and employed as capture molecule; the labeled aptamer is the reporter

molecule. (b) The aptamer is the capture reagent and the labeled antibody is the reporter molecule. (c) The

aptamer (two different or the same) is employed as both capture and, after its labeling, as reporter molecule.
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fluorescence. The immunofluorometric aptamer assay showed sensitivity for thrombin within the

physiological parameters. Very important parameters were illustrated when developing such an

assay. The authors tested different traditional 96-well assay formats using the same aptamer and the

same detection principle, but a good sensitivity could be observed only in a very specific format

with the formation of the aptamer–thrombin complex in solution. This could be related to possible

general limitations in the use of aptamers in classical 96-well format tests, but it could also be due to

more specific problems connected to the thrombin aptamer or to aptamers with similar structural

motifs. These findings demonstrate that some aptamers could be more susceptible to assay con-

ditions than the corresponding antibody or other aptamers; the results also confirmed that the

protocol employed when using aptamers in such assays should be carefully studied and that

optimal operating conditions could be different from one aptamer to another [13,48,70].

In this regard, a very interesting systematic evaluation has been reported on the parameters

affecting the performance of the ELONA (here called ELAA—enzyme linked aptamer assay)

tests [48]. Different assay formats using a thrombin-specific aptamer were examined together with

the effect of several parameters such as pH, incubation time, temperature, and aptamer denaturation

(discussed in Section 6.4). The mixed antibody–aptamer sandwich assay was tested in the direct, the

indirect, and the inverse format. In the indirect sandwich format, the thrombin-binding aptamer was

immobilized onto streptavidin-coatedmicrotiter plates and the captured thrombinwas recognized by

a sheep anti-thrombin antibody and detected by an anti-sheep antibody labeled with horseradish

peroxidase (HRP). In the inverse format, the antibody was immobilized and the captured thrombin

was revealed by the HRP-labeled aptamer. Good results were obtained with both the direct and

indirect assays with a detection limit for thrombin below 1 nM, but a very high LOD was obtained

with the inverse format. An LOD of 3.5 nM could be reached only with a preincubation step of the

protein with the aptamer before being added to the immobilized antibody. A competition assay was

also performed that was based on the immobilization of the aptamer with binding of labeled and

nonlabeled thrombin. A higher LOD (2–9 nM) was observed respect to the other assays.

For all these assay formats [48] the best performances were obtained when the aptamer was

immobilized through its 3 0 end (see discussion on this subject in Section 4 of this review). HEPES
10 mM, pH 8.0 was found to be the optimal working buffer and no influence was observed by the

absence or presence of KC in the solution. A decreased binding efficiency was instead observed

following addition of NaC or Mg2C to the KCl-containing buffer.

6.5.1.2 Aptasensors

The application of aptamers as biocomponents in biosensors offers a multitude of advantages over

classical affinity sensing methods based on antibodies. The advantages include the possibility of

easily regenerating the function of immobilized aptamers, their homogeneous preparation, and the

possibility of using different detection methods due to easy labeling [7–9,12]. The advantages of

aptamers as recognition element for biosensing have been presented in conjunction with colori-

metric methods [71], acoustic waves [33,34,72,73] and surface plasmon resonance [74,75]

transduction. These applications have been extensively reviewed [9,10,12], but very little infor-

mation has been reported about aptamer-based sensors with electrochemical transduction, which

will be examined in the following section.

6.5.1.3 Electrochemical Aptamer-Based Protein Detection

Electrochemical transduction is a relatively new method employed in aptamer-based bioanalytical

procedures. Several advantages of this method have been presented, especially those related to

proteome analysis and to the possibility of fabrication of integrated systems such as microarrays

[76]. One of the first aptamer-based electrochemical sensors has been reported by Ikebukuro et al.

[76] in a sandwich assay format for the detection of thrombin (Figure 6.3c). The possibility of
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detecting this protein in a sandwich test is related to the existence of two thrombin aptamers that

bind the protein in different positions [4,55]. In this assay, one of the aptamers (15-mer, thiol-

modified at the 5 0 end) was immobilized onto gold electrodes and the other aptamer (29-mer) was
used for the detection after its labeling with pyrroquinoline quinine glucose dehydrogenase

((PQQ)GDH). The electrochemical signal was generated upon the addition of glucose. A linear

relationship between the current and thrombin concentration was observed in the range 40–100 nM

and the lower detection limit was 10 nM. The same target protein (thrombin) has been detected

using the specific aptamer and other electrochemical methods, such as the measurement of the

charge consumption from the electrode covered by a DNA thrombin-specific aptamer to an electro-

chemical indicator (methylene blue, MB), bound to the protein [77]. The MB electrochemical

marker has also been used with a beacon-type aptamer biosensor for thrombin detection [44]. In

this case, the 5 0-amino-modified beacon aptamer was fixed onto the surface of gold electrodes and
MB was intercalated into the beacon sequence. The binding of thrombin causes a conformational

change of the aptamer and the release of the intercalated MB with a decrease in the current

intensity. A detection limit for thrombin of 10 nM was achieved by both of the proposed methods.

Impedance spectroscopy represents another electrochemical technique that has been used

combined with the thrombin-binding aptamer [78]. The 5 0-thiol-modified aptamer was immobilized
onto thin-film gold electrodes and the formation of the aptamer–protein complex was detected via

monitoring the changes in interfacial electron transfer resistance of electrochemical impedance

spectroscopy. A lower detection limit for thrombin was achieved with this technique, 0.1 nM, with

a detection range spanning three orders of magnitude (pM–mM).
Another label-free electrochemical method has been recently presented by Kawde et al. [49].

The detection of lysozyme has been achieved by combining the protein-specific aptamer immobi-

lized onto magnetic particles in combination with the electrochemical measurement of the captured

protein (oxidation of tyrosine and tryptophan residues) (Figure 6.4). This reagentless label-free

detection cannot be accomplished with traditional immunoassays due to the presence of the elec-

troactive residues both in the target protein and in the antibody. This method has been presented as

an alternative technique for the development of protein biochips.

6.5.2 APTAMER-BASED DETECTION OF SMALL MOLECULES

Aptamers that recognize small molecules are increasingly applied as tools in bioanalytical methods

[79]. The plethora of aptamers that have been selected to complex molecules of low molecular

weight leads to the possible use of these aptamers not only in diagnostic assays, but also with a

wider range of applications, such as environmental analytical chemistry. Some of the small

molecules for which aptamers have been selected are reported in Table 6.3 [71,80–101].

Small-molecule-binding aptamers have been used in affinity chromatography as a stationary

phase for retaining and separating the target molecule from complex samples. An anti-adenosine

DNA aptamer was evaluated as a stationary phase and adenosine was successfully monitored in

microdialysis samples [81]. Up to 6 mL of 1.2 mM adenosine could be injected onto a 7 cm-long

column (I.D. 150 mm) without loss of adenosine and a detection limit of 30 nM was achieved. The

robustness of the stationary phase (at least 200 injections) demonstrated that such columns could be

used for chemical monitoring and for high-throughput analysis.

Many other works are related to bioanalytical aptamer-based methods with a colorimetric,

fluorescence, or luminescence transduction. Stojanovic and Landry [71] used an aptamer specific

for cocaine to develop a colorimetric probe for this molecule. A pool of 35 different dyes was first

screened to examine their binding to the aptamer in the presence or absence of cocaine. One of

these dyes, diethylthiotricarbocyanine iodide, was chosen to construct the colorimetric sensor.

After incubation of the dye with the aptamer, cocaine addition caused a displacement of the dye

with an attenuation of absorbance proportional to the concentration of the added cocaine (Figure 6.5).

No change in the visible spectra of the aptamer-dye complex was observed upon addition of cocaine
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Anti-lysozyme aptamer
on magnetic bead

Selective binding of the
target protein (lysozyme)

Alkaline-induced release
of the captured protein

Electrochemical detection
of the released protein

FIGURE 6.4 Electrochemical aptamer-based detection of lysozyme. The protein specific aptamer is immobi-

lized onto magnetic particles serving as capture reagent. After alkaline-induced release of the captured

lysozyme, the electrochemical measurement is accomplished by detecting the oxidation of tyrosine and

tryptophan residues of the released protein. (From Kawde, A., Rodriguez, M.C., Lee, T.M.H., and Wang,

J., Electrochemistry Communications, 7, 537, 2005.)

TABLE 6.3
Selected Small-Molecule-Binding Aptamers

Target Molecule Type of Aptamer Reference

Adenosine DNA 80,81

Cocaine DNA 71,82

Aromatic amines (methylenedianiline) RNA 83

Chloroaromatics (4-chloroaniline, 2,4,6-

trichloroaniline, pentachlorophenol)

DNA 84

ATP DNA 85,86

Theophyllin RNA 87,88

Arginine RNA 89,90

Neomycin RNA 91,92

Flavin mononucleotide FMN RNA 93,94

Streptomycin RNA 95

Tetracycline RNA 96

Biotin RNA 97

Organic dyes DNA 98

Moenomycin A RNA (modified) 99

S-adenosylhomocysteine RNA 100

Dopamine RNA 101
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metabolites such as benzoyl ecgonine, indicating a high selectivity of the colorimetric probe. The

demonstrated ability of these receptors to undergo visible changes upon recognition of their ligands

in this simple assay could result in the development of very simple and inexpensive colorimetric

analytical methods, including spot tests for small molecules.

Another small-molecule detection method based on aptamers [86] has been reported as an

extension of a previously reported method for the detection of proteins. The method was based

on aptamers and a DNA molecular light-switching complex, [Ru(phen)2(dppz)]
2C, and applied to

the detection of ATP as a model target. [Ru(phen)2(dppz)]
2C has no luminescence in aqueous

solution but exhibits strong luminescence when intercalating into the nonaqueous pocket of DNA

duplex. The complex can intercalate into the folded aptamer and luminesce. The binding of the

target molecule to the aptamer changes its conformation, leading to a change in luminescence. The

selectivity of the method has been tested by comparing the luminescence changes due to the binding

of ATP and other ATP analogues such as UTP, CTP, and GTP. The three analogues failed to cause a

significant change in luminescence at all tested concentrations. Titration of ATP was also carried

out and a detection limit of 20 nMwas achieved, which resulted in comparable or better results with

respect to other ATP detection assays [85].

The development of aptamer-based arrays would represent a great advance, especially in

diagnostics and in metabolomic studies. A prototype RNA array was presented to detect, in parallel,

different analytes in complex mixtures and provide a chemical fingerprint of the sample [94]. Seven

RNA switches were used to construct an array for the detection of Co2C, 3 0,5 0-cyclic guanosine
monophosphate (cGMP), 3 0,5 0-cyclic cytosine monophosphate (cCMP), 3 0,5 0-cyclic adenosine
monophosphate (cAMP), flavin mononucleotide (FMN), and theophylline. The resulting array

was able to detect the different analytes in complex mixtures and also to characterize different

E. coli strains by detecting naturally produced cAMP in bacterial culture media.

6.6 CONCLUSIONS

Aptamers have been presented as a valid alternative for biorecognition elements in bioanalytical

methods. The main aspects related to their selection through the SELEX protocol have been

evidenced, focusing mainly on those parameters, such as the complexity of the library and the

chemistry of the nucleotides, that can highly influence the result of the selection. Aptamers can be

considered to have several advantages with respect to antibodies, such as overcoming of the use of

animals for their selection and production. Moreover, when comparing aptamers and other biomi-

metic molecules, such as oligopeptides, the possibility of amplification during the selection process

represents an important benefit.

Dye

Target

Aptamer

+

FIGURE 6.5 Scheme of an aptamer-based assay for the detection of cocaine. After incubation of a specific dye

with a cocaine-binding aptamer, cocaine addition causes a displacement of the dye with an attenuation of

absorbance proportional to the concentration of the added cocaine. (From Stojanovic, M. N. and Landry,

D. W., Journal of the American Chemical Society, 124, 9678, 2002.)
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In this review, several applications based on aptamers have been reported, focusing on the

parameters that need to be optimized when developing such assays (i.e. immobilization protocols,

etc.). Different bioanalytical methods based on aptamers have been considered both for the detec-

tion of proteins or small molecules. From the examination of the different protocols employed in

such assays, one important point must be emphasized: the nature, conformation, and sequence of

each aptamer should be carefully considered because optimal working conditions can remarkably

vary from one aptamer to another.

If all these important findings, together with the shortening of the time required for the selection

process, are taken into consideration, aptamers can actually represent the alternative for the

development of bioanalytical methods with the possibility of producing new multianalyte

aptamer-based arrays.
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7.1 INTRODUCTION

In recent years, molecular imprinting technology [1–16] has achieved great success in the recog-

nition and detection of chemically and biologically important substances from inorganic [17–19]

and organic compounds [20–24], toxins [25–27], proteins [28–33], and viruses [28,34–35] to

microorganisms [36–39]. This technology offers a cheap, robust, and versatile platform, thus

proven to be the best alternative recognition elements for biological receptors in sensor construction.

Especiallywhen there is not a biological recognition component available for the targetmolecule, the

imprinted polymer is the only solution. Molecularly imprinted polymers (MIPs) are prepared by

polymerization of functional monomers in the presence of a molecular template. The elution of the
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template results in cavities that are complementary in size, shape, and chemical functionality with

the template. These complementary cavities allow rebinding of target molecules with a high

specificity, sometimes comparable to that of antibodies [40]. MIPs are currently attracting

growing attention in sensor development because of the successful utilization of both the enthalpic

and the entropic contributions of the binding process [15].

Although a large variety of molecular imprinted polymer-based sensors are now under active

investigation [41–60], this technique suffers from certain inherent limitations that may stem from

the fact that the transduction mechanism is still separated from the binding, whereas in natural

processes, both recognition and transduction are integrated, e.g., in the function of an ion channel in

a natural membrane. Besides, most of the imprints in a bulk polymer are not accessible even with

the use of a porogen. It has been observed that only 15% of the cavities formed during imprinting

could be reoccupied upon rebinding of template molecules [8]. It also takes a longer time for the

target to be captured by those imprints deeply buried inside the polymer. This would result in a final

sensor with a slow response. Therefore, the mimicking of nature by combining the recognition and

transduction by imprinting the templates directly on the surface of a transducer (surface imprinting)

might address aforementioned obstacles and fulfill the principle of a sensor. Surface imprinting

technique could produce the imprints at or close to the surface of the imprinted materials. When a

surface imprinting was carried out on the surface of a transducer, such an integrated sensor

construction would more closely resemble a natural sensing process.

In this chapter, the discussion will only focus on this group’s recent achievements in surface

imprinting and sensors based on surface imprinted polymers (SIP). The development on of MIP

technology can be found in recent reviews [41,50,52–87].

7.2 HISTORY OF SIPS

Sagiv [88] first reported surface imprinting by self-assembled monolayers of alkylsiloxanes to form

molecular recognition sites. Mixed monolayers formed onto polar surfaces from anhydrous organic

solutions. One of the components, e.g., a fatty acid, is physically adsorbed, whereas the other

component (the silane) is covalently bonded to solid polar substrates [88–90]. The covalent poly-

siloxane monolayer-surface binding with intralayer cross-linking was shown to result in an unusual

mechanical, chemical, and electrical stability [91]. Furthermore, the silane monolayers were shown

to be perfectly stable under conditions that may cause a major deterioration of the structure of fatty

acid films [92].

The fact that the mixed monolayers contained both physisorbed and chemisorbed components

made the removal of the physisorbed components possible. It was proposed that the resulted

skeleton monolayers have holes of molecular dimensions that may be used for free adsorption

sites. For exploring this opportunity, the mixed monolayers were formed in the presence of surfac-

tant dyes that were only physically adsorbed on the substrate surface in contrast to the monolayers

that were covalently linked. The dye molecules were washed away, leaving holes in the polymer-

ized silane network [90]. The initial size and distribution of holes in the skeletonized monolayer

were preserved because of the covalent bonding of the octadecyltrichlorosilane (OTS) molecules to

the surface of the substrate [93]. This experiment can be considered as the first successful surface

molecular imprinting experiment.

Tabushi et al. have applied this concept to imprint alkanes in the aforementioned mixed

monolayers [94,95]. In their studies, they used n-hexadecane as the template and implanted the

templates with the OTS molecules on a SnO2 electrode surface. The formed monolayer was able to

sense molecules with alkyl tails, indicating the presence of the space induced by the templates. This

application confirmed the recognition components, but it did not take advantage of the molecular

imprinting technology. The detection of the affinity binding by guest recognition was exemplified

by Mosbach et al. using ellipsometry for the binding measurements [96]. Kallury [97] followed

DK9421—CHAPTER 7—14/11/2006—15:57—SRIDHAR—15336—XML MODEL C – pp. 167–186

Immunoassay and Other Bioanalytical Techniques168



Tabushi’s work of surface imprinting in two-dimensional octadecylsilyl (ODS) films against hexa-

decane to study the interaction between resulting cavities and analytes, e.g., steric acid

octadecylamine by reflectance Fourier transform infrared spectroscopy, ellipsometry, and x-ray

photoelectron spectroscopy. The results provided the evidence of the active surface-containing

cavities left by hexadecane bound with the hydrophobic tails incorporated in the film and the

polar head-groups-up oriented away from the surface. Similar studies have been applied to

prepare recognition sites for porphyrin [98], amino acids, nucleotides, cholesterol [99], and

1,2-epoxydodecane [100].

Formation of organic monolayers such as adsorption of alkanethiols on gold has been used to

develop a sensor containing two-dimensional molecular recognition sites composed of multiple

chemical species. A photochemically imprinted sensor for 6-[(4-carboxymethyl)phenoxy]-

5-12-naphthacene quinine, trans-quinine, has been reported by self-assembled monolayer (SAM)

[101]. This method was based on the self-assembly of trans-quinone photoisomerizable monolayer

with 1-tetradecanethiol onto a gold surface. Photoisomerization of the trans-quinone monolayer

produced the ana-quinone. Thereafter, the ana-quinone could be photochemically removed, and

it could generate molecular recognition sites in a monolayer array for the trans-quinone. Mirsky

[102] has reported a comparatively simple, yet effective, way of using a spreader bar approach to

generate molecular recognition sites for barbituric acid by co-adsorption of thiobarbituric acid and

dodecanethiol onto a gold substrate. Without removal of the incorporated thiobarbituric acid, the

artificial chemosensor generated a high selectivity for barbituric acid, a molecule of similar shape to

the spreader bar. The template cannot be moved without destroying the SAM layer. Recently, a

SAM MIP sensor for L-serine [103] has been constructed by self-assembling of L-cysteine and

L-serine onto the surface of gold microelectrodes. After removal of the template by 10 mM HCl,

the imprinted SAM films presented moderate enantioselectivity and sensitivity towards L- and

D-serine.

Conducting polymers could be very promising materials for molecular imprinting as

conducting polymeric films can be grown adherently onto the surface of electrodes with any

shape and thickness. Moreover, the resulting polymer could be a three-dimensional network of

intrinsically conducting macromolecular wires to communicate between polymer and transducer

when there is a reaction happening within the polymer backbone [104]. The conducting polymer

possesses a memory effect for the anions of the electrolyte used in the preparation process [105,106].

An electrochemically mediated imprinting method to imprint nitrate into polypyrrole was described

by Hutchins et al. [107]. This approach was based on the polymerization of pyrrole in the presence

of NaNO3 with pores complementary to the size of the target analyte ions. The resulted sensor

exhibited a high selectivity for nitrate over other anions. However, the resulting nitrate template

was not washed out from the polymer, and whether the polymerized film retained its host cavity was

not investigated. Polypyrrole has been employed to imprint charged and neutral species such as

caffeine and amino acids [108–111]. These templates were removed from polypyrrole by dedoping

via overoxidization [108,109] or phosphate buffer (pH 7.0) [112]. The over-oxidized film lost its

conductivity, but it displayed good ionic conductivity and high recognition ability. Poly(o-pheny-

lenediamine) (PPD) has been employed to imprint neutral templates of glucose and sorbitol

[113,114]. Yu [22] described a novel way to preserve the imprinted cavity shape by self-assembling

of 2-mercaptobenzimidazole (2-MBI) onto the surface of gold substrate before electropolymerizing

and employing electropolymerized molecularly imprinted polymer as a conducting macro-

molecular wire to produce a sensor device. The observation that the sensor could only retain

50% of the original response after 10 days storage suggested that even a covalently bound

conducting polymer at the surface of a substrate could not provide long-term stability to the

sensor. More recently, Liao [115] used a chiral histidine as the template to introduce enantiore-

cognition sites into the electropolymerized polyacrylamide membranes on Au or Au-coated quartz

crystal electrodes. The electrodes can selectively rebind their corresponding template molecules but

produced different frequency output when exposed to same amount of histidine entiomers.
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The observations of Sagiv and coworkers could only create specific geometrical features to

molecules with ODS film that could be physically adsorbed on polar solid surface, e.g., surfactant.

This feature limits further application of this method. The molecularly imprinted SAM and elec-

trosynthesized MIPs seem to fulfill the criterion of surface imprinting, but none of them could be a

generally applicable approach to target molecules with various properties. Therefore, it is extre-

mely important to establish a method that could be applicable to various molecular structures.

7.3 SURFACE IMPRINTED ODS SENSORS

7.3.1 GENERAL PROCEDURE FOR SENSOR CONSTRUCTION

As shown in Scheme 7.1, an indium tin oxide (ITO)-coated glass electrode is used as a transducer

for electroanalytical detection. It is pretreated according to a literature method [88] to introduce

hydroxyl groups on the surface. Templates and a long chain silane molecule, OTS, are co-adsorbed

on the polar surface of ITO glass plates from the chloroform/carbon tetrachloride solution at room

temperature (208CG18C) for a period of time as shown in Scheme 7.1. OTS formed a thin film by

the formation of the covalent silicon-oxygen bond in the presence of template molecules. Recog-

nition cavities were created on the surface of ITO-coated glass plates upon removal of the

embedded template molecules with chloroform. The host structure can be designed at the molecular

level by carefully selecting the reaction conditions and parameters. Potentiometry was employed to

investigate the binding between cavities and target analytes. A potentiometer is simple, inexpen-

sive, portable, and easy to operate, making it promising in field detection.

Pretreatment:

OH OH OH
OH

OH
OH OH OH

Cl
Cl

Cl
Si

Surface adsorption and polymerization:

Oxidative hydrolysis
of the ITO surface

OTS molecules react with OH groups on the ITO
surface to form siloxane bonds, then polymerize
horizontally

Washing

Detection
[Conc.]/M

∆E
/m

V

Sensor

ITO ITO

ITO ITO

ITO

SCHEME 7.1 Schematic of the formation of molecular recognition sites on the surface of ITO substrate by

surface imprinting using an ODS matrix and their use in sensing with potentiometry.
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7.3.2 CHEMICAL SENSOR BASED ON SIPS

7.3.2.1 Chiral Electrochemical Sensor for the Enantiorecognition of Amino Acids

It is a great challenge to design electrochemical sensors to discriminate between enantiomers,

especially for amino acids, the essential substances in protein metabolism, as well as in pharma-

ceutical and food products. Current detection sensor systems without a separation process require

enzymes. The high specificity of enzymes guaranteed a high reliability of these sensors. However,

because of the presence of the biological components, such biosensors suffered with long-term

stability and irreversible deactivation at high temperatures or under harsh chemical environments.

Enantioselective recognition sites were generated on the ITO surface with one chiral isomer of

N-carbobenzoxy-aspartic acid (N-CBZ-Asp) (Scheme 7.2) as the template for the surface

imprinting technique. Such a sensor could recognize the isomer that had been used as the template

from the racemic mixture [116]. The coefficients of enantiomeric selectivity of the surface

imprinted sensors for the counter isomers were 0.004–0.009. The sensors translated the enantio-

selective recognition event into a potential change. Similar chiral sensors were also prepared for

glutamic acid and underivatized aspartic acid. An excellent detection approach was achieved

despite the fact that the amino acids all had a very poor solubility in the solvent used (CCl4/CHCl3).

7.3.2.2 Detection of Pesticides

Various pesticides such as pyrethroids are of environmental concern because of their acute toxicity

to many aquatic species and relatively long persistence in aquatic systems. Traditionally, analytical

methods for their detection require time-consuming sample preparation and sophisticated instru-

ments such as high-performance liquid chromatography (HPLC), capillary electrophoresis, and gas

chromatography [117–119]. The pyrethroid insecticides permethrin, cypermethrin, and deltame-

thrin are structurally similar compounds (Scheme 7.2). They are neutral, uncharged molecules,

MPA
O
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OH
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H

C

CN

CNCI

CI

Br

Br

CI

CI

O

O

O

O
O

O

O
O

O
O

O

PH3C

H3C H3C

DPA

N-CBZ-aspartic acid

Permethrin Deltamethrin

Cypermethrin

Glutamic acid

Aspartic acid

HOOC

HOOC

HOOC

HOOC

COOH

COOH

COOH

COOH

CH2

CH2

CH2

CH2

H

H

CH3 CH3

H3C CH3

NH2

NH2

CH2

N

SCHEME 7.2 Chemical structures of MPA, DPA, aspartic acid, glutamic acid, N-CBZ-Asp, permethrin,

cypermethrin, and deltamethrin.
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and they are not electroactive. Thus, pyrethroids are not supposed to be directly detected by any

electrochemical technique. However, by integration of surface imprinting and transduction,

potentiometric molecular sensors for these pyrethroids could be constructed (see Figure 7.3b and

Figure 7.4).

7.3.2.3 Detection of Nerve Agents

Chemical warfare agents such as Sarin (isopropyl methylphosphonofluoridate), Soman (pinacolyl

methylphosphonofluoridate), and VX (O-ethyl-S-2-diisopropylaminoethyl methylphospho-

nothioate) are among the most toxic of all known substances [120]. These and other toxic nerve

agents eventually degrade in the environment to methylphosphonic acid (MPA). Thus, small

portable devices that can quickly detect this compound are desirable. Using MPA as the template,

a selective, sensitive sensor for these nerve agents was developed based on a SIP approach [121].

7.3.3 BIOSENSOR BASED ON SIPS

7.3.3.1 Bacillus Spores Detection

A fast and cheap alarm system is extremely desirable for detection of biological warfare agents such

as Bacillus anthracis spores [122,123]. SIP technology perfectly matches this requirement. It is

well known that dipicolinic acid (2,6-pyridinedicarboxylic acid; DPA) is a major constituent of

bacterial endospores, comprising 5%–14% of their dry weight after extraction [124]. Thus, the

biomarker DPA was chosen as the template to produce a SIP sensor for DPA. The stable SIP layer

was advantageous when the sensor was used to analyze real-world samples [125].

7.3.4 PROPERTIES OF ODS SURFACE IMPRINTING

OTS has been used to octadecylsilylate materials having surfaces with hydroxyl groups such as

silica in high-performance liquid chromatography. The silanized layer provides hydrophobicity to

those stationary phase materials to prevent the interaction with polar analytes [126–129]. However,

ionic molecules could be inserted within it because the ionic molecules were in a low polarity

medium [116]. Furthermore, the templates are not necessary to be surfactants in SIPs as required in

Sagiv’s observation [88]. The imprinted molecules can be any molecules, including small

molecules, for example, methylphosphoric acid (MPA) [121], aspartic acid (Asp) [116], glutamic

acid (Glu) [116], dipicolinic acid (DPA) [125], to N-CBZ-Asp [116], permethrin, cypermethrin, or

deltamethrin as shown in Scheme 7.2. However, these templates cannot be adsorbed on the surface

of the ITO film. Therefore, the only possibility is that the templates were entrapped within the ODS

film when OTS was polymerized and chemically bound to the ITO surface. Thus, the interaction

between OTS and the template molecule might be only hydrophobic interaction because the OTS

does not have any functional group to interact with those templates before or during the imprinting

process (see Mechanism below). In this new approach, a cross-linking agent is not required, nor is a

solvent porogen.

7.3.5 SOLUBILITY OF TEMPLATES

Pyrethroid insecticides such as permethrin, deltamethrin, and cypermethrin could be dissolved in

the OTS-CHCl3/CCl4 templating solution, whereas the solubility of those acidic template

molecules in the above imprinting solvent was low, solubility w10K6M. However, the good

solubility of the template in the OTS-CHCl3/CCl4 templating solution does not increase the

amount of imprints of pyrethroids on the surface of the ITO film as the optimal concentration

of those acidic molecules [116,121,125] falls in the same concentration ranges as permethrin

(24.6–30.8 mM) and arachidic acid [88]. Thus, the ratio of the template to OTS on the ITO
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surface during the coadsorption/polymerization process is independent of the solubility of the

template molecules in the templating solution. In other words, the SIP-method is suitable to both

soluble and insoluble analyte molecules.

7.3.6 TEMPLATE REMOVAL

Removal of the templates completely from the polymer is very important in producing of binding

sites with high affinity and selectivity. Conventional MIPs were prepared by bulk polymerization

followed by mechanical grinding into small particles. The template was often trapped deep within

the polymer matrix and was difficult to wash away. Producing smaller and thinner MIPs ensures the

imprinted sites reside at the surface of the polymer or transducer, and enables better removal of the

original template and faster diffusion and complexation of the target molecule with the imprinted

polymer sites. Moreover, it will secure efficient adsorption of guest molecules when the molecular

imprinted sites are at the surface. The relatively weak hydrophobic interaction between templates

and OTS and the thin layer of ODS make it even easier to quantitavely remove templates from the

ODS film by rinsing with chloroform. x-ray Photoelectron spectroscopy (XPS) has been used to

monitor the quantity of the chloroform rinsing, and the results prove that the molecular template can

be completely removed [116].

7.3.7 PERFORMANCE OF SURFACE IMPRINTED ODS SENSOR

7.3.7.1 Selectivity

The most effective way to study sensor selectivity is through developing a chiral sensor since

enantiomers are made up of the same atoms connected by the same sequence of bonds but are

different three-dimensional structures. If chiral sensors could be fabricated, it could be easier to

develop sensors for other analytes. Figure 7.1 shows the results of enantiorecognition studies of the

N-CBZ-L-Asp and N-CBZ-D-Asp sensors to the corresponding amino acids. N-CBZ-L-Asp was

selectively bound to the N-CBZ-L-Asp sensor (Figure 7.1a, curve (B)) where the N-CBZ-L-Asp
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FIGURE 7.1 Enantioselective potentiometric responses of (A) N-CBZ-L-Asp sensor and (B) N-CBZ-D-Asp

sensor sensors for N-CBZ-L-Asp (B,†), N-CBZ-D-Asp (,,&) in water or in 0.1 M phosphate-0.1 M KCl

(pH 6.8). [OTS]Z8.0!10K1 mM. [N-CBZ-Asp]/(CHCl3/CCl4)Z3.7!10K2M. The immersion time of the

ITO plates in the OTS and N-CBZ-Asp dispersion is 3 min.
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was used as the template molecule during the surface imprinting process. Almost no binding was

seen for N-CBZ-D-Asp (Figure 7.1a, curve (,)). A similar phenomenon was observed for the

N-CBZ-D-Asp sensor (Figure 7.1b). When the isomer, N-CBZ-D-Asp, was used as the template

molecule, it gave a film the recognition ability for the D-isomer only. The hosts with the ODS film

approximated the shapes of template molecules.

Only the cavities at the molecular scale or the monoclonic molecularly imprinted hole, exhibited

enantioselectivity [8,9]. The minimum percentage of monoclonal cavities in relation to all the

cavities was estimated to be 90% based on the ratio of the potential of the two enantiomers to the

N-CBZ-D-Asp sensor (Figure 7.1b). This indicated that 10% of the surface is not ideal or is a

nonspecific binding site. Otherwise, the N-CBZ-D-Asp sensor could not give any potentiometric

response to N-CBZ-L-Asp.

This simple molecularly imprinted thin film offers a greater level of control over material

structure compared to three-dimensional materials because of the high orientation of the film

structure, and it can be used to detect molecular details in a more precise manner. With ODS

films as the matrix, this group prepared recognition sites using 2,6-pyridinedicarboxylic acid

(dipicolinic acid, DPA) as the template molecule. The resulting film had an enhanced affinity for

DPA, and it excluded the binding of other pyridinedicarboxylic acids (Figure 7.2) where the only

difference is the position of the two carboxyl groups on the pyridine ring. The DPA sensor is

capable of producing different potentiometric response behaviors toward different structural

features. For instance, 2,6-pyridinedicarboxylic acid (DPA) has a very close structure
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(!), 2,4-pyridinedicarboxylic acid (C), 2,3-pyridinedicarboxylic acid (,); 3,5-pyridinedicarboxylic acid
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[DPA]/(CHCl3/CCl4)Z3.3!10K2M. The immersion time of the ITO plates in the OTS and DPA dispersion

is 3 min.
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to 2,4-pyridinedicarboxylic acid. The DPA sensor generated almost the same amount of potential

output but with a different slope (Figure 7.2, curve (:,†)). These results show that immobilizing

recognition sites directly on the surface of the ITO transducer by SIPs enable a sensor to detect the

fine structural differences of analytes.

This integrated sensor system not only recognized the difference between enantiomers or struc-

turally similar molecules, but it also has the chemical architecture that rejected similar structures and

smallermolecules. TheN-CBZ-L-Asp sensor (Figure 7.3a curve (B)) has no affinity for aspartic acid

(Asp) (Figure 7.3a curve (%)) that does not have the sterically bulky CBZ- group. The lack of a
significant potential difference for Asp indicates the ODS film shows a distinguishable affinity for

N-CBZ-L-Asp, and the host structure is accurate. When the electrode was imprinted with neutral

pesticide deltamethrin with the same approach, the potential difference was similar to the previous

experiments in the case of the template molecules, and the potential alteration for cypermethrin

solution did not lead to any false positive response either as shown in Figure 7.3b.

This SIP technique has an amazing capability of creating a robust receptor polysiloxane film

with very high specificity and affinity for small molecules of interest. The degradation product of

many nerve agents is MPA, a small molecule. The only difference between MPA and phosphoric

acid (H3PO4) is that one of the OH groups in H3PO4 is replaced by a CH3 in MPA. When using the

same protocol to imprint ODS films with MPA, the selective binding for MPA was confirmed using

potentiometry. Figure 7.3(c) shows a distinguishable affinity for MPA (Figure 7.3(c) curve (B)) and

a lack of significant potential response for phosphoric acid (Figure 7.3(c) curve (,)), a stronger

acid thanMPA.Moreover, comparison of the response with (sensor) and without template molecule

(control) during molecular imprinting showed that the selective binding affinity of sensors for the

imprinted molecules exists [116,121,125]. Therefore, even when there are not chemical function-

alities present in the imprinted host matrix as common for MIPs [1–16], the imprinted ODS films

are able to discriminate target molecules from isomers, small molecules, or structurally similar

compounds. In other words, chemical functionalization of a monomer to form specific and defin-

able interactions with the print molecule is not a critical step to make highly selective recognition

sites within the imprinted polymer.

7.3.7.2 Sensitivity

The sensitivity of the current generation of MIP sensors is generally 100- to 1000-fold lower than

other types of biosensors because these arrangements do not reach the criterion of a biosensor—

with the recognition component and transducer in close proximity [10]. In order to tackle this

problem, this group investigated the potentiometric response behavior of a bare ITO and a SIP

sensor on an ITO to a simple proton from hydrochloric acid. Both an imprinted N-CBZ-L-Asp

sensor on ITO (with ODS film) and a bare ITO-coated electrode (without ODS film, transducer)

responded to protons with discontinuous slopes at different pH ranges, and the overall slope was

more than 59 mV decK1 [116], demonstrating that the polymer film did not decrease the sensitivity

of the sensor. In other words, the sensitivity of the MIP-based sensor comes from the transducer, not

the MIP itself.

The heterogeneity of the ITO surface accounts for the discontinuous slopes in the response, and

indications for heterogeneous surface composition, including differences in nano-scales have been

recently found [116,130–135]. The lower slope at low analyte concentration range on the ITO could

furnish a low limit of detection (LOD) for analytes. Figure 7.3b curve (!) is a calibration curve of a

deltamethrin sensor to deltamethrin. The LOD was about 1.0!10K14 M. The conventional

dynamic range of analyte concentrations are 10K7 to 1 M in potentiometry [136]. The high sensi-

tive nanoscale transducer ITO and surface imprinting are required for attaining wider dynamic

ranges and superior detection limits.
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7.3.7.3 Stability and Response Time

Significant effort has been expanded in MIP development for many years in order to circumvent

some of the major drawbacks of biological recognition elements such as a lack of storage and

operational stability. This group’s SIP sensors listed in Table 7.1 retained 90% of their original

response after several hundred measurement. After being stored for two years, the DPA sensor

yielded only approximately K2.5% relative potentiometric difference for 0.0104 M DPA.

As previously mentioned, bulk imprinted polymers used in sensors as porous materials

[137,138] have disadvantages in terms of slow mass transfer and kinetics. The sites of molecular

imprinting located at the surface of an ITO transducer could address these obstacles. The kinetics of

substrate rebinding and recognition by surface imprinted ODS films depend on the interactions

involved. The weaker hydrophobic interactions between ODS film and target molecule, the elec-

trostatic interactions between molecule and oxide on the surface of ITO film, no chemical

functionality involved in the formed cavity for recognition, two-dimensional molecular recognition

ODS film and the most important, one dimension of the cavity is the transducer ITO, all of those

factors enable fast rebinding kinetics. The response time is within minutes for SIPs-based sensors

(Table 7.1) indicated by fast response of the templated ODS films toward target molecules.

7.3.7.4 Methodology and the Functionality of Transducer

Employing the interaction between artificial cavity host and guest molecule as a basis for detection

is clearly a demand for new analytical technologies. The challenge is to identify methods for

assaying the molecular recognition as current analytical methods may not satisfy the need of

tracing complex formation during the detection process. Figure 7.1(A) curves (†,&) are the cali-
bration curves for the enantiomers of N-CBZ-Asp dissolved in 100 mM phosphate buffer-0.1 M

KCl (pH 6.8). The results illustrated that the N-CBZ-L-Asp sensor was not able to differentiate

them very well. While using pure water instead of supporting electrolyte and buffer solution as the

medium, the sensor produces a significant potential difference between these enantiomers

(Figure 7.1a curves (B,,)). Therefore, the conventional principle of using buffer and supporting

electrolytes for controlling pH of the solution and the migration of the ionic species was not suitable

for self-electrolyte analytes, e.g., amino acids. Thus, a new method, supporting electrolyte and

buffer-free potentiometry was proposed for electrochemical enantiodiscrimination of chiral amino

acid SIP sensors.

As described above, the transducer plays a paramount role in the sensitivity of a sensor.

Searching for the right transducer for analyte molecules is equally important as investigating the

other components of the sensor such as the recognition element [139]. Actually, nanoscale trans-

ducer ITOs not only provide high sensitivity and low LOD compared to SIPs-based sensors, but

also have a high resolution for analytes that regular transducers do not [140]. When the surface was

TABLE 7.1
Surface Imprinted ODS Sensors’ Properties

Lifetime

Sensor Response Time (s)
Reproducibility

RSD (%)
Measurement

(Times) Signal Remained (%)

N-CBZ-Asp 160 s/0.20 mM 2.60 200 92

MPA 50 s/15 mM 2.36 210 92

DPA 40 s/15.7 mM 2.79 550 90

Permethrin 40 s/1 ppb 2.42 170 105.5
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imprinted with the insecticide, permethrin with an ODS film, it produced a significant potential

alteration with permethrin (Figure 7.4 curve (†)). Without the neutral template, the control only

gave a - 3.1 mV potential difference (Figure 7.4 curve (B)). The same phenomenon was observed

in Figure 7.3b for the deltamethrin sensor. With an ITO transducer, neutral molecules could be

detected by potentiometry, demonstrating that the nanoscale transducer plays an important role in

sensor performance.

7.3.7.5 Mechanism

There are two distinct molecular imprinting approaches, covalent [141–143] and non-covalent

imprinting [7,144–146]. Generally, the methodology of molecular imprinting is based on the

principle of using functional monomers to form a complex with the template through covalent

or non-covalent interactions. Subsequent removal of the template creates the polymer’s binding

sites with the precise spatial arrangement of functional groups to ensure highly selective recognition

of the target molecule. Shape, size, and functional complementarity are the two basic principles for

molecular imprinting that have been proposed [10,147]. However, for this SIP-based sensor system,

no complex is formed between the OTS film and templates as the OTS film interacts only with the

hydroxyl groups on the surface of ITO. Figure 7.5c is the infrared spectrum of the reaction product

of ODS and N-CBZ-L-Asp in CHCl3/CCl4 at 208C (using the same conditions the surface

imprinted sensors were fabricated) [116]. The two sharp peaks at 2850 and 2920 cmK1 are the

CH2 symmetric and asymmetric stretching vibrations [148]. The 1702 cm
K1 band attributed to the

carbonyl groups of N-CBZ-L-Asp (Figure 7.5, curve (b)) did not change after reacting with ODS

(Figure 7.5, curve (a)), demonstrating no adduct formed between them (Figure 7.5, curve (c)). Only

at an elevated temperature could the reaction between the N-CBZ-L-Asp template and OTS be

observed (Figure 7.5, curve (d)). The peak of the carbonyl group shifts from 1702–1735 cmK1,

indicating that the carboxylic group of the N-CBZ-L-Asp covalently bound to Si–Cl in the poly-

siloxane film. The experiments with the construction of sensors were carried out at room

temperature [116] or even lower [121,123]; therefore, there is minimal chance to form a product
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FIGURE 7.4 Potentiometric response of permethrin on the permethrin ODS/ITO electrodes (†) with and (B)

without the template. [OTS]Z8.0!10K1 mM, [permethrin]/(CHCl3/CCl4)Z2.82!10K2M. The immersion

time of the ITO plates in the OTS and permethrin dispersion is 3 min.
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between the molecular template and OTS. The same phenomenon was observed in the case of

arachidic acid [88].

Several research groups have demonstrated that the number of stable complexes formed

between monomer and template in the pre-polymerization solution are quite low [8,149–150].

The binding sites formed in this case could be attributed to the organization of ODS and templates

during the adsorption process. The only interaction between them is a hydrophobic interaction

[116,121,123,151]. Actually, hydrophobic interactions are strong in water and should make the

biggest contribution to subsequent binding [152–154]. Thus, hydrophobicity can boost the selec-

tivity of the sensor without functional groups involved. Therefore, the interaction between the

imprint molecule and ODS film can be divided into two parts: the hydrophobic interaction with

the ODS layer and the electrostatic binding with the surface oxides. The hydrophobic interaction

with the polymer formation around the cavities left by the template provides selectivity to the

sensor; only those molecules with the same geometrical properties as the template molecules could

enter the ODS layer. In other words, the molecular recognition is attributed to binding sites that

complement molecules in size and shape functionality, not chemical functional complementarity.

The electrostatic interaction with the surface oxides furnishes chemical interaction energy between

the target molecule and the modified surface, and the ITO transducer converts the binding into an

easy readout.

7.4 CONCLUSION AND OUTLOOK

This group’s results demonstrate that in spite of the simplicity of ODS films, surface imprinting is

straightforward and generally applicable to various molecular structures. The selectivity and affi-

nity acquired from imprinting the specific recognition sites on the surface of the transducer are on

par with natural binding entities such as antibodies. The inherent processing flexibility enables ODS

films to be readily fabricated, whereas the mild conditions enable template molecules to be readily

introduced within the ODS matrix without any danger of thermal or chemical decomposition.

2400
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2000 1600 1200 80028003200
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FIGURE 7.5 FT-IR spectra of (a) ODS, (b) L-CBZ-Asp, (c) reaction product from the mixture of ODS and

CBZ-L-Asp in CHCl3/CCl4 (2:3 v/v) at 208C (the same solution used to prepare the sensors [91]), and

(d) Reaction product from the mixture of ODS and CBZ-L-Asp in CHCl3/CCl4 (2:3 v/v) at 408C.
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The great advantage of this surface imprinting approach to form specific recognition sites on the

surface is its versatility, generality, and simplicity. Perhaps, most significant is that the imprinting

of templates with low solubility in the polymerization solvent becomes possible. The robust

recognition elements (imprints in a ODS film) as well as a simple instrument (potentiometer)

makes this integrated device a great sensor for field use to detect chemical warfare and/or biological

warfare agents. This method is applicable to both planar substrates and curved surfaces, and it

should also be available for variety of transducer surfaces such as an optical fiber. Moreover,

because an ODS film is very thin and can be produced cleanly and reproducibly, it can be used

for the development of optical and acoustic sensors. Last, this group’s results highlight the import-

ance of considering not only chemical and physical interactions for recognition, but also

methodology and transducer type when designing a chemical sensor. It is anticipated that this

work will lead to promising developments in the next generation of biomimetic sensors.

So far, surface imprinting has achieved more success for small molecular targets. There is

certainly a challenge when the templates become larger. Generally speaking, the larger the

template, the less rigid it becomes. More investigation has to be done to prove the imprints are

really complementary toward the template when the size of the template becomes big such as for

bacteria or viruses [28,34–39]. In addition, the size and shape for live biological species vary with

the environment, and the complete removal of bacteria or viruses is not an easy task at the current

developmental stage, adding an additional challenge toward the application of surface imprinting

and molecular imprinting techniques.
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8.1 INTRODUCTION

Many pathogens are currently detected only upon clinical manifestations of disease, followed by

culture tests and biochemical reactions.1–5 A challenge of biological toxins may be revealed by a

bioassay, in which toxin-specific antibodies protect mice against the toxin present in the sample, as

reviewed in Arnon et al.6 These microbiological, biochemical, and animal tests dominate in all

clinical and bio-monitoring laboratories as gold standards because they are sensitive, specific, and

accurate.7 However, new criteria for biological monitoring—fast, sensitive, accurate, and inexpen-

sive—depreciate the value of the traditional procedures and call for new concepts and methods.

Phage display is one of the novel concepts permitting development of diagnostic and detection

probes that may meet the demanding criteria for biological monitoring.8–10 This chapter is based on

the course Combinatorial Biochemistry and Phage Display that has been taught by the authors

during the 2003–2005 school years for graduate students at Auburn University. It contains an

updated analysis of the literature,8,10,25 protocols, and methods that are routinely used in this

laboratory for development of diagnostic and detection probes.

8.2 DIAGNOSTIC AND DETECTION PROBES

The choice of the detection probes for various analytical platforms is dictated by their specificity,

selectivity, performance, operational robustness, storage and environmental stability. In most

platforms, the probes are polyclonal or monoclonal antibodies.11,12 However, polyclonal

antibodies (pAbs) obtained from immunized animals recognize all antigens to which the animal

has been exposed in the past. Furthermore, the pAbs often lack appropriate affinity and specificity

against the desired native target because of the limitations of immunization procedures where

bacteria, viruses, or toxins must be inactivated before immunizing an animal and where spore

germination processes occur in vivo. These limitations make it difficult to standardize and certify

pAbs for routine applications. Ideally, pAbs used for detection of a biological agent should be

affinity purified on columns with the immobilized agent or its isolated antigens, but this dramati-

cally increases costs.13 In reality, pAb are fractionated to obtain a pure fraction of IgG, but this

procedure does not assure the selectivity and specificity of the preparation. Monoclonal antibodies

(mAb) are more selective, but their application may be hindered by high production costs and

inherent sensitivity to unfavorable environmental conditions.14,15 Furthermore, because of the

limited number of clones generated by hybridoma techniques, it may be difficult to obtain

a mAb with the desired specificity, for example, binding of a characteristic epitope marker of a

biological agent.16 Both pAb and mAb can be directed against epitopes that are shared by different

microorganisms that may cause cross-reactions and ambiguous detection results.17–21 The short-

comings of antibodies have created a need for a new type of probe—substitute antibodies—antigen

binding molecules with engineered immunoglobulin or non-immunoglobulin scaffolds that might

be selected and evolutionary improved in vitro, bypassing the biased immune system22–24 as

reviewed in Smith and Petrenko.8

It was recently shown that substitute antibodies can be recruited from huge multibillion clone

libraries of peptides or mutagenized functional domains of various proteins (including single-chain

Fv and Fab fragments of antibodies) displayed on the surface of bacteriophages. This powerful

molecular evolution technique was named phage display (reviewed in Smith and Petrenko;

Petrenko and Smith; Barbas III et al., and Hoogenboom et al.)8,25–27 In contrast to the hybridoma

technique that relies on the screening of a limited number of clones, display technologies operate

with billions of potential binders and allow genetic manipulations and molecular evolution to

control specificity and selectivity of the probes.28,29 The phage technique can also be used to

enhance probe affinity30–34(reviewed in Marvin and Lowman)35 and stability.36,37
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8.3 PHAGE DISPLAY TECHNIQUE

Here, a brief outline of phage display technology that has been sufficient for this group’s purposes

will be given. The reader can find more detailed information on this subject in recent reviews.8,25

Phage display technology is most fully developed in the Ff class of filamentous phage that includes

three wild-type strains: f1;38 M13;39 and fd.40 The Ff phages are flexible, thread-like particles

approximately 1 mm long and 6 nm in diameter (reviewed in Rodi et al.).41 The bulk of their

protective tubular capsid (outer shell) consists of 2700 identical subunits of the 50-residue major

coat protein pVIII arranged in a helical array with a fivefold rotational axis and a coincident twofold

screw axis with a pitch of 3.2 nm. The pVIII protein constitutes 97% of protein and 87% of total

virion mass.42 Each pVIII subunit is largely a-helical and rod-shaped; its axis lies at a shallow angle

to the long axis of the virion.40 About half of its 50 amino acids are exposed to the solvent, the other

half being buried in the capsid (for review of phage structure, see Rodi et al.; Marvin et al.)41,43 At

the leading tip of the particle—the end that emerges first from the cell during phage assembly—the

outer tube is capped with five copies each of minor coat proteins pVII and pIX (encoded by genes

VII and IX); five copies each of minor coat proteins pIII and pVI (encoded by genes III and VI) cap

the trailing end. The capsid encloses a single-stranded DNA (ssDNA)—the viral or plus strand

whose length is 6407–6408 nucleotides in wild-type strains, but is not constrained by the geometry

of the helical capsid. Longer or shorter plus strands—including recombinant genomes with foreign

DNA inserts—can be accommodated in a capsid whose length matches the length of the enclosed

DNA by including proportionally fewer or more pVIII subunits.

In 1985, recombinant DNA technology was applied to phage coat protein pIII to fashion a

new type of molecular chimera: the fusion phage that underlies today’s phage display tech-

nology.44 To create the phage chimeras, a foreign coding DNA is spliced in-frame into a

phage coat protein gene so that the guest peptide encoded by the DNA sequence is fused to a

coat protein and thereby displayed on the exposed surface of the virion. Soon after the first

demonstration of the phage display, this novel technique was applied to the major coat protein

pVIII of the Ff phage originating a new class of landscape phage45,46 (reviewed in Petrenko and

Smith).25 A phage display library is an ensemble of up to 10 billion such phage clones, each

harboring a different foreign DNA and, therefore, displaying a different guest peptide on the

virion surface. The foreign coding sequence can be derived from a natural source, or it can be

designed and synthesized chemically. For instance, phage libraries displaying billions of random

peptides can be readily constructed by splicing degenerate synthetic oligonucleotides into the coat

protein gene (reviewed in Fellouse and Pal).47

Surface exposure of guest peptides underlies affinity selection, a defining aspect of phage

display technology (reviewed in Dennis).48 A target binding molecule that is generically referred

to here as the selector is immobilized on a solid support of some sort (e.g., on a magnetic bead or on

the polystyrene surface of an enzyme-linked immunosorbent assay (ELISA) well) and exposed to a

phage display library. Phage particles whose displayed peptides bind the selector are captured on

the support, and they can remain there while all other phages are is washed away. The captured

phage, generally a minuscule fraction of the initial phage population, can then be eluted from the

support without destroying phage infectivity, and it can be propagated or cloned by infecting fresh

bacterial host cells. A single round of affinity selection is able to enrich for selector-binding clones

by many orders of magnitude; a few rounds suffice to survey a library with billions or even trillions

of initial clones for exceedingly rare guest peptides with particularly high affinities for the selector.

After several rounds of affinity selection, individual phage clones are propagated, and their ability

to bind the selector is confirmed.

Phage antibodies are a special type of phage display construct where the displayed peptide is an

antibody molecule, or more exactly, a domain of the antibody molecule that includes the site that

binds antigen (see Figure 8.1 and legend for explanation). A phage-antibody library includes

billions of clones, displaying billions of antibodies with different antigen specificities (reviewed in
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Fellouse and Sidhu; Berry and Popkov; Dobson et al.; Hoogenboom).49–52 A single phage-antibody

library can serve as the source of cloned antibodies against an unlimited array of antigens. After

selection of phage binders, the antibody gene(s) can be transferred to a high-level expression

system in order to produce the antibody in usable quantities in a recombinant DNA host. Selected

antibodies can be fused to reporter molecules53–57 or subjected to molecular evolution procedures

to improve their affinity, specificity,29,58 stability,37 and avidity.59

Because selection is based solely on affinity, many toxic and biological threat agents that could

not be used to immunize animals without their prior inactivation can nevertheless serve as native

antigens in this artificial immune system. Furthermore, phage display allows selection of antibodies

recognizing unique epitopes on biological agents that may be missed in hybridoma screening.16

Another advantage of phage display over the hybridoma technique is that the quantity of antigens

required for selection of phage antibodies may be amazingly small (1–10 ng),62 and the properties

of selected probes can be further improved by affinity maturation and molecular evolution.31,60,61

Thus, for many purposes, this system may well come to replace natural immunity in animals.62

General principles and numerous applications of phage display technology are summarized in

recent reviews8,25 and manuals.26,63,64 Here, attention will be paid to the application of phage

display for development of diagnostic and detection probes.
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FIGURE 8.1 Display formats of antibodies. In a native immunoglobulin G (IgG) molecule, two identical

heavy (H) and two identical light (L) chains are covalently linked by disulfide–S–S–bonds. In the H and L

chains, a number of independently folded domains of about 110 amino acids each provide a modular structure

to the IgG molecule. Antigen binding domains Fv (w25 kDa) can be stabilized by introducing disulfide bonds.
Single-chain Fv fragments (scFv) are contiguous polypeptides consisting of the heavy- (VH) and light- (VL)

chain variable domains linked by a 15- to 20-amino-acid flexible linker. They inherit the specificity of the

parental antibody but are smaller than intact IgG (30 kDa as opposed to 150 kDa). Fab fragments (w50 kDa)
are cleaved from native IgG by papain and consist of the light chain coupled with a fragment of the heavy

chain. Phage display libraries may be assembled from the variable (V) regions expressed by B-lymphocytes

from an individual with a particular immune response (immune libraries), or a nonimmunized individual

(native libraries). In synthetic libraries, randomized antigen-binding regions CD3 are spliced in vitro to the

cloned V genes. (Adapted from Petrenko, V. A. and Sorokulova, I. B., J. Microbiol. Methods, 58 (2), 147–168,

2004.)
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8.4 NEW BIORECOGNITION ENTITIES THAT HAVE EMERGED

FROM PHAGE DISPLAY

8.4.1 PEPTIDES

Peptides are short chains of amino acids connected sequentially by peptide bonds. Usually, chains of

2–50 amino acids are classified as peptides, whereas longer chains are classified as proteins although

the boundary between these two classes of polymers is blurry. Because peptides can be chemically

synthesized in large scale as pure standard products or can be fused to carrier proteins and expressed

at high levels, they are considered potentially valuable as diagnostic probes.65Commonly, primarily

selected peptides demonstrate modest affinity to target receptors, but their performance may be

enhanced by maturation through iterative mutagenesis and selection.66 High affinity ligands are

more likely to be selected from disulfide constrained peptide libraries rather than from linear peptide

libraries67 (reviewed in Smith and Petrenko; Petrenko and Smith).8,25 Diagnostic peptide probe

technology is still in the infant stages of development, and its prospects may be evaluated after

accumulation of a sufficient pool of data. Nevertheless, the promise of this technology may be

confirmed by several examples of its successful use, as listed in Table 8.1 and outlined below.

Detection of viral particles by phage-borne peptide probes can be exemplified by the work of

Gough, Cockburn, and Whitelam68 The authors selected several proline-rich peptides that speci-

fically bind to the coat protein of cucumber mosaic virus (CuMV) from a pVIII-fused random 9-mer

library. Some of the selected peptides were produced in Escherichia coli cells as fusions to the

N-terminus of thioredoxin. Both the phage-displayed and thioredoxin-fusion versions of the

peptides could detect purified virus and virus present in crude leaf extracts from infected plants.

The fused peptide probes detected as little as 5 ng of CuMV in dot blots and did not bind to other

plant viruses. Because peptides isolated by phage display can be fused to carrier proteins and

expressed at high levels, this approach may provide a cheap, adaptable, and convenient source

of diagnostic proteins.

Peptide probes were derived against spores of Bacillus species in non-biased selection experi-

ments (without depletion of libraries or blocking undesirable binding sites) from 7- and 12-mer

pIII-fused libraries.69–71 Fluorescence-activated cell sorting (FACS) demonstrated that the probes

bind spores (but not vegetative cells) in a highly selective manner: they bind only to the target

spores and not to spores of phylogenetically similar species. For example, the peptide probe

ATYPLPIRGGGC coupled with a highly fluorescent protein phycoerythrin (PE) was shown in

FACS to bind well to spores of multiple strains of Bacillus anthracis while binding poorly or not at

all to spores of phylogenetically similar species. Thus, allowing one to distinguish between spores

of B. anthracis and the other Bacillus species.

Detection of bacterial cells ofMycobacterium paratuberculosis with phage-derived peptides in

artificially contaminated milk was demonstrated recently by Stratmann and colleagues.72 Peptides

were selected from a commercial 12-mer pIII-fused M13 phage display library in a nonbiased

selection with whole bacterial cells, and these peptides were immobilized to magnetic beads

through biotin–streptavidin linkage. The beads were used for detection of M. paratuberculosis

by capture PCR with primers specific for the insertion element ISMav2. The method competes

well with previously invented immunomagnetic PCR,73 and solves the problem of standardization

inherent for polyclonal antibodies.

A selected phage itself can be used as a probe in a detection device without chemical synthesis

of the displayed peptide or its fusion to a carrier protein. For example, phage can be used in an

automated fluorescence-based sensing assay74 or FACS71 by conjugating some of the thousands of

exposed reactive amino-groups on the phage surface with Cys5, Alexa, or other fluorescent labels.

In this format, phage can successfully compete with antibody-derived probes. Thus, a phage-probe

binding staphylococcal enterotoxin B (SEB) that was selected from a pIII-fused random 12-mer
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TABLE 8.1
Diagnostic and Therapeutic Probes against Biological Threats Agents Developed Using

Display Technologies

Probe//Library Target Binding Test Sensitivity

Peptides

Toxins

Peptide//pIII 12-mer

library76
Botulinum neurotoxins n.d. n.d.

Phage//pIII 12-mer

library139
Staphylococcal enterotoxin

B (SEB),

Fluorimmunoassay on the

plates

1.4 ng/well

Peptide//Escherichia coli

FliTrx 12-mer library

(Invitrogen)176

Ricin Surface plasmon resonante

(SPR), BiaCore 3000

(Pharmacia)

Kd 1 mM

Viruses

Phage and peptide fused

with thioredoxin//pVIII

9-mer library68

Cucumber mosaic virus

(CuMV)

Dot blot analysis 5 ng of CaMV

Phage-fused peptide//pIII

8-mer library142
HBsAg Phage-linked immune-

absorbent assay141
w1ng HBsAg

Phage-fused peptide//pIII

7-mer peptide library177
HBsAg Enzyme linked

immunosorbent assay

(ELISA)

Kd 2.9G0.9 nM

Peptides//pIII 10-mer

peptide library179
White spot syndrome virus

(WSSV)

ELISA KaffZ5.08–8.54 nM

Bacteria

Peptide, phage//pIII 12-mer

library143
Mycobacterium avium

subsp. paratuberculosis

Paramagnetic beads capture

PCR

10–100 cell/mL

Spores

Peptides, phage//pIII 7- and

12-mer libraries65,140,144
Bacillus (anthracis, subtilis,

cereus, globigii)

Fluorescence-activated cell

sorting (FACS) with

PE-coupled peptides or

Alexa-labeled phage;

fluorescence microscopy

107 spores

Antibodies

Toxins

scAb, expressed in E.

coli//immune

library145–147

Botulinum toxins SPR, flow cytometry,

ELISA, immuno-

chromatographic assay

KdZ2nM

Purified scFv//nonimmune

libraries148
Botulinum toxins SPR KdZ26–72 nM

Viruses

Fab//human immune Fab-

library160–162
Ebola virus n.d. n.d.

Fab//human immune Fab-

library153
Epstein-Barr virus n.d. n.d.

(continued)
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TABLE 8.1 (Continued)

Probe//Library Target Binding Test Sensitivity

scFv//Human Synthetic

VHCVL Library 164,165

Grapevine virus B DAS-ELISA n.d.

Fab//human immune Fab-

library166
Hepatitis B virus n.d. n.d.

scFv//human immune scFv-

library154,155
Hepatitis C virus (HCV) ELISA n.d.

Fab//human immune Fab-

library157, 158
Herpes simplex virus n.d. n.d.

Fab//human immune Fab-

library167
human cytomegalovirus

HCMV

n.d. n.d.

scFv//human nonimmune

scFv-library, affinity

maturation33

Human cytomegalovirus

(HCMV)

Surface plasmon resonance

sensor

Ka Z4.3!107MK1

Fab//human immune Fab-

library149,150, 145
Human immuno-deficiency

virus (HIV) type 1

Surface plasmon resonance,

virus neutralization test

KdZ7.7!10K10M;

IC50Z10K9–10K10M

Fab//human immune Fab-

library156
Measles virus Radioimmunoprecipitation

assays

n.d.

scFv//human mAb-derived

scFv-library163
Rabies virus n.d. n.d.

Fab//human Fab-

library151,152
Respiratory syncytial virus n.d. n.d.

Fab//simian immune Fab-

library159
Simian immuno-deficiency

virus (SIV)

n.d. n.d.

Fab//human immune Fab-

library97
Vaccinia virus ELISA n.d.

scFv//constructed from

mAb100
Venezuelan equine

encephalitis virus (VEE)

Enzyme assay (IFA) with a

light addressable

potentiometric sensor

(LAPS)

30 ng/mL

scFv//mouse immune scFv

library178
White spot syndrome virus

(WSSV)

ELISA Kaff Z2.02G0.42!109M-1.

Bacteria

scFv//mice immune scFv-

library83
Brucella melitensis ELISA n.d.

scFv//large human

nonimmune scFv-

library171

Chlamydia trachomatis ELISA, dot-blot,

immunoblot

n.d.

scFv//library from

hybridoma clones

specific for the LPS and

flagella antigen170

E. coli O157:H7 ELISA n.d.

scFv//rabbits immunized

with rec. intimin and

EspA99

E. coli O157:H7 ELISA, Western blotting,

and dot blots

n.d.

scFv//“Griffin 1” human

synthetic library82
Listeria monocytogenes Bioelectrochemical Sensor 500 cell/mL

(continued)
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library and control anti-SEB antibody showed comparable sensitivity of detection of SEB (1.4 ng/

well) in a plate-based fluorimmunoassay.74 However, in SEB coated fibers, the antibodies gener-

ated a much higher and more specific signal than phage. Fusion of a peptide to the pIII minor coat

protein located on the tip of the phage capsid is probably not optimal for obtaining phage probes

because this expression format does not take advantage of the avidity effect gained when the

binding peptides are multivalently displayed on the major coat protein pVIII23 (reviewed in

Smith and Petrenko; Petrenko and Smith; Mammene et al.)8,25,75 Binding peptides were selected

from pVIII fusion peptide libraries against botulinum neurotoxins76 and many other molecular

targets (reviewed in Petrenko et al.),46 but their potential in detection of the target molecules

was not evaluated.

8.4.2 ANTIBODIES

The display of diverse antibody domains on the filamentous phage and the selection of phage

binding to a target antigen provide a powerful means of isolating an antibody with a predetermined

specificity (reviewed in Fellouse and Sidhu; Berry and Popkov; Dobson et al.; Hoogenboom).49–52

Effective display formats for antibodies are immunoglobulin variable fragments (Fv) with a disul-

fide linked VH–VL pair, single-chain Fv with VH and VL domains connected through a peptide

linker, and Fabs—light chains connected by disulfide bonds with VH1–CH1 part of a heavy chain

TABLE 8.1 (Continued)

Probe//Library Target Binding Test Sensitivity

scFv//semisynthetic scFv-

library168
Moraxella catarrhalis Immunoblot, ELISA n.d.

scFv//mutagenized murine

mAb-derived scFv-

library60,169

Salmonella serogroup B O-

polysaccharide

EIA, SPR KaZ4!107MK1

scFv//semisynthetic scFv

library91
Streptococcus suis n.d. n.d.

Spores

Phage-fused scFv//Naı̈ve

human scFv172
Genus Bacillus Fluorescence microscopy,

ELISA, competition

ELISA

107 cfu/mL

(in inhibition test)

Landscape Phage

Bacteria

Phage//f8/810,127,128 Salmonella typhimurium ELISA, FACS, QCM

biosensor, fluorescence

and electron microscopy

100 cells/mL

Spores

Phage//f8/8126,173 B. anthracis ELISA, coprecipitation,

magnetostrictive

biosensor

n.d.

Phage//f8/8132 Phytophthora capsic

zoospores

Coprecipitation n.d.

Note: n.d., not defined; all antibody display libraries in the table are pIII-fused
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as illustrated in Figure 8.1. There are several examples where phage antibodies selected against

biological threat agents have been used beneficially in various detection platforms (reviewed in

Iqbal, Mayo, Bruno, Bronk, Batt, and Chambers).77

Emanuel et al. constructed an immune phage antibody library using mRNA from mice immu-

nized with botulinum toxin.16,22 The phage antibodies selected from the library were expressed

individually in E. coli cells and isolated in a highly purified form by metal chelate affinity chroma-

tography at levels of 0.5–1.6 mg/L LB broth. Recombinant antibodies revealed a high affinity to the

neurotoxin (0.9–7 nM) and demonstrated higher performance than monoclonal antibodies in a

variety of assay formats including surface plasmon resonance, flow cytometry, ELISA, and

hand-held immunochromatographic assay. Another group used similar methods to isolate anti-

botulinum toxin scFvs with affinities of 26–72 nM from a very large nonimmune human phage

antibody library.78

In the example above, mRNA for the antibody phage library was isolated from animals immu-

nized with a toxoid of botulinum neurotoxin and therefore contained species demonstrating high

affinity for the intrinsic antigen. In an alternative approach, phage antibodies were selected from a

universal synthetic antibody library.49,79 Antibodies from this universal library typically have

moderate affinities in the 10K6–10K7MK1 range. However, because the library consists of 5!108

potentially different heavy chains paired to a single VL chain, it lends itself to combinatorial

mutagenesis of the light chain. New sub-libraries are rich reservoirs for selecting antibodies with

higher affinity for the target antigen. This process of in vitro evolution10mimics affinity maturation

of antibodies in natural immune systems and allows adjustment of affinities of the primarily

selected antibodies to the required level. For example, Pini with co-authors successfully used

affinity maturation for development of antibodies against cytomegalovirus (HCMV) with an affinity

of 4.3!107MK1.33 Earlier, Barbas III, and colleagues used molecular evolution techniques to

enhance the affinity of an antibody for gp120 protein of human immunodeficiency virus (HIV)

6–8 times compared with its parental antibody.30

As a paradigm for production of human antibodies against spores of B. anthracis, Zhou and

co-authors investigated selection of human antibodies against native Bacillus spores from a naı̈ve

human antibody-phage library.80 The authors discovered human anti-spore antibodies in the direct

non-biased selection procedure by bio-panning of phage binding suspended spores of Bacillus

subtilis. The selected antibodies were used for obtaining highly specific fluorescent probes that

allowed identification of Bacillus spores by fluorescence microscopy with high resolution

and sensitivity.

A large, nonimmune scFv library was successfully used for selection of probes against surface

components on elementary bodies (EB) of Chlamydia trachomatis.81 ScFv antibodies selected on

the surface of purified EBs enabled the detection and identification of a variety of EB-associated

antigens, some of which were chlamydial in origin whereas others were host-cell antigens. ScFv

antibody specificity and selectivity toward different serotypes and species of Chlamydia were

assayed by ELISA, immunoblot, and immunofluorescence testing.

In an attempt to use phage-displayed antibodies as probes for immunoelectrochemical detection

of bacterial cells, Benhar and co-authors selected anti-Listeriamonocytogenes scFv from the “Griffin

1” human synthetic library.82 Both purified scFv and phage-derived antibodies were studied as

probes in an enzyme linked immuno-filtration assay (ELIFA) where complexes of bacteria and

labeled probe are separated from excess probe by filtration followed by electrochemical measure-

ment of horseradish peroxidase (HRP) activity. Whereas the work demonstrates the feasibility of

using phage-derived antibody probes inmicrobial detectors, the electrochemical platform itself is not

suitable in its current format for continuous monitoring and requires essential improvements.

Phage antibodies were obtained against Brucella abortus, a Gram-negative facultative intra-

cellular pathogen responsible for zoonoses worldwide that is considered a potential offensive

biological warfare weapon.83 Detection of this bacterium by immunoassay methods is hampered

by the prevalence of the O:9 epitope on its surface because this epitope is also found on another
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pathogen, Yersinia.84As a result, many existing anti-Brucellae sera exhibit cross-reactivity with the

Yersinia. Phage-borne scFv against B. abortus were selected by panning an immune library against

radiated bacterial cells absorbed onto plastic tubes at room temperature overnight—conditions

favoring selection of strong non-polysaccharide targeting binders. Indeed, the selected antibody

allows distinguishing between Brucella and Yersinia, in contrast to a control monoclonal antibody

demonstrating the reaction with both strains.

One important advantage that phage display technology offers over immunization and hybri-

doma techniques is that it allows the use of subtractive selection to obtain phage probes against

differentially expressed structures on the surface of different cell types.85–89 Boel and colleagues87

first used subtractive selection to obtain phage antibodies against differentially expressed structures

on phenotypically dissimilar strains of prokaryotic cells; complement-resistant and complement-

sensitive strains of the gram-negative diplococcus Moraxella (Branhamella) catarrhalis. The

authors used competitive panning where the target strain absorbed to MaxiSorp tubes was

treated with the semisynthetic phage library preincubated with the competing strain.90 It was

shown by Western blotting analysis and inhibition ELISA that all phage antibodies were directed

against the outer membrane protein of M. catarrhalis that earlier was found in multiple isolates of

complement-resistant, but not complement-sensitive, strains. In another example, De Greeff and

co-authors applied a subtractive selection procedure to isolate antibody fragments that can differ-

entiate pathogenic and nonpathogenic strains of Streptococcus suis.91 The library was subtracted by

its treatment with the nonpathogenic strain and then applied to the pathogenic strain in the biopan-

ning procedure. The selected phage antibody was found to recognize extra cellular factor (EF) that

is differentially expressed by pathogenic and nonpathogenic strains. These results demonstrate a

very high selectivity of the procedure.

Phage display has also been used to isolate recombinant antibodies against hepatitis C,92,93

herpes simplex virus,94 human cytomegalovirus,95 rabies virus,96 vaccinia virus,97 Ebola virus,98

and other viruses (Table 8.1). Although these anti-viral antibodies were developed primarily for

prophylaxis and treatment of viral diseases, they may be considered also as prospective

diagnostic probes.

Antibodies selected from phage display libraries can be genetically fused to reporter proteins

such as fluorescent proteins,53,55 alkaline phosphatase,54,56,99 or streptavidin.57 These bifunctional

proteins possessing both antigen-binding capacity and marker activity can be obtained from trans-

formed bacteria and used for one-step immunodetection of biological agents. The single chain

antibodies (scFv) can also be genetically biotinylated and than immobilized to a streptavidin-linked

matrix.100

Despite its promise, however, phage antibody technology is notwithout difficulties. The last step,

expressing the selected antibody genes tomake usable quantities of antibody, has proven particularly

troublesome because it differs idiosyncratically from one antibody to another.22,83,101–103 Besides,

recombinant antibodies are sensitive to many stresses, so their engineered modification may be

required to enhance their stability in non-physiological conditions36,37,104–107 (reviewed in Worn

and Pluckthun).34 These concerns have led researchers to consider various non-immunoglobulin

scaffolds for artificial antibodies such as minibodies, affibodies, etc.108–116 (references in Legendre

and Fastrez115 reviewed in Hoess).117

8.5 LANDSCAPE PHAGE AS SUBSTITUTE ANTIBODIES IN IMMUNOASSAYS

Foreign peptides were displayed on pVIII soon after pIII display was pioneered45,118,119 (reviewed

in Petrenko and Smith).25 The pVIII-fusion phages display the guest peptide on every pVIII

subunit, increasing the virion’s total mass by up to 20% (Figure 8.2), yet they retain the ability

to infect E. coli and form phage progeny. Such particles were eventually given the name landscape

phage to emphasize the dramatic change in surface architecture caused by arraying thousands
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of copies of the guest peptide in a dense, repeating pattern around the tubular capsid.46 The phage

body serves as an interacting scaffold and helps to maintain a particular conformation of the guest

peptides, creating a defined organic surface structure (landscape) that varies from one phage clone

to the next. A landscape library is a huge population of such phages, encompassing billions of

clones with different surface structures and biophysical properties.46,115,120 Phages can be selected

from landscape phage display libraries with affinities for a wide range of simple targets such as

b-galactosidase, streptavidin, and neutravidin23,46 as well as for more complex targets such as
prostate cancer cells,115,121,122 malignant glial cells,85,123,124 or serum antibodies from patients

with Lyme disease.125 Landscape phages have been shown to substitute for antibodies in different

analytical tests against various antigens and receptors,23,85,120,121 including live bacterial

cells,110,126,127 and serve as gene-delivery vehicles,124 detection probes in biosensors,9,23,128 and

affinity matrices for isolation of the targeted proteins.123 In this laboratory, phages with affinities for

spores126 and vegetative bacterial cells10,127 have been selected from landscape phage display

libraries. In the following pages, the selection of these probes will be reviewed and the protocols

used for their identification and characterization will be detailed.

8.6 DEVELOPMENT OF LANDSCAPE PHAGE PROBES AGAINST

INFECTIOUS AGENTS

There are a variety of assays available for the detection of biological threats, but few have been

adapted for continuous monitoring of the environment. Immunoassay and biosensor-based detec-

tion systems are the best prospects for continuous monitoring systems, but they require specific,

selective, and robust diagnostic probes by which the pathogen can be detected. In this subsection,

the development of a new class of phage-derived probes—landscape phage—that may fit well to the

strong requirements of environmental monitoring is described.

FIGURE 8.2 Structure of the landscape phage. Foreign peptides are pictured with dark atoms; their overall

arrangement corresponds to the phage model.43 (Adapted from Petrenko, V. A., Smith, G. P., Gong, X., and

Quinn, T., Protein Eng., 9 (9), 797–801, 1996.)
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8.6.1 LANDSCAPE LIBRARIES

Phage probes may be selected from the landscape library f8/8 described earlier46 or the library f8/9

recently developed in this laboratory (Kouzmitcherva et al. unpublished). These large (109-clone)

landscape librarieswere constructed by splicing the underlined degenerate coding sequence as shown

into the beginning of the pVIII coat-protein gene, replacing wild-type codons 2–4 (in f8/8 library),

or 2–5 (in f8–9 library):

DNA GCAGNKNNKNNKNNKNNKNNKNNKNNKNNKCCCGCAAAAGCGGCCTTTGAC…

pVIII A X X X X X X X X X P A K A A F D…

1 a b c d e f g h i 6 7 8 9 10 11 12…

where each N represents an equal mixture of all four nucleotides (A, G, C, and T) and represents a

K-mixture of G and T. As a result of this modification, every pVIII subunit in a phage is five amino

acids longer than the wild-type and displays a random sequence of eight (f8/8) or nine (f8/9) amino

acids: X9 above. In any single clone, the random peptide is the same in every particle, but every

clone displays a unique random peptide. The peptides are arranged regularly around the outside of

the virion, occupying a substantial fraction of the surface (Figure 8.2). In another library, amino

acids in positions 12–19 of pVIII are substituted with random peptides.120

To avoid possible contamination of the libraries with the vector phage that may hinder the

selection procedure for construction of the new generation libraries, this group designed the vector

f8–625 that

† Have four unique sites of restriction in p8-coding area.PstI.BamHI.NheI.MluI.
and one or two TAG-stop codons at the beginning of the gene VIII

† Grow in amber suppressor E and D where pVIII gains Gln or Ser in the N-terminus

AEQQDPAKAA.; AESSDPAKAA.
† Do not grow in sup (-) strains

† Provide selection of recombinant phages with fused random foreign peptides that grow

in sup (-) strain

† Show very low reversion to WT type in sup (-) strain/10K7%

In using these vectors many different landscape phage libraries can be obtained by splicing of

degenerate (randomized) DNA fragments into the gene VIII as outlined in Petrenko et al.; Fellouse

and Pal; and Petrenko et al.46,47,120 Amplified libraries can be obtained from the

inventor’s laboratory.

8.6.2 SELECTION OF TARGET-SPECIFIC PHAGE PROBES

Target-specific phage probes can be identified from phage display libraries with panning and

coprecipitation protocols that will be described in detail later in this text. Regardless of the protocol

used to select target-specific phage probes, certain basic methods are necessary for manipulation of

the phage display library. These basic methods include preparation of starved host cells, phage

amplification, and titering of phage through physical (UV absorption) and/or biological (colony-

forming or plaque-forming assay) means.

Phages are viruses and cannot be grown without a host bacterial cell. Each phage has its own

unique host-range, so it is important to make sure an appropriate host cell is used for the phage

display library. For the fd-tet derived phages used in this lab, E. coliK91BluKan is used as a host cell.

This bacterium (chromosome thi and sex Hfr-C) was derived from strain K38, first by its curing of l
prophage174 (resulting in K91 strain), and then by introducing the mini-kan hopper element in the
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lacY gene using the vector lNK1105, resulting in a LacY- and KanR phenotype; it has lacZDM15

mutation and probably is lacIQ (super-repressor; George P. Smith, personal communication).175 The

strain has stable Hfr phenotype and does not require selective maintenance. It is excellent

for propagating filamentous phage; gives large plaques with wt phage, small, but visible, plaques

with infective members of fd-tet family; and requires (only) thiamine in minimal medium.

Phage infection of this host cell is initiated by an interaction between the phage minor coat

protein pIII and the host cell F-pilus. Growth and titering of phage is performed with specially

prepared cultures of the host cell that have been concentrated, starved, and gently handled to ensure

that pili are not removed by shear forces. Cells are prepared in this manner to achieve the highest

infection efficiency possible. Protocol 8.7.1 at the end of this chapter describes a procedure for

preparation of starved cells. This protocol and many of the basic phage manipulation protocols

described at the end of this chapter are modifications of those published by Barbas.129

Amplification of phage, whether one is working with a sub-library or individual phage clones,

is achieved by the growth of phage in the host cell. Protocol 8.7.2 at the end of this chapter describes

large-scale amplification and purification of individual phage clones. The procedure can be easily

scaled down for smaller scale amplification, and the polyethylene-glycol-based purification

procedure can also be used for purification of the phage amplified after each round of selection

during a selection procedure.

In order to efficiently carry out selection and characterization protocols, it is necessary to know

the concentration of stock phage solutions. The concentration of filamentous phages can be

determined spectrophotometrically (physical titer) using the general formula129

virions ðvirÞ=mLZ ðA269!6!1016Þ=number of nucleotides in the phage genome

For the recombinant phage from the library f8/8 (9198 nucleotides), the specific formula is

absorbance unit ðAUÞ269Z 6:5!1012 vir=mL

The concentration of infective phage particles (biological titer) of a phage solution can be

determined by infection of host cells, plating, and counting of plaques or colonies. To titer phages

from the f8/8 library, starved K91BlueKan cells are mixed with phage and then spread on a

tetracycline-containing agar plate. The recombinant phages carry the gene necessary for tetra-

cycline resistance so only those cells infected by phage form colonies on the plate.129 This

procedure is described in detail in Protocol 8.7.3. Other phages may be titered based on their

ability to form visible areas of clearing (plaques) in a lawn of bacteria (see Philippa O’Brienor

others for protocol).130 The biological titer of recombinant phage is often lower then the

physical titer.

A variety of protocols for the selection of target-specific phage probes can be used. In this

laboratory, landscape phage clones that bind to B. anthracis spores were selected through a panning

procedure where the phage library was incubated with immobilized B. anthracis spores, non-bound

phages were washed away, and bound phages were eluted with mild acid.126 To derive probes

against vegetative bacterial cells of Salmonella typhimurium, three differing selection procedures

were used, including a panning procedure similar to that used for selection of spore-specific probes,

a high-stringency panning procedure, and a coprecipitation procedure where complexes of bacterial

cells and phage were formed in solution and separated by centrifugation.127 In each of these

selection procedures multiple rounds of selection are performed where the phage clones that

bound to the target in the initial selection procedure are amplified to create a sub-library, and the

sub-library is used as input for the next round of selection. The numbers of infective phage particles

present in the library (or sub-library in the second and subsequent rounds of selection) washes and

eluate of each round of selection are monitored because an increase in phage recovery is an
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indicator that there has been an increase in the representation of phage clones in the sub-library that

are capable of binding to the target.

After 2–5 rounds of selection, randomly picked clones are isolated, and a segment of genomic

DNA encoding the displayed peptide is sequenced. This can be achieved by PCR-amplifying the

appropriate DNA fragment using phage from colonies (or plaques) as the template (there is no need

to amplify phage or purify DNA.)127 If selection has occurred, it is expected that a limited number

of unique phage clones will be isolated and that some of these clones will carry peptides with

common motifs.

8.6.3 SELECTION ANALYSIS

During this group’s efforts to identify selective B. anthracis-binding landscape phages, it monitored

the evolution of the landscape phage display library f8/8. The changes that occur in a phage display

library during selection were analyzed by sequencing a population of phage clones following each

round of selection and analyzing the gathered data with programs found on RELIC: the Receptor

Ligands Contacts bioinformatics server for combinatorial peptide analysis.131 The programs found

on RELIC are designed to search for common motifs within a set of sequences, estimate the

diversity of groups of peptides (overall and at each position of the peptide), calculate the prevalence

of specific amino acids in a group of peptides, and calculate the information content of individual

peptides within a group.

This group studied the selection of target-specific landscape phage clones in depth, examining

changes in the library occurring during each round of selection following different types of library

depletion and target-bound phage elution. By sequencing a portion of the library after each round of

selection, the group was able to monitor changes in diversity and prevalence of amino acids,

occurrence of rare peptides in the library, and development of common motifs throughout the

selection process. It also examined the influence of propagation on the appearance of dominant

motifs in a selection procedure.

The diversity of the library was found to decrease with each round of selection while the

number of isolated clones with high information content (low probability of being selected at

random) tended to increase following each round of selection. These two factors may be useful

in determining the success of a selection procedure as a whole with this type of phage display

library. However, neither the information content of a displayed peptide nor the prevalence of a

phage clone displaying a given peptide in the library could predict the target binding strength of a

phage clone. This does not necessarily mean that there is no correlation between the affinity of

selected peptides and information content, but the interaction between a probe and a complex target

is dependant upon both affinity of the probe for its receptor and the abundance of the receptor on the

target, thus, the only way to identify the best target binder in a group of selected clones is to perform

target binding assays with each clone.

8.6.4 CHARACTERIZATION OF SELECTED PHAGE PROBES

Phage-capture assays, coprecipitation assays, FACS, fluorescent microscopy, and ELISAs can be

used to evaluate the specificity and selectivity with which selected phage bind to their target.

The characterization and use of phage probes in ELISAs will be discussed in a separate section

because of its potential real-world applications. Here, the other assays used for characterization of

phage probes will be discussed.

Although the procedures used for selection of target-specific phage probes are designed to

identify phages that bind specifically to their target, the specificity of phage must be confirmed

prior their use in a diagnostic assay. Here, specificity is defined as the ability of the recombinant

phage to interact with its selector because of the presence of a specific peptide sequence displayed on

the surface of the phage and selectivity as the ability of a recombinant phage clone to preferentially
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interact with the selector in comparison to other potential targets. The phage-capture assay, a

procedure very similar to a panning selection procedure, is used to determine relative binding of

phage clones to immobilized target. In this procedure, target spores or bacteria are adsorbed to

plastic; a solution of potentially target-specific phage (many copies of one phage clone) is incubated

with the adsorbed target; non-bound phage are washed away; bound phage are eluted; and the eluted

phage are quantified through biological titering.85,126 Vector phage (phage not carrying any peptide

fused to their coat proteins) and unrelated phage probes (phage probes selected against other targets

that carry peptides with different amino acid sequences than those being tested) are used as controls

for non-specific binding. If the isolated phage probes are selective for the target, their recovery will

be much greater (O10-fold) than the recovery of the control phages. Some optimization of this
procedure may be necessary to reduce background binding (varying the number of washes and the

concentration of blocking agents such as Tween 20 and BSA), but if after optimization the recovery

of selected phage clones is still equal to or lower than the recovery of controls, the selection

procedure may have failed to isolate target-specific probes.

To determine the selectivity of phage probes for the selector bacteria or spores versus other

bacteria or spores, a coprecipitation assay is often used. This test has been used in numerous

published studies for analysis of phage binding to zoospores, bacterial spores, and vegetative

bacteria.69,126,127,132 In the coprecipitation assay, selected phages are mixed with spores/bacteria

of various species in solution, and spore- or bacteria-bound phages are collected by a low speed

centrifugation prior to enumeration. The lowest centrifugation speed that will pellet the spores/

bacteria is used to reduce the possibility of phage clumps precipitating on their own. In addition to

vector phage and unrelated phage controls, a phage-only (no target) control is often used in these

experiments to be sure that phage clumping and precipitation is not occurring. Typically, several

spores/bacteria that are closely related to the target organism as well as several more distantly

related spores/bacteria are selected for testing. Refer to Protocol 8.7.4 for an example of a basic

coprecipitation experiment.

The specificity and selectivity of phage probes can also be evaluated using FACS and fluor-

escence microscopy.127 Phage can be fluorescently labeled with an Alexa Fluor (Molecular Probes)

with a density ofw300 dye molecules per phage. For the FACS assay, fluorescently labeled phage
are incubated with spores/bacteria at room temperature for 1 h and then centrifuged as in the

coprecipitation test. The pellet is then washed and analyzed by FACS and fluorescence microscopy.

The complex of phage and bacteria or spores can also be visualized directly by

fluorescence microscopy.

Basic selection protocols do not necessarily encourage selectivity, so it is not unusual to select

phage probes that bind to common bacterial or spore antigens. If phage probes selected in non-

biased selection procedures have undesired cross-reactivity with non-target organisms, a subtrac-

tive (biased) procedure can be used to eliminate phages that bind to common antigens from the

library. In subtractive phage display, phage clones that bind to common antigens are removed by

pre-incubation of the library with non-target antigens before panning on the target or co-incubation

of the library with target and non-target antigens. Subtractive procedures have been used to identify

phage-borne probes that can be used to differentiate between different types of cells 85,133–135 and

bacteria.80,91 In this laboratory, unique B. anthracis spore-specific phage probes, featuring different

peptide motifs other than those identified in the initial non-biased procedure were identified by

mixing the phage library with spores of cereus, thuringiensis, and/or B. subtilis, precipitating

spore-bound phage with centrifugation, and then using the depleted supernatant as input for a

normal selection procedure.

8.6.5 USE OF PHAGE PROBES IN ELISA

Enzyme-linked immunosorbent assays are commonly used for detection of biological agents and

agent-specific antibodies. Enzyme linked immunosorbent assays have been developed in many
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formats, broadly categorized as direct, for the detection of agents/antigens, and indirect, for the

detection of agent/antigen-specific antibodies. Within these broad categories, there are multiple

techniques, including sandwich assays where a target antigen is captured by one antibody and

detected with a second (different or identical) antibody and direct competitive assays where antigen

in the test sample competes with labeled antigen to bind capture antibodies.

In traditional direct ELISAs, a capture antibody binds the target antigen from solution, a detector

antibody labeled with an enzyme binds the captured antigen (or a non-labeled antigen-specific

antibody and a secondary enzyme-linked antibody specific for IgG can be used), and a chromogenic

or chemiluminescent substrate is added. Phage probes can be used as substitutes for antibodies in

direct ELISA. Initial demonstration of the ability of phage probes to capture their targets was done

with simple molecules such as b-galactosidase, streptavidin, and neutravidin.23 In these ELISAs,
phage probes were adsorbed to the wells of a microtiter plate, and the target (b-galactosidase,
streptavidin–alkaline phosphatase conjugate, or neutravidin–alkaline phosphatase conjugate) was

captured from solution. Target presence was quantified by addition of the b-galactosidase
substrate o-nitrophenyl-b-D-galactoside or the alkaline phosphatase substrate p-nitrophenyl

phosphate.

A direct ELISA for the pathotyping of Newcastle disease virus was developed using a phage

probe selected from a commercially available M13 pIII based phage display library.136,137 In this

ELISA, Newcastle disease virus from allantoic fluid was adsorbed to microtiter plates, and then the

selected phage probe was added. Bound phage probe was detected with anti-M13 antibody conju-

gated to HRP.

Enzyme linked immunosorbent assays have been used to characterize landscape phage

probes and have demonstrated the potential utility of phage probes as antibody substitutes for

the specific detection of bacteria and spores.126,127 In an ELISA designed to evaluate the speci-

ficity of phage probes selected against B. anthracis spores, wells of a microtiter plate were

coated with phage, then incubated with biotinylated B. anthracis spores. Bound spores were

detected with streptavidin conjugated alkaline phosphatase and p-nitrophenylphosphate.

A similar spore-capture assay was also run with non-biotinylated B. anthracis spores with detection

achieved by use of a B. anthracis-specific antibody. Phage probes were also used to detect spores

attached to the wells of a 96-well plate; in this phage-capture assay, phage clones were added to

wells coated with B. anthracis spores, and bound phages were detected with biotinylated anti-fd

IgG, APSA, and p-nitrophenylphosphate. Similar phage-capture and bacteria-capture ELISAs

were used to evaluate the specificity and selectivity of phage probes selected for binding to

S. typimurium.127 A basic protocol for a target-capture ELISA format is included at the end of

this chapter (Protocol 8.7.6)

Phage probes that mimic antigens can be selected for use in indirect ELISA (detection of

antibodies). Methods landscape phage probes with the ability to bind ConA-specific polyclonal

antibodies were selected and shown to be selective through an inhibition ELISA.46 Some of the

selected phage probes carried identical epitopes as ConA, whereas others carried mimitopes that

were not similar to the primary structure of ConA. Kouzmitcheva et al.125 selected phage clones

from an f88/15mer library (carrying random 15 amino acid peptides fused tow150 out of the 4000
copies of pVIII on the surface of the phage) that bound specifically to serum antibodies from

patients with Lyme Disease. An ELISA using four of the selected phage clones in different

wells was able to distinguish between sera from ten Lyme Disease-positive and ten Lyme

Disease-negative subjects.

Phage probes offer an alternative to antibodies for conferring selectivity to ELISAs for the

detection of antibodies and antigens. The assays described above used additional target-specific or

phage-specific antibodies to complete the immunoassay. It may also be possible to use phage

probes in direct competitive and sandwich ELISAs, completely eliminating the need for antibodies,

although this has not yet been demonstrated.
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8.7 PROTOCOLS

Please note that protocols often indicate a range of concentrations, volumes, and centrifugation

speeds. These steps will need to be optimized within this range for individual applications. The

procedures will need further modification and optimization if one is working with a phage library

that was not derived from fd-tet.

8.7.1 PREPARATION OF STARVED HOST CELLS

8.7.1.1 Materials

† Isolated colonies of E. coli K91BluKan on an NZY-kanamycin plate (11g Bacto-agar in

500 mL water, autoclaved, plus 500 mL 2!NZY broth and 100 mg/mL kanamycin)
† NZY broth (10 g NZ amine A, 5 g yeast extract, 5 g NaCl dissolved in 1 L water, pH 7.5,

autoclaved)

† NZY broth containing 100 mg/ml Kanamycin
† 80 mM NaCl, autoclaved

† NAP buffer (80 mM NaCl, 50 mM NH4H2PO4 pH 7.0 with NH4OH), Filter sterilized

8.7.1.2 Methods

1. Grow K91BluKan cells in 2 mL NZY broth supplemented with 100 mg/mL Kanamycin
in a 14 mL snap-cap tube overnight at 378C with shaking (210 rpm).

2. Transfer 300 mL from the overnight culture to 20 mL NZY broth (no antibiotics) and

grow in a 250 mL side-arm (12 mm) flask at 378C with shaking (200 rpm) to mid log

phase (OD600w0.45 as measured using the side arm cuvette). Incubate the culture with

gentle shaking for an additional 5–8 min to allow any sheared F pili to regenerate. The

final OD600 should be w0.48 (in the side arm cuvette).

3. Pellet cells by centrifuging in sterile Oak Ridge tubes at 2200 rpm in a Sorvall SS34 rotor

for 10 min at 48C.
4. Pour off the supernatant and then very gently resuspend the cells in 20 mL 80 mM NaCl.

DO NOT VORTEX. Transfer cells to a sterile 125-mL flask and incubate 45 min at

50 rpm, 378C.
5. Centrifuge as in step 3.

6. Gently resuspend cells in 1 mL cold NAP buffer. The concentration of viable cells is

w5!109/mL.
7. Store cells at 48C. Cells are best if used within 24–48 h, but they may be used for less
sensitive procedures (such as amplification of individual phage clones) for up to

five days.

8.7.2 AMPLIFICATION OF INDIVIDUAL PHAGE CLONES

8.7.2.1 Materials

† NZY broth

† Tetracycline 20 mg/mL in 50% glycerol/water, v/v

† Starved K91 BluKan cells

† PEG/NaCl (100 g PEG 8000, 116.9 g NaCl, 475 mL water), autoclaved
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8.7.2.2 Methods

8.7.2.2.1 Medium Scale Propagation and Purification of Phages

1. Inoculate 20 mL NZY containing 20 mg/mL tetracycline with a fresh single colony of

phage-infected cells (see Protocol 8.7.3) in a 125-mL flask. Incubate the culture in a

shaker-incubator at 200 rpm, 378C for 16–24 h.

2. Pour the overnight culture into an Oak Ridge tube. Centrifuge the tube at 5,000 rpm in a

Sorvall SS34 rotor for 10 min at 48C.
3. Pour the supernatant into a fresh Oak Ridge tube. Centrifuge the tube at 8,000 rpm in a

Sorvall SS34 rotor for 10 min at 48C.
4. Pour the cleared supernatants into a fresh Oak Ridge tube. Add 3 mL PEG/NaCl and

invert 100 times. Keep the tube on ice at 48C for at least 4 h (or overnight).

5. Collect the precipitated phage by centrifuging the tube at 10,000 rpm in a Sorvall SS34

rotor for 15 min, RRR (Remove the supernatant and spin again briefly, then remove any

remaining supernatant).

6. Add 1 mL TBS to dissolve the pellet.

7. Transfer the solution into a 1.5 mL microcentrifuge tube and centrifuge at maximum

speed for 2 min to clear undissolved material.

8. Transfer the supernatant into a fresh labeled 1.5 mL microcentrifuge tube containing

150 mL PEG/NaCl. Invert the tube 100 times. Keep the tube on ice for at least 4 h (or at
48C overnight).

9. Centrifuge the tube at maximum speed at 48C for 10 min. Aspirate the supernatant, RRR.
10. Dissolve the pellet in 200 mL TBS (pH 7.5) by scraping and pumping with tip followed

by vortexing.

11. Centrifuge at maximum speed for 1 min to clear undissolved material.

12. Transfer supernatant into a fresh 0.5 mL microcentrifuge tube. Store at 48C.

8.7.2.2.2 Large Scale Propagation and Purification of Phages

1. Combine 1 mL phage with 10 mL starved K91 BlueKan cells and incubate 10 min at room
temperature to allow infection to occur.

2. Add 190 mL NZY containing 0.2 mg/mL tetracycline to phage/cell mixture and incubate
40 min at 378C to allow tetracycline resistance to develop.

3. Add this mixture to 1 L NZYC20 mg/mL tetracycline in a 3 L flask. Incubate 24 h at

378C with shaking at 200 rpm.

NOTE: a well-separated colony of phage-infected bacterial cells obtained after phage

titering (see Protocol 8.7.3 below) can be used to inoculate NZY/20 mg/mL
tetracycline medium.

4. Pellet the cells by centrifugation in three 500 mL centrifuge bottles 10 min at 5,000 rpm

in a Sorvall GS3 rotor. Transfer the supernatants (contains phage) to fresh bottles and

centrifuge 10 min at 8,000 rpm in a Sorvall GS3 rotor. Transfer supernatant to

fresh bottles.

5. Add 50 mL (15% volume) PEG/NaCl solution to each bottle and mix by inversion.

Allow phage to precipitate overnight at 48C or on ice for 4 h.

6. Pellet the phage by centrifuging bottles 40 min at 8,000 rpm in a Sorvall GS3 rotor. RRR

(Remove the supernatant and spin again briefly, then remove any remaining supernatant).

7. Dissolve the phage pellet in 30 mL TBS (distributed among the bottles used for

centrifugation).
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8. Transfer the phage to a single tube and centrifuge 15 min at 10,000 rpm in a Sorvall

S34 rotor to remove residual insoluble matter. Transfer to a clean tube.

9. Add 4.5 mL PEG/NaCl to the tube, invert it 100 times, then incubate on ice 4 h.

10. Centrifuge tube 15 min at 10,000 rpm in a Sorvall SS34 rotor. RRR.

11. Dissolve phage in 5 mL TBS. Centrifuge 10 min at 10,000 rpm in a Sorvall SS34 rotor

to remove any precipitate and transfer to a fresh tube. Store phage at 48C.

8.7.3 TITERING OF F8/8 PHAGE

8.7.3.1 Materials

† PBS (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, 0.24 g/L KH2PO4, pH 7.4)

† Starved E. coli K91BluKan cells

† NZY containing 0.2 mg/mL tetracycline
† NZY plates (11g Bacto-agar in 500 mL water, autoclaved, plus 500 mL 2!NZY broth)

containing tetracycline (20 mg/mL)

8.7.3.2 Method

1. Create serial 10-fold dilutions of the phage to be titered in PBS.

2. For each dilution to be plated, mix 10 mL freshly prepared (!2 days old) starved cells
and 10 mL diluted phage in a small sterile tube and incubate 15 min at room temperature

to allow infection.

3. Add 180 mL of NZY containing 0.2 mg/mL tetracycline to each tube, then incubate

45 min at 378C to allow tetracycline resistance to develop.

4. Plate the entire volume of each tube on NZY plates containing 20 mg/mL tetracycline and
allow to dry before inverting the plates and incubating at 378C overnight.

5. Count the number of colonies formed, and then multiply by the dilution factor !100 to

determine the phage titer expressed in colony-forming units per mL (cfu/mL).

8.7.4 SELECTION OF BACTERIA OR SPORE-BINDING PHAGE CLONES FROM A

LANDSCAPE PHAGE DISPLAY LIBRARY

8.7.4.1 Materials

† Phage library f8/8, 4!1012 virions/mL (w109 clones)
† Spores or vegetative bacterial cells

† Starved E. coli K91BluKan cells

† TBS (2.42 g/L Tris, 29.22 g/L NaCl, pH 7.5)

† TBS/1% BSA

† TBS/0.5% Tween 20

† Elution buffer (0.2 M glycine–HCl, pH 2.2, 1 mg/mL BSA, 0.1 mg/mL phenol red)

† DOCbuffer (if desired) (2%w/v sodiumdeoxycholate, 10 mMTris, 2mMEDTA, pH8.0)

† 1 M Tris–HCl, pH 8.9

† NZY broth

† Tetracycline (20 mg/mL)

† NZY plates
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8.7.4.2 Method

1. Apply spores or concentrated freshly grown bacterial cells to a 35 mm Petri dish or

several wells of a 96-well high-binding plate. Incubate the uncovered dish/plate at

378C overnight or to dryness.

2. Block the dish/wells with 0.1%–1.0% BSA 1 h at room temperature.

3. Wash the dish/wells with TBS containing 0.5% Tween 20.

4. Add 1011 virions of phage library in 400 mL TBS containing 0.1% BSA and 0.5% Tween

20 to the dish (50 mL/well in the plate) and incubate 1 h at room temperature.

5. Wash the dish/wells 6–10 times with TBS containing 0.1%–0.5% Tween 20.

6. Elute surface-bound phage with elution buffer (400 mL for Petri dish, 100 mL/well in
plate). Incubate 5–10 min at room temperature and transfer eluate to a single micro-

centrifuge tube. If a deoxycholate fraction will be gathered, wash the wells or plate

with a small amount of TBS and add this to the eluate. Centrifuge the eluate/wash

briefly to remove any cells/spores that may have come loose during elution. Transfer

supernatant to a fresh tube and neutralize with 1 M Tris (pH 9.1).

7. Concentrate eluate with a Centricon 100 kDa unit (Millipore Corp.)

8. If a deoxycholate fraction (lysis-internalized phage) is desired, add 250 mL (dish) or 50 mL
(per well) DOC buffer to the dish/well and incubate 30 min at room temperature.

9. Add 100 mL starvedK91BluKan cells to the concentrated, eluted phage. Add 1 mL starved
K91BluKan cells to the phage in DOC buffer. Mix gently and incubate 10 min at room

temperature to allow infection.

10. Transfer phage-infected cells to 20 mL NZY containing tetracycline (0.2 mg/mL) in a
125 mL flask and incubate 45 min at 378C with shaking to allow tetracycline resistance

to develop, then increase the tetracycline concentration in the flask to 20 mg/mL and

continue shaking at 378C overnight.
11. Isolate phage using a double PEG precipitation as described by Barbas et al. (see also

Protocol 8.7.2 above).129

8.7.5 COPRECIPITATION ASSAY

8.7.5.1 Materials

† Selected phage clone(s)

† Spores or bacteria of interest

† TBS/20% Tween 20

† TBS/0.5% Tween 20

† Elution buffer

† TBS

† NZY broth containing 0.2 mg/mL tetracycline
† NZY plates containing 20 mg/mL tetracycline
† Starved E. coli K91BluKan cells

8.7.5.2 Methods

1. Dilute phages to a concentration of 106–109 cfu/mL in TBS. Heat diluted phage to 708C
for 10 min, then add 20% Tween 20 to a final concentration of 0.5% Tween 20. Centri-

fuge phage at 13,000 rpm (Microfuge 18 Centrifuge, Beckman Culture) for 15 min to

precipitate any aggregated phage.
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2. Combine phage in supernatant with bacterial cells from overnight cultures and/or spores

in separate 1.5 mL tubes. Be sure to include phage-only controls and to also reserve a

portion of the phage for titering. Total fluid volume in tubes should be at least 200 mL for
optimum mixing.

3. Incubate all tubes for 1 h at room temperature on rotator.

4. Centrifuge all tubes for 10 min at 3500–5500 rpm (Microfuge 18 Centrifuge, Beckman

Culture) to pellet bacteria/spores (use minimum speed that results in formation of a solid

pellet).

5. Wash the pellet 5 times, very gently, with 200 mL TBS/0.5% Tween 20.

6. Resuspend the pellet in 200 mL elution buffer and incubate 10 min at room tempera-

ture with occasional vortexing. Centrifuge 10 min at 3500–5500 rpm (Microfuge 18

Centrifuge, Beckman Culture) to pellet spores/bacteria (phage should remain in super-

natant). Transfer the supernatant to a fresh tube and neutralize with 38 mL 1 M Tris,

pH 9.1.

7. Titer phage input and recovery as previously described (see Protocol 8.7.3 above).129

8.7.6 TARGET-CAPTURE ELISA

8.7.6.1 Materials

† Selected phage clone(s)

† Biotinylated spores of interest and streptavidin conjugated to alkaline phosphatase

(APSA) and APSA diluent (0.05 M Tris–HCl, pH 7.5, 0.15 M NaCl, 0.1% Tween 20,

1 mg/mL BSA)

or

† Spores or bacteria of interest and target specific monoclonal or polyclonal antibodies and

alkaline phosphatase conjugated secondary antibodies

† TBS/0.5% tween

† TBS/0.1% BSA

† p-Nitrophenyl phosphate tablets (5 mg substrate/tablet)

† p-Nitrophenyl phosphate diluent (5 mL 1 M diethanolamine buffer pH 9.8, 5 mL 1 M

MgCl2)

8.7.6.2 Method

1. Apply 3!1010 phage virions in 60 mL TBS to each well of a high-binding 96-well plate
and allow phage to adsorb overnight at 48C.

2. Wash the wells five times with TBS/0.5% Tween 20 using a plate washer to remove non-

bound phage.

3. Apply 106–1010 spores/bacteria (biotinylated if possible) in 50 mL TBS/0.05% Tween 20

to each well. Incubate 2 h at room temperature with gently rocking.

4. Wash the wells again with TBS/0.5% Tween 20.

5. If biotinylated spores are not being used: add 45 mL target-specific monoclonal or poly-
clonal antibodies diluted with specific for the target diluted with TBS/0.05% Tween 20 to

each well and incubate 1 h at room temperature with gentle rocking. Wash plate as

previously described. Add 40 mL secondary antibody conjugated to alkaline phosphatase
in TBS/0.5% Tween 20 to each well and incubate 1 h at room temperature with gentle

rocking. Wash plate again.
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6. If biotinylated spores are used: add 45 mL APSA (1 mg/mL in APSA diluent) to each well

and incubate 1 h at room temperature with gentle rocking. Wash plate again.

7. Add 90 mL PNPP to each well and read plate on kinetic plate reader as previously

described.138
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9.1 INTRODUCTION

Upconverting phosphors are rare-earth-doped ceramic materials with the unique property of emit-

ting visible light upon excitation with near-infrared light. This process is called upconversion and

was first proposed in 1959 by Bloembergen [1] and experimentally demonstrated by Auzel in 1966

[2]. Following their discovery, these materials were studied for applications as light sources and as

detection materials for near-infrared diode laser light. The first use of downconverting phosphors as

labels in biological assays was in 1990 by Beverloo et al. [3] who first reported the advantages of

using this class of materials. The use of upconverting phosphors as labels in biological assays was

first considered by Zarling et al. in the early 1990s [4]. Since the mid-1990s, several groups have

extensively studied the use of upconverting phosphors in a variety of assay formats and detection

schemes. These include Tanke’s group at Leiden University as well as researchers at OraSure

Technologies (formerly STC) and SRI International. To date, upconverting phosphors have been

used primarily in lateral flow assays to detect protein [5], bacterial [6], and nucleic acid [7] targets.

However, they have also been used in microarray, microtiter plate, and bead-based assay formats.

Upconversion is a multiphoton process where two or more incident photons of low energy

(infrared) produce a single photon of higher energy (visible). Rare-earth-emitting (e.g., Er, Ho, and

Tm) and -absorbing (e.g., Yb, Er, and Sm) centers are coupled by substitution in the lattice of

appropriate host crystals. Figure 9.1 shows a process where rare-earth ions (a sensitizer or

absorber—typically ytterbium) absorbs infrared light. The absorbed energy is nonradiatively trans-

ferred to a second rare earth ion (activator or emitter) through two sequential steps. Two absorbed

photons are required to produce each upconverting state. A photon of energy in the visible region of

the spectrum is emitted when this second rare-earth ion spontaneously relaxes to its ground state.

Using different dopant-ion combinations makes possible a wide variety of phosphor compo-

sitions having the same absorption but different emission wavelengths, thereby yielding unique

colors. Figure 9.2 shows the unique emission spectra of nine different upconverting phosphor

compositions. The emission characteristics that can be a set of unique wavelengths for a given

phosphor compound are determined by the nature of the absorber and emitter ions as well as that of
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FIGURE 9.1 Two photon upconversion process in a YbEr phosphor.
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the crystalline host and the ion densities. Some twenty, and perhaps more, unique phosphor

compounds appear feasible. The narrow (typically 25–50 nm) linewidths of these emission

spectra as well as the absorption linewidth, together with the wide separation between both,

permit multiple analytes to be simultaneously detected in the same sample (i.e., multiplexed

assays).

The emitted power varies nominally as the square of the excitation intensity as shown

in Figure 9.3 for two different phosphor compounds. Saturation intensities on the order of

100 W/cm2 are easily attainable with infrared diode lasers. These lasers are semiconductor

devices produced by the same manufacturing technology currently used to fabricate the diode

lasers used in compact disc players and for fiber-optic telecommunications. They are compact
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(see Figure 9.4), high power (1 W), efficient electrical-to-optical converters (25%—4 W in yields

1 W out), have long lifetimes (greater than 10,000 h), can be fiber coupled, and are inexpensive.

The noise-equivalent power specifications of readily available, reasonably priced, compact photo-

multiplier detectors in the visible spectral region mean that single phosphor particles can be easily

detected. This is an optical sensitivity threshold—the overall sensitivity of the assay where the

phosphors are used will also depend on the assay efficiency, nonspecific binding (NSB), and other

assay-related factors. The combination of compact laser diodes and photomultipliers enables the

development of low cost and compact biodetection systems based on the upconverting

phosphor technology.

Submicron microspheres of these materials are used as labels or reporters in sandwich immu-

noassays (Figure 9.5). First, phosphor particles are coated with a biochemically inert substance such

as silica. Antibodies (or other suitable ligands) are then conjugated to the silica surface at optimal

densities using standard cross-linking chemistries. The resulting functionalized phosphor particles

are used in a liquid sample to label captured target antigens with a unique phosphor color assigned

for each different antigen. Target capture is achieved by immobilizing a set of different

specific antibodies (again, one for each antigen) on a suitable substrate and exposing the substrate

to the liquid sample. Illumination of the capture surface with near-infrared light results in upcon-

version phosphorescence from captured, labeled targets. Because of numerous spectrally

unique phosphor compositions, each type of captured target is labeled or color coded with a

unique phosphor reporter.

The ability to do highly multiplexed assays on a single sample is a key advantage of upcon-

verting over conventional reporters such as molecular fluorescent dyes and fluorescent

microspheres. The second major advantage is that, because of the unique nature of the upconversion

process itself, no other materials in nature upconvert—there is no optical background. Conse-

quently, these materials can be detected in dirty environmental samples. This is a distinct

advantage over fluorescent labels that must always be detected against the autofluorescent back-

ground that is usually dominant in environmental samples. It is also an advantage over systems that

rely on color or density changes. Third, because single phosphor particles are detected using diode

laser excitation sources and conventional optical systems, small biosensors are possible that offer

exquisite sensitivity. Finally, because their emission properties are a characteristic of the bulk

ceramic material, the upconverting reporters are photochemically stable (i.e., they do not photo-

bleach) and have long lifetimes (years). Hence, they are ideal reporters for use in the field for

FIGURE 9.4 Compact 980 nm fiber-coupled diode laser excitation source.
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sensitive, real-time detection and identification of pathogens with minimum false alarms. Further-

more, their stability means that phosphor-based assays can be archived for subsequent analysis.

Phosphor particles are coated to obtain uniform surfaces with stable reproducible chemistry. A

biologically active probe is then coupled (conjugated) to a coated phosphor particle to provide

specificity to a particular antigen. To simultaneously detect more than one type of antigen (called

multiplexing), different specific probes are conjugated to different unique color phosphors; as an

example, the antibody for anthrax might be coupled to a blue emitting phosphor, and the antibody

for plague might be coupled to a green emitting phosphor, and so on. The same laser wavelength

(about 980 nm) when incident on the sample where these reagents are used would yield both green

and blue spectral signals if both antigens are present. This multiplexing capability is the basis for

high-throughput screening and is a critical step in decreasing the time to identify biowarfare or

bioterrorism agents in the field. Both antibody and nucleic acid reagents have been produced

(Figure 9.6).

A typical assay-based detection process (Figure 9.7) involves the use of capture surfaces

prepared with capture sites for the target antigens. Upon introduction of the sample, target antigens

are captured at these sites on a surface, followed by labeling with multiple colors of upconverting

phosphors (with a unique color for each different antigen). The surface is then washed to remove

any reporter-probe reagent not attached to the surface-captured antigens. Finally, a diode laser

coupled with a photomultiplier or photodiode detector ascertains the presence of reporters through

the detection of visible light emitted if a target antigen is present. Spectral discrimination, achieved

through the use of a spectrometer or filters, determines which colors are present in the detected

emitted visible light. Each unique color (may be a set of different wavelengths) that is measured

means that a different antigen is present in the sample.

This review article primarily covers the immunoassay work performed at SRI International and

focuses on biowarfare agent detection. The following sections review and discuss the optical

properties of upconverting phosphors, the development of phosphor reagents and assays for

biodetection, and some of the detector platforms used for assay readout.

Upconverting phosphors
are materials that absorb near-
infrared light and emit visible light.

Uniform submicron UCP microspheres
can be synthesized and coated with
biologically active probes, such as antibodies.

Functionalized UCP particles are used
to bind selectively to captured target
antigens. Visible emission followed by IR
irradiation indicates presence of target.

Advantages:
UCP reporter

Target antigen
Capture antibody

Capture surface

UCP particle

Visible
IR

High sensitivity
Many colors for multiplexing
Robust−no photobleaching
Diode laser readout−compact
sensors

•

•

•

•

FIGURE 9.5 Overview of upconverting phosphor technology.
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9.2 SPECTROSCOPY AND DETECTION OF UPCONVERTING PHOSPHORS

9.2.1 UPCONVERSION PROCESS

One advantage of upconversion is the fact that the upconversion process is relatively uncommon,

leading to very low background levels. Stokes Law states that fluorescence is emitted at longer

wavelengths than the excitation light. For upconversion, also called anti-Stokes emission, the

emitted light is at shorter wavelengths than the excitation light. That is, the emitted photons

Capture surface for multiple agents Sample introduced

Visible light emitted if agent is present-
color indicates agent

Visible

IR

Labeling with multiple colors of
upconverting phosphors

FIGURE 9.7 Schematic of the phosphor-based detection process. A sandwich assay format is used to capture

and label specific biological agents.
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FIGURE 9.6 Phosphor reagent structure. Reagents for nucleic acid detection and immunoassay are shown.
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have higher energy than the excitation photons. The extra energy can be provided through the

conversion of two or more excitation photons for each emitted photon, such as occurs for upcon-

verting phosphors, multi-photon fluorescence, coherent anti-Stokes Raman scattering (CARS), and

harmonic generation. Of the materials that do not require prior energy storage, only upconverting

phosphors provide good efficiency for moderate excitation intensities (less than 1 kW/cm2). The

primary reason for this is that the efficient lanthanide-based upconversion processes do not involve

virtual states. That is, each input photon is absorbed into a real physical state of the lanthanide.

There is another type of upconverting phosphor based on electron traps that is used in cards for

viewing infrared beams. The extra energy for upconversion comes from visible or other short-

wavelength radiation that promotes electrons into the electron traps where they can subsequently

emit visible radiation when stimulated by infrared light. Because continuous exposure to infrared

light depletes the electron traps, these materials require frequent recharging with short

wavelength light.

A number of processes can lead to upconversion in lanthanide materials [8–11]. An example of

upconversion involving energy transfer is shown in Figure 9.8. This figure shows upconversion in

materials containing high concentrations of ytterbium and erbium. The light is absorbed by

the ytterbium (the sensitizer ion) and emitted by the erbium (the activator ion). Because the

density of ytterbium and erbium ions is high, the ion–ion separation is small, and nonradiative

energy transfer can occur much more rapidly than radiative transfer. When the phosphor is

illuminated by an intense infrared light source near 980 nm, many excited state ytterbium ions

are produced. A first energy transfer from ytterbium to erbium leads to excitation of the 4I11/2 level

in erbium. A subsequent ytterbium to erbium energy transfer leads to excitation of the 4F7/2 level

with a total energy of roughly twice that of the excitation photons.

The second excitation step in Figure 9.8 involves near-resonant nonradiative energy transfer. A

number of additional processes can lead to the second excitation step including direct absorption of

a second photon (excited state absorption or stepwise excitation), radiative energy transfer, nonre-

sonant energy transfer or phonon-assisted energy transfer (wherein creation or destruction of the

photon makes up the difference in energy of the activator and sensitizer ions), cooperative sensi-

tization and luminescence (that are relatively weak processes), and cross relaxation nonradiative

energy transfer (involved in the photon avalanche process) [12].

9.2.2 SPECTROSCOPIC PROPERTIES

Ytterbium can serve as a sensitizer for a number of activator ions including erbium, holmium,

thulium, praseodymium, and terbium. Examples of emission from Yb3C–Er3C, Yb3C–Ho3C,

4F7/2

2F5/2

2F7/2
Yb3+ Er3+

4I11/2

4S3/2

4I15/2

FIGURE 9.8 Energy diagram for upconversion with the Yb3C–Er3C pair.
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Yb3C–Pr3C, and Yb3C–Tm3C are shown in Figure 9.9. The use of a common sensitizer ion allows

excitation of different phosphor types using the same excitation wavelength, near 980 nm for

ytterbium. The strongest emission from Yb3C–Tm3C occurs near 800 nm, although this is not

shown in the figure. The 800 nm process requires two excitation photons for each emission photon,

and the blue emission in Figure 9.9 requires three photons. Another three-photon process involves

excitation of erbium near 1.5 mm with green emission where the erbium acts as both the sensitizer

and activator.

Upconversion tends to be more efficient for low phonon energy materials because nonradiative

loss processes are less favored. Exceptions to this apply when phonons are needed to compensate

for the energy difference in nonresonant energy transfer. Very low phonon energies can be obtained

with halides as anions, and fluorides are characterized by high efficiency. The heavier halides such

as chlorides and bromides have even lower phonon energies. However, these are not widely used

because they tend to be hydroscopic. For biological applications, oxysulfides are often used because

they can readily be fabricated as submicron monodisperse particles, whereas fluorides tend to fuse

into larger particles during activation of the phosphors.

The host material also influences the emission and excitation spectra of the upconverting

phosphors. The more significant changes occur with different anions. The influence of the anions

on emission from Yb3C–Er3C is shown in Figure 9.10. The shape of the emission profiles and the

ratio of green to red emission dramatically change.

The excitation spectra of ytterbium-sensitized phosphors in an Y2O2S host are shown in

Figure 9.11. Note that the excitation maxima have the same position for all activator ions. This

is beneficial when different lanthanide pairs are used for multiplexing because all of the phosphors

will have the same optimal excitation wavelength. The excitation spectra of the Yb3C–Er3C pair

has additional spectral features as a result of the presence of absorption resonances in erbium that

also occur near 980 nm, but this has little influence on the excitation peak. When using host

materials with different anions, significant changes in the excitation spectra occur as shown in

Figure 9.12.

The absolute emitted power per particle for 0.3-mm oxysulfide upconverting phosphors is

shown in Figure 9.13. At low intensities, the emitted power increases with the square of the

excitation intensity. That is, each curve has a slope of 2 when the logarithm of the emitted

400 450 500 550

Emission wavelength (nm)

600 650 700

(Y0.86 Yb0.08Er0.06)2O2S

(Y0.80 Yb0.197Ho0.003)2O2S

(Y0.864 Yb0.135Tm0.001)2O2S

(Y0.795 Yb0.204Pr0.001)2O2S

FIGURE 9.9 Emission spectra for erbium, holmium, thulium, and praseodymium in Y2O2S.
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power is plotted versus the logarithm of the excitation intensity. At higher intensities, the emitted

power is linearly proportional to the excitation intensity (a slope of 1 in the log–log plot of

Figure 9.13).

9.2.3 TIME RESPONSE

One particularly unusual aspect of upconverting phosphors is that the temporal response depends on

the excitation intensity. This behavior is shown in Figure 9.14 that shows the intensity dependence

of the rise and fall times of the Yb3C–Er3C pair. Each point represents the 1/e rise or fall time when

the excitation light is turned on or off in a discontinuous (step function) fashion. As the intensity is
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(Y0.86 Yb0.08Er0.06)2O2S

(Y0.80 Yb0.197Ho0.003)2O2S

(Y0.864 Yb0.135Tm0.001)2O2S

(Y0.795 Yb0.204Pr0.001)2O2S

FIGURE 9.11 Excitation spectra for erbium, holmium, thulium, and praseodymium in Y2O2S.
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Na(Y0.8 Yb0.18Er0.02)F4

(Y0.86 Yb0.08Er0.06)F3

(Y0.80 Yb0.18Er0.02)OF

FIGURE 9.10 Emission spectra for Yb3C–Er3C pair in host materials with different anions.
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increased, both the rise and fall times decrease. This behavior is very uncommon. The intensity-

dependent fall time is particularly surprising as one would expect that once the excitation source is

turned off, the emission decay would not depend on how the excited state was produced. The rise

and fall times start to decrease for excitation intensities of a few W/cm2, the same level where the

intensity dependence of the emitted power dependence changes from quadratic to linear (see

Figure 9.13). The reason for this behavior is understood from examination of the rate equations

for upconversion and the dominating mechanism for loss of the energy from the excitation light. At

low intensities, the primary loss is from decay of the singly excited states, and the time response is
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FIGURE 9.12 Excitation spectra for Yb3C–Er3C pair in host materials with different anions.
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determined by singly excited levels (the ytterbium 4F5/2 level and erbium
4I11/2 level in Figure 9.8).

At high intensities, the number of doubly excited states becomes large enough that the primary

energy loss occurs through decay of the doubly excited states (level 4S3/2 populated through level
4F7/2 of erbium). Because the decay rate of the doubly excited states is faster than the decay rate of

singly excited states, the high-intensity decay rates are faster than the low-intensity decay rates.

This same transition from singly excited states to doubly excited states also causes the change in the

intensity dependence of the emitted power. When singly excited states dominate, the number of

doubly excited states scales with the square of the number of singly excited states. Because the

emitted power scales with the number of doubly excited states, the emitted power scales quad-

ratically with the input intensity. In the high-intensity regime, the number of doubly excited states

scales directly with the input intensity, and the output power scales linearly with the input intensity.

The crossover for temporal response and emitted power both occur at the intensity for which the

dynamics change from singly excited state dominance to doubly excited state dominance.

9.2.4 INSTRUMENTATION

The unusual properties of the upconverting phosphors have important implications on the instru-

mentation for their detection. Consider a light source focused to an area A. For conventional

fluorophores with emission that linearly depends on the excitation intensity, focusing does not

increase the total signal. Although the excitation rate for an illuminated fluorophore increases as

1/A, the number of illuminated fluorophores decreases with A, leading to no net change in signal

with focusing. The behavior for nonlinear fluorophores such as the upconverting phosphors is

different. If the emission is proportional to the square of the intensity, the total signal increases

as 1/A2 as the beam is focused more tightly. Although the number of illuminated phosphor particles

decreases with A, the net signal increases as 1/A as the beam is focused. Thus, larger signals are

obtained in tightly focused geometries. To obtain signal from a given area, much larger signals are

generally obtained by scanning a focused beam over the area rather than using uniform illumination

over the whole area. This generalization is no longer valid when the excitation beam intensity is

high enough that the emission is linear (see Figure 9.13) or at high scan rates where the illumination

times are short compared with the phosphor rise and fall times.

Upconverting phosphors have longer characteristic response times than other fluorophores such

as fluorescent dyes. The decrease in the rise and fall times of upconverting phosphors with

increasing intensity (Figure 9.14) makes higher intensity excitation advantageous for applications

requiring faster time response such as flow cytometry [13,14].
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FIGURE 9.14 Variation in rise and decay times for green emission from (Y0.86Yb0.08Er0.06)2O2S.
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Diode lasers are good light sources for excitation of upconverting phosphors as they provide

moderate power (w1 W) from a compact package with good efficiency. The common wavelengths

for exciting upconverting phosphors fortuitously happen to be popular wavelengths for optical

communications (980 nm is used for pumping erbium fiber amplifiers and 1.55 mm is the location

of the minimum-loss window for silica-based optical fibers). Near-infrared semiconductor laser

systems can emit luminescence at shorter wavelengths in the visible spectral range. It may be

necessary to filter out such luminescence to obtain the best performance. On the detection side,

a notch filter may be used to block the near-infrared excitation light.

Although upconverting phosphors are excited in the near-infrared spectral region, detection is

performed at shorter wavelengths. This is significant because detectors tend to have better per-

formance in the visible spectral region and in the short near-infrared wavelengths out to

approximately 1 mm. The photocathode materials used in photomultipliers and image intensifiers
have better quantum efficiencies and lower background currents in this range. Similarly, silicon-

based detectors have good performance in this region. With sensitive and low noise detectors and

no upconverted background light in most situations, instrumentation can readily detect single

upconverting phosphor particles. This means that assay performance is generally limited by

factors such as NSB and probe affinity rather than the optical label and instrumentation.

9.3 REAGENT DEVELOPMENT

9.3.1 INTRODUCTION

An upconverting phosphor reagent is defined as a phosphor particle that has been coated for

aqueous stability and functionalization followed by attachment of the biological probe. The

process used in reagent preparation involves the following steps: (1) synthesizing the phosphor

particle, (2) applying a coating to the phosphor surface, (3) attaching the biological probe (e.g.,

antibody), and (4) evaluating the finished reagent (Figure 9.15). Although the ceramic upconverting

phosphor particles are considered to be very stable, passivation (silica coating) of the phosphor

surface blocks exposure of the phosphor core to the aqueous solution and prevents possible lantha-

nide leaching. After passivation, the phosphors are coated with a silane having functional groups to

which the antibody probes are attached by way of a crosslinker.

Phosphor synthesis

Phosphor coating
Silica
Silane

Probe attachment

Reagent evaluation

Reagent development
completed

FIGURE 9.15 Reagent development flowchart.
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Additionally, the functional groups, along with the crosslinker, provide tailorable dispersability

of the phosphors in aqueous buffers. The crosslinker, the associated coupling conditions, and the

blocking protocols are empirically determined by screening a number of phosphor reagents for best

performance in an actual assay. Covalent attachment of the probe provides the strongest link to the

phosphor particle. Alternatively, a phosphor reagent can be prepared by passively adsorbing the

capture probe (i.e., antibody) onto the phosphor surface at any step after synthesis is complete.

This section describes the synthesis of submicron monodisperse phosphors, the sequential

coating of phosphors with silica and an organoalkyoxysilane, and finally, the coupling of the

probe to the phosphor with a crosslinker to complete the phosphor reagent. The stability of the

finished phosphor reagent and its application to the assay device is discussed in Section 9.4.

9.3.2 PHOSPHOR SYNTHESIS

A goal in the development of the upconverting phosphor reagent was to obtain submicron, mono-

disperse particles of uniform brightness. Initial efforts to prepare downconverting phosphors for use

in an assay by ball milling larger crystals produced a polydisperse mixture with variable morphology

[3]. It was also found that the luminescent output of the phosphors was diminished because of defects

introduced to the crystalline structure of the phosphors during grinding [3,15]. Hence, this groupwas

motivated to develop a synthesis process that would achieve its goal and also be scalable to the

production of phosphors to support commercial development. Phosphors were made predominantly

fromyttriumoxysulfide dopedwith ytterbium and erbium; however, phosphors dopedwith holmium,

thulium, or praseodymium in place of erbiumwere also usedwhenmore than one colorwas needed in

an assay. Implementation of the process begins with the formation of spherical submicron phosphor

particles by precipitation followed by heating to convert the material to an oxide. Conversion of the

oxide to the oxysulfide was achieved by the addition of a flux and additional heating. The final step is

the rearrangement of the crystal structure (particle activation) to achieve strong upconversion.

Particle sizing was done after synthesis to characterize the phosphor size distribution.

9.3.2.1 Submicron Phosphor Particle Manufacturing

This group’s method for preparing ytterbium–erbium oxysulfide phosphors [16] is summarized

here; note that preparation of the other phosphors doped with different lanthanides follow

a similar protocol. To produce the yttrium–ytterbium–erbium oxysulfide phosphors

(Y0.86Yb0.08Er0.06)2O2S, the lanthanide nitrate salts were first stoichiometrically mixed together in

aqueous solution. Phosphor particles were then formed by precipitation of the lanthanide ions from

solution as a hydroxycarbonate using an excess of urea [17]. Next, the hydroxycarbonate phosphor

precursor particles were converted to the oxide in a fluidized-bed reactor at 7508C in air. The oxide
phosphors were converted to the oxysulfide form by resuspending the particles for 4 h using a gas

mixture of H2S, H2O and N2 at 8508C in the reactor. Finally, the oxysulfide phosphors were activated
to increase their luminous efficiency by fluidizing the particles with argon for 30 min at 14508C. The
advantage of the fluidized bed is that, during the reaction, the particles are always moving with

enough energy to minimize aggregation. The final result was the production of substantially mono-

disperse, 0.4-mm-diameter phosphor particles (Figure 9.16). Oxysulfide phosphors with different
emitter ions were prepared in a similar manner with substitution of the appropriate lanthanide ion for

the emitter. Activated phosphors were stored desiccated under argon until later use.

Phosphor size is determined by the reaction conditions during the urea precipitation step. For

some applications, smaller phosphors are desired because their increased diffusivity should

improve assay kinetics. Preliminary studies using a combination of increased urea concentration

and a decrease in the concentration of the metal ions during precipitation has shown that 200 nm

phosphors can be synthesized [18] and that additional size reductions may be achievable using

this approach.

DK9421—CHAPTER 9—13/11/2006—19:47—NRAJARAM—15338—XML MODEL C – pp. 217–247

Upconverting Phosphors for Detection and Identification Using Antibodies 229



9.3.3 PHOSPHOR COATINGS

Synthesized phosphors without further surface treatment are normally hydrophobic. Left untreated,

phosphors will agglomerate when suspended in aqueous buffer, a serious impediment for their use

as an assay label. By coating the phosphor, the surface can be modified to increase hydrophilicity

and tailor the dispersibility of the phosphors in common assay buffers. Additionally, functional

groups can be introduced into the coating to allow both covalent and noncovalent attachment of the

probe. A double coating process is used to prepare the phosphors for the functionalization step. A

silica layer is first applied to passivate the phosphor followed by a silane layer to modify the surface

for crosslinking.

9.3.3.1 Silica Coating

After investigating several approaches for applying the silica-based passivation layer, solution-

based and chemical vapor deposition (CVD) techniques were selected because they provided the

best coverage of the phosphor surface. The best results were obtained with a solution-based method

to produce a coating of amorphous silica using established wet chemical methods [19]. The process

involves the controlled hydrolysis condensation of a tetraethoxysilane in an alcohol suspension

using a base catalyst to form the coating. The coating is then cured under mild heating to produce an

amorphous silica layer nominally 20–30 nm thick (Figure 9.17) as measured by transmission

electron microscopy (TEM) that completely covers the surface of the phosphor. Surface coverage

was assessed by surface analysis methods, including Auger electron spectroscopy, energy disper-

sive x-ray (EDX) spectroscopy on a scanning electron microscope (SEM), x-ray fluorescence, and

x-ray diffraction.

9.3.3.2 Silane Coating

The silica-coated phosphor is then treated with an organoalkoxysilane to generate the functional

sites to be used in the covalent attachment of crosslinkers and, subsequently, antibodies. Silanes

having amino, carboxyl, and sulfhydryl groups are typically used. The phosphor is coated with

FIGURE 9.16 Scanning electron micrograph of synthesized upconverting phosphors.

DK9421—CHAPTER 9—13/11/2006—19:47—NRAJARAM—15338—XML MODEL C – pp. 217–247

Immunoassay and Other Bioanalytical Techniques230



3-aminopropyltriethoxysilane using a protocol similar to published reports [20]. This reagent

generates a surface with an average functional density of amines of 3.4 amines/nm2 as detected

using a colorometric analysis [21].

9.3.4 FUNCTIONALIZATION WITH CAPTURE PROBE

Probes can be attached to the phosphor either by adsorption or by covalent linkage. Whereas

adsorption is the simplest approach, a covalent bond between the probe and the phosphor provides

for increased stability and, in many cases, better control of the probe orientation. The field of

bioconjugate chemistry is well developed [22], and conjugates with a variety of functional

groups and lengths are widely available from multiple vendors. The choice of crosslinker and

the method for attaching the phosphor to the antibody will depend on both the antibody and the

target to be detected. In general, longer crosslinkers decrease steric hindrance between the antibody

and the target [23], making it easier for the antibody to bind to large targets. Although it is possible

to modify antibodies for linking (e.g., modification of an amine to a thiol or oxidation of the sugar

on the Fc part of the antibody), this group has found that the best crosslinking strategies do not

modify the antibody before it is attached to the crosslinker. In this case, the crosslinker should have

an amine reactive group (i.e., carboxylic acid or aldehyde) to bind to the antibody.

9.3.4.1 Phosphor Reagent Production

The amine surface on the phosphor is converted to an aldehyde by reaction with terephthaldicar-

boxaldehyde (TPDCA), a rigid dialdehyde. At this point, antibodies are coupled to the surface of

the particle via a spontaneous reaction between the aldehyde on the particle surface and an amine on

the antibody followed by subsequent reduction of the Schiff base with sodium borohydride. To

increase the antibody distance from the particle surface, a heterobifunctional polyethyleneglycol

(PEG) crosslinker is used as an alternative to coupling the antibody directly to the TPDCA. The

PEG crosslinker has an amine on one terminus that binds to the TPDCA and a carboxylic acid on

the other terminus (PEG3400, Shearwater Polymers) [5]. The carboxylic acid is then converted to a

succinimide ester using 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and

N-hydroxysulfosuccinimide [24]. The succinimide ester-modified linker then spontaneously reacts

with an amine on the antibody. The antibody surface density on the phosphor was set to between

10,000 and 40,000 antibodies per square micrometer by diluting the antibody with bovine serum

albumin (BSA). The upper limit for antibody density on the phosphor surface was estimated to be

approximately 44,000 molecules/mm2 from a calculation of the radius of gyration assuming a

molecular weight of 150 kDa for an IgG antibody. After antibody conjugation, any remaining

active sites on the phosphor are neutralized by the addition of an amine-containing protein such

as BSA or a small hydrophilic amine-containing molecule such as tris(hydroxymethyl)ami-

noethane. Dextran has also been used as an alternative to PEG for crosslinking [5].

(a) (b)
Silica coating

FIGURE 9.17 Transmission electron micrograph of synthesized upconverting phosphors (a) as prepared and

(b) after silica coating. The thickness of the silica coating in (b) is 20–30 nm.
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9.3.4.2 Phosphor Reagent Testing

The optical density of the phosphor is routinely measured during the production process to monitor

for loss of material. Additionally, several rapid tests can be done to check the phosphor reagent

before it used in an actual assay. The amount of antibody bound to the phosphor surface can be

quantified using a fluorescently labeled antibody that is reactive to the species of the bound

antibody and detects the complex by flow cytometry. By substituting a labeled target for the

antibody, the number of functional antibody sites on the phosphor can be determined. Alternatively,

a microtiter plate format can be used in place of the flow cytometer to check reagent functionality.

9.4 ASSAY DEVELOPMENT

9.4.1 INTRODUCTION

Assays using microscopic particles as labels such as upconverting phosphors can have greater

sensitivity than molecular labels because each particle is the equivalent of hundreds to thousands

of individually luminescent entities. Particulate labels are capable of providing signal amplification

without the need for enzymes. Additionally, because upconversion produces a signal that is higher

in energy than the light used to excite the label, assay detection is done against a background that is

essentially zero. However, assay development using particulate labels, including upconverting

phosphors, requires that attention be paid to several issues as discussed by Hall et al. [25] who

identified three parameters regarding particulate labels that need to be considered during assay

development. First is that low NSB is critical if the full advantage of signal amplification from

particle labels is to be realized. Second, in accordance with mass-action law, the concentration of

the labels used in the assay should be as high as possible. Third, they found that, contrary to

conventional assay theory, there is an optimum antibody density for the surface of the label that

may be less than the monolayer packing density. Although Hall et al. experimentally confirmed

their findings with fluorescent microspheres, similar results have been viewed with

upconverting phosphors.

9.4.2 ASSAY FORMATS

Although upconverting phosphors can, in principle, be used as labels in any type of immunoassay,

they have predominantly been used in sandwich and antigen competition assays [26]. In general,

sandwich assays require targets that have multiple epitopes for capture and labeling whereas

competitive antigen assays, because only a single epitope is required for capture, favor small

targets such as organic molecules. Sandwich assays, because they label bound target, are inherently

more sensitive than competitive assays [27]. Using upconverting phosphors exploits the sensitivity

advantage of sandwich assays because phosphors can be detected against a dark background.

However, a multiplexed competitive assay for the detection of drugs of abuse using upconverting

phosphors has been described [6]. This section focuses on sandwich upconverting phosphor assay

development.

Upconverting phosphors have been used with several assay formats, including the lateral flow

assay (LFA), microspheres (both polymer and magnetic), and microtiter plates. The LFA is a

simple format that is inexpensive to produce and easy for a minimally trained person to use.

They are the technological basis behind the home pregnancy test. Microspheres provide assay

kinetics that approximate a solution-phase assay and can be separated easily from solution when

used in heterogeneous assays. An additional advantage is that microspheres can be analyzed on a

single-particle basis by flow cytometry. Microtiter plates represent a well-established assay format

made popular by enzyme-linked immunosorbent assay (ELISA). Advantages include the avail-

ability of materials and protocols for assay development. A single upconverting phosphor reagent
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can be used with all of the above formats because they have in common a solid phase that is used to

capture the target of interest.

Development of bead-based [14] and microtiter plate upconverting phosphor assays [5] have

been previously described. This review primarily focuses on the LFA format. Figure 9.18 is a

schematic of the structure of the lateral flow test strip this group designed and developed to detect a

single pathogen target [5]. The test strip consists of a sample application pad, a reagent release pad

(containing dried phosphor reagent), a nitrocellulose lateral flow membrane, an absorbent pad, and

backing material. All materials for LFAs (except for the upconverting phosphor labeling reagents)

are commercially available (e.g., Millipore, Scheicher & Schuell). The lateral flow membrane

contains three distinct zones: a test line (T), a control line (C), and an index line (I). The test

line contains antibody, specific to the target analyte of interest, adsorbed onto the nitrocellulose

material. If target is present in the sample, it will be captured and labeled by upconverting phos-

phors at this position. The control line is designed to capture any phosphor particles that flow

through the wick and serves as a test control (i.e., it indicates that the lateral flow test has worked

properly). It is prepared by depositing antibodies on the nitrocellulose membrane that selectively

binds to the antibodies crosslinked on the phosphor reporter particles. The index line contains a

known amount of phosphor bound to the nitrocellulose membrane and serves as a detector index

line (for positioning of the optical read head) and also for signal calibration.

Simultaneous detection of multiple targets is possible using upconverting phosphors in all three

above-mentioned assay formats. Each target is identified by a unique phosphor color. Additional

selectivity is achievable with the LFA and microsphere formats by capturing the target at a unique

spatial location (LFA) or with a unique microsphere size. For example, up to nine targets could be

identified in a microsphere assay format that combines three microsphere sizes with

three phosphors.

9.4.3 DEVELOPING AN UPCONVERTING PHOSPHOR-BASED ASSAY

An overview of the assay development process is shown in Figure 9.19 using the LFA as an

example. The sequence of steps begins with the deposition of the functional phosphor reagent to

the release pad. Next, capture antibodies are striped on the selected nitrocellulose membrane and

tested with the phosphor reagent. Once the phosphor reagent flows through the membrane with

minimal NSB, target is added to the strip, and the assay is checked for sensitivity and specificity.

Sample applied
to absorbent pad

Sample
application pad

Control line
(positive test)

Index line

Sample wicked up
into absorbent pad

Labeling
reagent

Reagent release pad Lateral flow membrane

Test line
(target

capture)

FIGURE 9.18 Schematic view of the lateral flow strip. The major components of the strip are (left to right)

sample application pad, release pad, nitrocellulose membrane, and absorbent pad. Capture antibodies specific

to the target and the antibodies on the upconverting phosphor particles are striped at the test and control lines,

respectively. Phosphors comprising the index line are used as a fiduciary point when the wick is scanned by the

reader. UCP reagent is deposited on the release pad and lyophilized before assembly onto the strip.
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Additional assays are added to the strip in a sequential fashion to create a multiplexed test strip.

Throughout the assay development process, feedback loops are followed in an iterative fashion to

optimize the assay performance.

A well-performing immunoassay begins with the selection of antibodies. Antibody require-

ments include sensitivity and specificity for the target of interest. Because a solid-phase is used for

both capture and detection of target, monoclonal or affinity-purified polyclonal antibodies

optimized for use in ELISA are preferred. If possible, at least one of the antibodies should be a

monoclonal that is preferentially attached to the phosphor. This orientation is preferred because

crosslinking a monoclonal antibody to the phosphor should be more consistent (i.e., reproducible)

compared with the linking of a polyclonal antibody because of the homogeneity of a monoclonal

antibody preparation [26]. However, any antibody pairing must be empirically tested to determine

the best orientation for use in any assay. Antibody selection is facilitated when there is a library of

antibodies (especially monoclonals) from which to choose.

The phosphor reagent is deposited in a dry-down buffer (DDB) on the release pad. The buffer

components must protect the phosphor reagent while dry and allow for good release when the

reagent is rehydrated. Typical buffer compositions include large amounts of sugars such as sucrose

(up to 20% w/v) that retard denaturation of antibodies [28] attached to the phosphors. This group

has established a process to evaluate DDBs and release pad materials (such as glass fiber and

Demonstrate phosphor
release from pad

Select membrane and
stripe antibody lines

Add phosphors

Add target

Demonstrate phosphors are
captured at control line and
do not bind to capture line

Demonstrate
phosphors bind to

capture line

Check sensitivity and
selectivity of assay

Assay development
completed

FIGURE 9.19 Flowchart of the assay development process.
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Accuflow-G). Release pads must effectively wick the sample without binding a significant amount

of antigen or introducing interfering substances. As part of the assay development process, our

group routinely (1) determines the amount of striped phosphor reagent per assay, (2) adjusts the

DDB formulation and lyophilization process, and (3) optimizes blocking and sample treatment

buffer as necessary to improve release of the dried reagent. Phosphor reagent was diluted in DDB

composed of 10 mM borate buffer (pH 9.0) supplemented with 5% (w/v) BSA (Fraction V) and

20% (w/v) sucrose. The phosphor reagent was then striped onto Accuflow G release pads

(Schleicher and Schuell) at 2 mL/s and dried for 1 h at 378C to give a final phosphor weight of

200–400 ng per LFA strip, depending on the assay target.

The preparation of LFA strips is a multi-step process [5]. First is the selection and evaluation of

the nitrocellulose membrane material. Membranes must have uniform flow and give sensitive

detection with low variability on an intra-lot and lot-to-lot basis. Second is the striping of

the membrane with the test and control line antibodies. Capture antibodies are deposited on the

membrane in a buffer that facilitates adsorption of the protein on the nitrocellulose material. In

some cases, the antibodies are striped in a buffer containing BSA, a protein that minimizes NSB

when bound to the test line. Appropriate antibodies are diluted to 1–3 mg/mL in a 50 mM phosphate

buffer (pH 7.5) along with 10 mg/mL BSA as a blocking and spacing agent. The antibody solutions

are then dispensed onto a nitrocellulose card (40!200 mm HF135 material, Millipore) using an

IVEK microstriper at a dispensing rate of 1 mL/cm. Additionally, an index line consisting of
phosphors is striped 4 mm distal to the last antibody line. The index line is used by the biosensor

to determine the location of the target capture and control line peaks from the scan data. The cards

are then placed in an oven and dried 1 h at 378C. Third is the selection of the absorbent pads at both
ends of the strip. The application pad is selected based on its ability to absorb and regulate the flow

of the applied test sample with minimal interference. The pad is soaked in running buffer (RB)

containing 10 mM Hepes, 135 mM NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 1%

(w/v) BSA, 0.5% (v/v) Tween-20, and 0.2% (w/v) NaN3. It is then lyophilized before it is attached

to the other wick components. The RB components are released during rehydration to dynamically

block the membrane strip during the assay. The absorbent pad at the end of the test pad is selected

and sized according to the amount of fluid that is to flow through the strip. Finally, all of these

components are laminated together and cut into strips before use.

Phosphor migration through the membrane is governed by the membrane pore size, membrane

wetting agents (added during the membrane manufacturing process and also as part of the assay),

quality of the phosphor reagent, the interaction of phosphors with the membrane, and the compo-

sition of the assay buffer. Flow agents such as sugars are used in the DDB to help the phosphors

move through the membrane. Nitrocellulose membranes are sometimes pre-treated with 1% poly-

vinyl alcohol (PVA) as a blocking agent. The assay buffer contains additional blocking agents such

as proteins and surfactants. Blocking agents such as BSA minimize binding of the phosphors to the

test line in the absence of specific target by adsorbing to hydrophobic regions, crucial for reduction

of background while retaining sensitivity. Additional blocking of NSB is provided by surfactants in

the buffer (e.g., Tween-20).

In general, an empirical process is followed to determine the optimal assay conditions. This

group’s approach is to use a formal development process to quantitatively evaluate key variables in

a pair-wise fashion over a realistic variable range. The development process is similar to the one

previously discussed for phosphor reagent optimization. Table 9.1 lists several of the assay vari-

ables and a typical range over which optimization is performed.

A typical optimization experiment is performed by constructing a test matrix to compare two

variables such as antibody concentration vs. crosslinker at several points (i.e., concentration of

reagent, crosslinker type). Additional experimental matrices that would be generated include those

investigating the pH of antibody coupling, type and concentration of blocking agent, type and

concentration of quenching agent, and so forth. Initial optimization is performed over a wide

range in the parameter space; subsequent experiments narrow down the parameter space to find
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the optimum operating point. Optimization experiments are performed in the lateral-flow format;

however, the phosphor reagent is initially applied to the release pad just before the experiment is

started. Only later in the development process is the phosphor reagent lyophilized before use. The

end result is the preparation of a phosphor reagent optimized for the detection of a specific target.

Solution stability of upconverting phosphor reagents depends on buffer composition [3]. Assay

performance is impaired under conditions of reagent aggregation. This group has found that Hepes

buffer, in comparison with phosphate buffers, minimizes phosphor agglomeration in solution [5].

The stability (or lifetime) of the phosphor reagent is determined, in large part, by the stability of the

attached probe. In many cases, such as for the LFA, the reagent is applied to the assay device and

dried before use for long-term stability. Excipients such as sucrose and BSA that are added to the

reagent as it is dried down on the release pad, coat the phosphor reagent to prevent irreversible

attachment of the phosphor to the release pad and aid in rehydration. Proper release of the phos-

phors is essential in preventing reagent pileup as the phosphors make the transition from the pad

into the membrane. Phosphor pileup introduces variability in assay performance by restricting the

flow of reagent and target past the test lines in the membrane strip. Pileup can be minimized by

careful selection of the release pad, preparation of the phosphor reagent, and optimization of the

dry-down and assay buffers. Additionally, LFA devices containing phosphor reagents are packaged

in hermetically sealed bags containing desiccant and filled with inert gas to decrease reagent

oxidation. Using these procedures, an assay shelf life of greater than six months when stored at

room temperature and greater than a year when stored at 48C has been achieved.

9.4.4 ASSAY ANALYSIS AND RESULTS

An important part of assay development is the development of algorithms to process the phosphor

signal as the strip is scanned. The simplest approach is to integrate the area under the test line peak

and to fit that data to a calibration curve to determine the concentration of target present. Whereas

measurement of only the test line is sufficient for well-behaved assays, a more robust approach is to

divide the area of the test line peak by the area under both the test and control peaks to normalize the

signal to the amount of phosphor label that moved through the strip. Using the latter approach, the

detection of target is treated as a hypothesis test between H0, the hypothesis that the data represent

only NSB, and H1, the hypothesis that specific binding has occurred. In the case of the LFA for a

single agent, it has been empirically found that under H0, the test and control peaks, T and C, after

baseline subtraction, are well represented by the linear model

TkZ aCbCkCnk (9.1)

where k labels a data sample collected under the NSB condition, a and b are model coefficients, and

nk are model residuals assumed to be independent, and identically distributed as (approximately)

normal with zero mean and variance s2. The model parameters a, b, and s2 are estimated from the

TABLE 9.1
Several Assay Optimization Variables and their Expected Range

Variable Range

Membrane blocking agent (e.g., PVA) 0%–1% (w/v)

Blocking agent in assay buffer (e.g., BSA) 0.5%–5%

Surfactant (e.g., Tween-20) 0.01%–1%

Phosphor reagent on release pad 0.1–3 mg

Antibody striped on nitrocellulose 0.5–3 mg/ml
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NSB data by standard linear regression analysis. Using the Neyman–Pearson detection criterion

[29] to test for the presence of target binding at the test line leads to a test that rejects H0 for

SZ jTKðâC b̂CÞjOt (9.2)

where t is a threshold chosen to provide a specified false detection probability Pfa as

PfaZ
1ffiffiffiffiffiffiffiffiffiffiffi
2ps2

p
ðN
t

exp K
1

2s2
ðTKðâC b̂CÞ2Þ dT (9.3)

This detection approach has worked well for data sets analyzed by us for a variety of

bioagent assays.

Scan data for each lateral flow strip collected by the reader unit are analyzed by first identifying

the test (T) and control (C) lines as well as a region between the two lines representing background

phosphorescence. An average of five points at each line is taken and averaged. Equation 9.2 is then

used to determine if the assay result exceeded the detection threshold t. If so, a positive event is

declared. Otherwise, the test result is considered negative. The test statistic, S, is computed in units

of standard deviations from the NSB data. Thus, a test statistic of 2 indicates the result is 2s above

the null case.

An upconverting phosphor-based assay was developed for the detection of human chorionic

gonadotropin (hCG) in an LFA format to demonstrate the potential of upconverting phosphors as a

sensitive label. Commercially available antibodies having high affinity (Kdw10
K11M) and speci-

ficity to either the a or b chain of hCG were used in the assay. As shown in Figure 9.20, the group

was able to detect hCG at concentrations as low as 10 pg/ml from a 100 ml sample. Also, the signal
at the target line monotonically increased as the hCG concentration was increased from 10 pg/ml to

10 ng/ml. Detection sensitivities achieved with the phosphor labels were 10–100-fold greater in

comparison to other labels such as colloidal gold [5].

This laboratory has also developed an upconverting phosphor-based lateral-flow-based assay

for the detection of Bacillus anthracis. Figure 9.21 shows scans of test strips dosed with either

1!106 cfu/ml of B. anthracis spores or with no spores. Strips without target showed very little

binding of phosphor reporter to the test line (the rightmost peak in Figure 9.21) but were captured at

the control line, as expected, indicating that phosphors moved through the strip. When B. anthracis

spores were present, strong binding of the phosphor reporter was seen at both target capture and

control lines. This set of data demonstrates that micron-sized targets (i.e., B. anthracis spores) can

flow through the nitrocellulose membrane and be detected at the test line with the phosphor labels.

Upconverting phosphors have been used to simultaneously detect two targets. In a previously

reported experiment [5], two different phosphor colors were used to detect mouse IgG and oval-

bumin in a LFA. Detection of ovalbumin was demonstrated in the presence of up to 1000 ng/ml

mouse IgG. Table 9.2 shows the limit of detection achieved with the upconverting phosphor-based

LFAs for a variety of target antigens. The data shown are for assays observed 15 min after the agent

was applied to the test strip. For toxins and other molecular-sized targets (e.g., F1 antigen), the limit

of detection is approximately 1 ng/ml. For bacterial agents (spores and cells), detection limits are

between 104 and 106 cfu/ml.

This group has also developed flow cytometer immunoassays using upconverting phosphors to

detect proteins (mouse IgG, ovalbumin), viruses (MS2 coliphage), bacterial cells (Erwinia herbi-

cola), and spores (BG). Polystyrene or magnetic beads were used to capture the target of interest in

a sandwich assay format. For detection, an antibody-functionalized phosphor was used or,

indirectly, the target was first detected with a biotinylated antibody followed by neutravidin-

coated phosphors. As an example, the group has demonstrated assay sensitivities of w250 pg/ml
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for detection of mouse IgG [13,14]. In one experiment, mouse IgG was captured by magnetic beads

coated with anti-mouse antibodies (Dynabeads M-450 sheep anti-mouse IgG, Dynal) at a concen-

tration of 6.7!105 beads/ml. Detection of the captured mouse IgG was performed in two steps.

First, a biotinylated anti-mouse antibody was attached to mouse IgG. Second, neutravidin coated

phosphors at a concentration of 1.7!108/mL were used to detect the biotinylated antibody. Dose–

response curves were generated by counting the capture beads that have phosphor signals that were

above a background level defined by capture beads without phosphors present. A dot plot of green

upconverted phosphorescence vs. side scatter was used to define the two regions consisting of

unlabeled and labeled capture beads. The forward and/or side scatter histograms of the capture

beads were used to gate the acquisition of 10,000 bead events during the analysis. From Figure 9.22,

the dose response curve for the experiment, the detection sensitivity is estimated to be

w250 pg/mL.

TABLE 9.2
Upconverting Phosphor Sensitivities to Various Targets

Target Antigen Limit of Detectiona

Y. pestis (F1 antigen) 1 ng/ml

B. anthracis 6!105 cfu/ml

F. tularensis 2.5!105 cfu/ml

Vaccinia 106 pfu/ml

Ricin 1 ng/ml

hCG 10 pg/ml

BG spores 1!104 cfu/ml

a Upconverting phosphor labels in lateral flow assay format (15 min test).
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FIGURE 9.22 Detection of mouse IgG by flow cytometry using upconverting phosphor labels. The assay

response is determined by counting the number of positively labeled capture beads as described in the text.
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9.5 SENSOR PLATFORMS

This section reviews two instrument platforms developed at SRI International primarily for detec-

tion of biological warfare agents. These include a battery-operated handheld biosensor that reads

LFAs and a compact flow cytometer that reads bead-based assays. Both instruments were designed

for field operation for detection of environmental samples and are adaptable to other applications as

well, including clinical diagnostics and drug testing.

9.5.1 HANDHELD SENSOR

The handheld sensor (Figure 9.23) is a small, battery-operated detector designed to read out

upconverting phosphor lateral flow test strips described in the previous section. A schematic

block diagram of the sensor is shown in Figure 9.24. The sensor is a three-channel device

capable of simultaneously detecting the emissions from three different upconverting phosphors

during a single scan of the lateral flow test strip. The sensor consists of a Palm PDA, a power supply

board, a controller board, a laser driver board, and an optics module. The Palm PDA is used to

control the overall operation of the sensor. It provides a graphical user interface for the operator and

processes, displays, and archives the data obtained from each scan. The power supply board

provides the power conversion and distribution for the sensor and operates from either a 3 V

battery pack consisting of 10 standard 3 V camera batteries or from an external 3 V source. The

controller board performs the necessary signal detection and analog processing of the detected light

in each photomultiplier tube (PMT) channel. The board contains the requisite converters to digitize

the analog signals and to control the PMT voltages. This board also controls the operation of the

stepper motor used to scan the wick, and it provides the signal used for modulation of the laser and

FIGURE 9.23 Hand-held upconverting phosphor assay sensor. A Palm PDA provides the user interface to the

instrument. A LFA strip in its protective black housing is shown to the right of the sensor.
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phase-sensitive detection of the photocurrents for each of the three optical detectors. The laser

driver board provides the requisite current bias and modulation signal to the laser source and also

regulates the diode laser temperature through a thermoelectric cooler (TEC) with which the laser is

packaged. The optics module contains the laser diode and associated coupling optics, a trifurcated

fiber optic bundle for collecting the emitted light from the lateral flow test strip, and three filtered

PMTs. The laser source (Osram SPL-2F) is a 1.5 W CW 980 nm source provided in a TO-220

package with an integral TEC. An aspheric coupling lens is used to focus the excitation laser light

on the lateral flow strip at an oblique angle (w458 to the normal). The fiber optic bundle consists of
a large number of high numerical aperture optical fibers separated into three groups, each of which

feeds into one of three PMTs (Hamamatsu R7400U). The filter stack placed in front of each PMT

consists of a 980 nm blocking filter and a visible bandpass filter centered on the peak emission

wavelength of a specific phosphor composition (510, 550, and 800 nm).

Figure 9.25 is a schematic illustration of the lateral flow wick assembly used with the sensor.

The housing is made of injection molded black polypropylene designed to hold a lateral flow wick

and associated application, reagent, and absorbing pads. The wicks are 4 mm wide by 25 mm long.

One side of the wick housing has a corrugated section to provide for efficient coupling to the stepper

motor. During operation of the sensor, the user inserts a wick into the sensor read port and activates

the device through the Palm GUI. The sensor rapidly pulls the wick into the device to a home

FIGURE 9.24 Hand-held sensor block diagram. Sensor operation is described in the text.
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position. The laser source is then activated, and the wick is slowly pushed out of the sensor housing

while the optical signals from each of the PMTs are digitized and stored. After the scan is

completed, the signals are processed using a maximum likelihood algorithm to decide if the

target (or targets) being tested for are present. The operator can also look at the raw data scan of

the wick to inspect the signal peaks at the capture, control, and index lines on the wick.

SRI produced a total of five handheld sensors and extensively tested them against various

simulant targets. Sensor testing was conducted at SRI as well as at several outside laboratories

and confirmed the limits of detection for the targets listed in Table 9.2.

9.5.2 FLOW CYTOMETER

A compact flow cytometer using upconverting phosphor technology was developed at SRI for

pathogen detection in environmental samples. The instrument is a single-sample, five-parameter

detector capable of detecting multiple pathogens simultaneously using a single, small laser diode

excitation source to size latex (or magnetic) particles and excite multiple phosphors (3 colors)

bound to antigens captured by the particles. The design for this instrument was based in part on an

existing FacsCounte flow cytometer manufactured by Becton–Dickinson (BD) Biosciences

Division. Our group’s design was also based on earlier work with a modified FacsCalibure

benchtop cytometer that was used to support bead-based assay development with the phosphor

reporters. The prototype instrument (Figure 9.26) consists of three separate interconnected com-

ponents: the compact cytometer, a laptop computer (for data analysis and display), and bulk sheath

fluid and waste containers.

The cytometer was designed and constructed using a modular approach and consists of a

number of custom electronic, optical, and fluidic assemblies. While basing the compact cytometer

1.000

5.500

FIGURE 9.25 Hand-held sensor wick assembly. Scale dimensions are in inches.
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on the BD FacsCounte flow cytometer, the group preserved only the fluidic controls, the flowcell,

and the optical plate (modified) from the original instrument. It then constructed a new frame,

covers, electronics, control panel, and fluidics module. Custom control and GUI software was

written to operate on a laptop PC. The finished cytometer weighs 36 lb., occupies a volume of

1.6 ft.3, and requires less than 100 W of power for operation.

A schematic of the cytometer optics module is illustrated in Figure 9.27. A 980 nm diode laser,

used as the excitation source, is focused to a 60!180 mm spot in the sample region of the flow cell,

achieving power densities in excess of 1000 W/cm2. This high power density is required because of

the time dynamics of phosphor emission to achieve acceptable signal levels from upconverting

phosphor particles during their short transit through the excitation beam. A custom optical assembly

collects the light at 908 to the excitation beam and directs it to one of four detectors through a system

of dichroic mirrors. Three filtered PMTs detect the light from three different phosphor emission

bands (475, 550, and 660 nm) and a solid-state photodiode detects the elastically scattered

excitation light. Light scattered in the forward direction by latex or magnetic particles is collected

by a novel trifurcated fiber optic bundle (Figure 9.28). The bundle is sectored into concentric rings,

and light from each ring is directed to a separate photodiode detector. This scheme permits

measurement of the angular extent of the forward scattered light cone. Light detected by the

central core of the fiber bundle is used as a laser power monitor and for system alignment.

Measurement of both the forward and side scattered excitation light is used to determine the size

of the latex (or magnetic) particles.

The compact upconverting phosphor flow cytometer was extensively tested and calibrated

against standard capture beads, upconverting phosphors, and BG simulant assays. Using the

FIGURE 9.26 Compact flow cytometer. The laptop computer located on top is used to control the cytometer

and analyze the acquired data.
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combination of forward and side scatter, 2.8 and 4.5 mm diameter magnetic particles were easily

distinguishable. This instrument could distinguish between three different upconverting phosphor

compositions (erbium oxysulfide, erbium oxide, and thulium oxysulfide). A series of sensitivity and

calibration runs with phosphor-labeled 4.5 mmmagnetic beads demonstrated an instrumental detec-

tion limit of w5 bound phosphors per particle.

9.6 CONCLUSIONS

Upconverting phosphor immunoassays have been developed for both lateral flow and bead-based

formats, and high-sensitivity detection of a variety of biological targets in both formats has been

demonstrated. Quantification of target concentration is easily accomplished using an optical reader

(either hand-held sensor or flow cytometer) combined with standard curves. Additionally, upcon-

version of the emitted phosphor signal enables high-sensitivity detection in a variety of sample

matrices with minimal optical background. However, upconverting phosphors, like other optical

reporter systems, are antibody and format dependent and must be optimized for each application.
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FIGURE 9.27 Flow cytometer optical schematic. See text for details.
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10.1 INTRODUCTION

Immunoassays have long been recognized as inexpensive, rapid, and sensitive analytical methods.

Yalow and Berson’s [1] original work using radiochemical tracers sparked activity in developing

assays for medically important compounds. Limitations imposed on the spread of the technology by

dependence on radioactive materials were removed by Engvall and Perlmann’s substitution of

enzyme-based signal generators [2]. Indeed, the recent thirty year anniversary of the latter’s

work recognized the world wide application of the technology to the analysis of biomedical and

environmental analytes of interest. As new analytical needs were met, researchers were often

creative with the means by which the methods and their results were mathematically described.

This has resulted in multiple approaches to modeling immunoassay data. One need only make a

cursory review of the literature to realize that the calculations and manner of processing data are as

varied as the researchers themselves. Although each approach may be valid for a given circum-

stance, this complexity makes it difficult for the novice to appreciate the pitfalls associated with

some models. Moreover, varied criteria for evaluation of data can be misleading.

The purpose of this chapter is to explore selected approaches of applying mathematical models

to immunoassay data; determine the limits of detection and quantitation; minimize analytical error;

and examine several examples to illustrate interpretation of analytical results. Some suggestions on

how to address various analytical issues will be made based on experience in the author’s

laboratory.
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10.2 INTERPRETATION OF STANDARD CURVES

As with other physical phenomena that operate within defined ranges, enzyme immunoassay dose

response curves reflect a sigmoidal response when plotted on a log/linear graph (Figure 10.1). The

sigmoid can be regarded as consisting of three parts: a linear dose–response region bounded by

two tails of lesser slope. These tails have greatly reduced slope relative to the center portion of the

curve. The low dose tail (closest to the vertical axis) represents the response produced by

insufficient concentration of analyte to compete with the enzyme label or tracer. All doses of

analyte in this range (approximately 0.01–0.10 mg/ml in Figure 10.1) fail to inhibit tracer binding,
thus producing a similar response. The high dose tail shows a similar behavior but for the opposite

reason: excessive analyte saturates the antibody binding sites and inhibits tracer binding except

for a background signal.

The vertical response axes can be plotted in several linear systems. The raw absorbances are

displayed on the left axis whereas these data (B, binding of a specified dose) are often converted to

the percentage of the maximum signal the assay can generate, designated as B0. The percentage is

expressed as B/B0, %B/B0 or simply Percent Bound (Figure 10.2). Because the decrease in signal

can be considered as a decrease in binding of the enzymatic signal generator, the axis has also been

defined as Percent Inhibition. The scale on the plot is constant regardless of the nomenclature. Note

that the linear dose response region correlates to approximately 20%–80% of the maximal signal

(Figure 10.2).

Several significant differences between immunoassay and chromatographic response curves are

evident in Figure 10.1. The most noticeable difference is that the response is inversely proportional

to the dose rather than the reverse. Moreover, because the scale of the dose axis is logarithmic, there

is no zero. Hence, the curve cannot be forced through the origin. Finally, because the linear dose–

response region is bordered by tails of different slope, an assumption of continuous linearity outside

any selected part of the curve cannot be made. Consequently, whatever part of the response curve is

utilized as the calibration curve restricts extrapolation of results outside of that range.

The immunochemist is, therefore, faced with describing the observed behavior with a math-

ematical expression in order to interpolate responses from unknowns into concentrations. A number

of expressions are shown in Table 10.1. These expressions ran the gamut from the relatively

simplistic direct reporting of the data in the first equation listed in Table 10.1 to an increasingly

complex transformation of the data. Equation 10.1 through Equation 10.9 reflect the observation
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FIGURE 10.1 A representative immunoassay sigmoidal response curve based on absorbance data. An

example of fitting Equation 10.9 to dose-response data.
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that immunoassays are log-linear assays, that is, the dose can be plotted on a logarithmic axis and

the response plotted in a linear manner. Equation 10.1 through Equation 10.5 use a linear response

axis with Equation 10.2 through Equation 10.5 converting the response variable to some form

reflective of the maximum signal the assay can produce. Equation 10.6 through Equation 10.10

adopt a log or logit non-linear response axis. Log transforms can be used to compress a large

response range but appear used for convenience as large response ranges are not typically encoun-

tered. Logit transforms, however, serve the specific purpose of linearizing the entire sigmoid

response, effectively creating a functional relationship between dose and response over the entire

dose range. The effect of this transform can be seen in Figure 10.3 where the labeling of the vertical

axis inflates the slope of the sigmoidal tails (expansion of the response outside the 20%–80% range

as shown in Figure 10.2) while compressing the central part of the curve. This action produces an

apparent linear response over the full range of doses that does not correspond to the observed log/

linear behavior. Whereas the precision of all calibration curves is greatest in the central portion of

the curve and decreases as extreme values are reached [4], the loss of precision in the sigmoidal tails
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FIGURE 10.2 An immunoassay standard curve based on absorbance data. Where percentage bound equals the

absorbance at a specific concentration (B) divided by the maximum signal the assay can generate (Bo). An

example of fitting Equation 10.9 to dose-response data.

TABLE 10.1
Mathematical Transformations Applied to Immunoassay Data [34]

Number Equation Reference

10.1 yZm logðxÞCb [8–10]

10.2 % yZm logðxÞCb [11,12]

10.3 B=B0Zm logðxÞCb [13,14]

10.4 % B=B0Zm logðxÞCb [15,16]

10.5 % InhibitionZm logðxÞCb [17,18]

10.6 logðB=B0ÞZm logðxÞCb [19]

10.7 logitðyÞZm logðxÞCb [20,21]

10.8 logitðB=B0ÞZm logðxÞCb [22,23]

10.9 logitð% B=B0ÞZm logðxÞCb [24,25]

10.10 yZ ðaKdÞ=ð1C ðx=cÞbÞCd [5]
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in logit plots is especially apparent in the large error bars around the smallest standard whose mean

correlates to approximately 85% B/B0.

The final equation in Table 10.1 also utilizes the entire response range but does not impose

linearity on the system (Figure 10.4). Instead, the four parameter log fit generates additional

variables representing the minimum response [a], maximum response [d], inflection point in the

central part of the curve [c], and slope at the inflection point [b] by iterative means [5].

In order to select a standard curve expression from among these choices, several criteria should

be considered. Ease of use and transparency of data are paramount. Above all, keep it simple.

Tijssen commented in 1985 that “easy comprehension” of data handling was his primary consider-

ation, regarding mathematical manipulation of dose–response curves as a means of artificially

compressing error and improving the data [3]. If the assay is designed to include only the dose–

response region, there is no need to use an expression more complex than the function expressed in

Equation 10.1. Regions other than the central portion of the dose–response region should not be
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FIGURE 10.3 An immunoassay curve based on a log it transform-that linearlizes the entire sigmoidal curve.
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FIGURE 10.4 An immunoassay response curve based on the 4-parameter log fit where (a) is the minimum

response (b) slope at the inflection point, (c) inflection point, and (d) is the maximum response.
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used unless the precision of the assay in those areas has been demonstrated to be satisfactory for the

goals of the analysis. Data derived from these ranges may also be difficult to reproduce. Thus

reproducibility should be demonstrated empirically. Restricting the standard curve to the central

portion of the response curve ensures that a true dose–response relationship exists, increases

analytical precision, and enhances reproducibility. Another important consideration is the ability

to verify that the mathematics are working properly. Analysts must produce their own evidence that

the functions and other number-crunching aspects of the analysis perform as claimed. Function 10.1

can easily be replicated with a simple calculator or spreadsheet. Spreadsheets can be customized for

individual studies and are a reliable method to produce data of known quality. Validation of

Equation 10.2 through Equation 10.9 (Table 10.1) can also be accomplished in spreadsheet

format. This process may be more involed for the 4-parameter log fit. This model cannot be

transformed to a linear curve fit and nonlinear regression techniques are needed to fit the model,

using a numerical iterative algorithm. This is typically done by using specialized statistical or

mathematical software such as SAS. The 4-parameter curve fit is commonly used for immunoassay

data generation. Several evaluation studies comparing immunoassay and gas chromatography/mass

spectrometry methods have shown the data to be highly correlated. Thus, validating the 4-par-

ameter curve fit for immunoassay data through comparative means.

10.3 REGIONS OF THE STANDARD CURVE

Once a standard curve has been developed and its function selected, the chemist must address the

utility of the curve. Calibration curves can be characterized by their range of measurement, limit of

detection (LOD), limit of quantitation (LOQ), and the potential region of non-quantifiable detec-

tions lying between these two parameters.

The range of measurement is the range of analyte concentrations bounded by the highest and

lowest standards. Analytical results outside of this range are reported as less than the smallest

standard or greater than the highest standard.

The sensitivity of immunoassays has been defined by the steepness of the calibration curve [3]

or by a concentration or dose of analyte that can be statistically distinguished from a blank [6,7].

This discussion will focus on the latter because the former is not fixed, but changes, depending upon

which part of the curve the measurement is taken. The concentration of analyte corresponding to the

LOD has been determined by diverse means (Table 10.2). Several investigators have identified the

LOD based on visual inspection of the curve [12,18,24]. Others selected an arbitrary percent of

maximal signal as the LOD [11,14,15,19,26,27]. This practice can be traced to Midgely et al. [33],

but ironically, this is not the preferred method of these authors. They suggested that an estimate of

error in the overall assay be incorporated into the determination of the LOD. Two of the authors

opted for the dose corresponding to the response calculated from subtracting a fixed number of

TABLE 10.2
Methods for Determining the Limit of Detection for Immunoassays [34]

Method References

1. Visual inspection of curve [12,18,24]

2. 80% bound [11,26]

3. 90% bound [14,15,27]

4. 95% bound [19]

5. Standard deviations from the mean of the blank [20,28]

6. Use yminZy1KRMSEð1:470Þ [29]

7. To solve for smallest dose t99SLLMV [30–32]

DK9421—CHAPTER 10—13/11/2006—19:53—NRAJARAM—15339—XML MODEL C – pp. 249–263

Mathematical Aspects of Immunoassays 253



standard deviations of the measurement of the zero dose from the mean of those measurements

[20,28]. In an attempt to satisfy the concern for a defined statistical separation and incorporate the

suggestion of Midgley et al., Brady [34] modified an expression derived by Rodbard [35] for

calculating the smallest response statistically distinguished from the response of the zero dose

standard,

yminZ y1KRMSE½1:470

where ymin is the response of the smallest dose statistically different from the response of the blank,

and y1 is the mean of the blank responses. The root mean squared error (RMSE) is an estimate of the

standard deviation (or, equivalently, the standard error) of the “residuals” of the model fit. The

residuals correspond to the differences between the actual response (e.g., absorbance) at a given

dose and the response that is predicted by the fitted model (i.e., the standard curve regression

function) at that dose. As the RMSE is reduced, the standard curve is considered a better fit to

the observed measurements. When using the regression package in MicroSoft Excel 2003 [36], the

RMSE is the standard error that is determined directly using the STEYX function and corresponds

to the square root of the residual mean square (Residual MS). The value of ymin is inserted into the

standard curve to solve for the corresponding dose. If the calculated dose is less than the smallest

standard on the curve, the LOD defaults to that standard. Otherwise, the LOD assumes the calcu-

lated value. The LOD cannot assume a value less than the smallest standard because the calculated

dose may lie outside of the dose–response region due to of the sigmoidal character of the response.

Consequently, the calculated LOD assures the method developer that the smallest standard can be

statistically distinguished from the response of the zero dose but does not indicate where the

calculated value lies within the overall response of the immunoassay. A detailed discussion of

this method can be found in Reference [4].

Finally, Glaser et al. [37] developed a method for determining the LOD based on the accuracy

(standard deviation) of seven determinations of a sample of known concentration. This approach

has been adopted by the U.S. Environmental Protection Agency (EPA) as a preferred technique

[31], and it was applied to an atrazine immunoassay designed for regulatory use in drinking

water [32].

The LOQ value is the “smallest concentration of analyte that can be measured with stated

precision or accuracy” [7]. This concentration, therefore, serves as a “level above which quan-

titative results may be obtained with a specified degree of confidence” [6]. The LOQ is empirically

determined by the analysis of samples fortified with a known concentration of analyte. These

analyses must recover a pre-determined amount of the applied dose such as 70%–120%G20%.

These fortification or procedural recovery samples are initially run to demonstrate proficiency with

the method prior to sample analysis. They include all the steps the actual samples would be

subjected to such as extraction from the matrix (e.g., solid phase or liquid–liquid extraction),

evaporation, dilution, and solvent exchange. Once method proficiency has been established,

recovery samples are always run concurrently with actual samples to demonstrate that each

analytical set produces similar data quality. A control matrix (unfortified sample matrix that is

used for the fortified samples) is analyzed along with the fortified matrix to detect any background

concentration of analyte present in the control. Any background concentration of the analyte found

in the control is subtracted from the amount measured in the fortified sample. Because analytical

results are dependent on the skill of individual analysts, the LOQ is not an “intrinsic constant of the

methodology” [6] and may vary between laboratories. Each laboratory and analyst must empiri-

cally demonstrate capability with a method by satisfactorily running these quality control samples

with each analysis.

Analysts frequently include at least two fortified samples as part of the overall sample analysis.

One fortified sample is prepared at the established LOQ and another at a higher concentration in the

residue range anticipated in the actual samples. Thus, method proficiency can be demonstrated at
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the method LOQ and at much higher concentrations. Brady et al. [38], for example, fortified control

human urine at the LOQ (1.0 ppb) and at concentrations ranging up to 20 ppb to support analyses of

the biomarker atrazine mercapturate in the urine of agricultural workers potentially exposed to

atrazine (Table 10.3).

It is noteworthy to point out that the level of fortification used for determination of the LOQ

must be higher than the LOD. If control samples are fortified with the concentration of the LOD,

half of the sample results would be expected to be less than the LOD because data in the linear

dose–response region are normally distributed. Thus, half of the results would be expected to be as

non-detects (!LOD) and cannot be employed in calculations for any purpose, much less

determination of the LOQ. This phenomenon is recognized to the extent that the Glaser method

[37] adopted by the U.S. EPA [1993] specifies the fortification level used for determination of the

LOD must be at least twice the concentration of the smallest analytical standard to ensure all results

can be entered into the standard deviation calculation.

Consequently, the LOQ determination demarcates a region on the low end of the standard curve

between the LOD and LOQ. Analytical results in this region are not supported by recovery samples

and, hence, do not have the same quality of data as results that equal or exceed the recovery

concentrations. Keith et al. [6] refer to the chromatographic equivalent of this part of the curve

as the “region of less-certain quantitation.” They recommend data from this part of the curve are

reported as detections and given next to the LOD shown in parentheses. Analysts may choose other

means, depending on the goals of the analysis, but should be aware of the softness of the data from

this part of the curve. This region is of greater importance when data are entered into risk assess-

ment calculations. Data collected in this region are assigned one-half the value of the LOQ for

calculation purposes [39]. The reader is referred to Reference [39] for a comprehensive discussion

of the topic.

Selection of an LOD or LOQ will impact the eventual data evaluation. The method developer

usually designs a method to address a selected need, and the LOD and LOQ are set accordingly. If

these parameters are established too low, some samples that are true negatives are likely to be

scored as detections (in statistical terms, a type I error) [4]. On the other hand, if these parameters

are too high, some samples actually containing residues are likely to be non-detections (type II

error). These situations can also be described, respectively, as generating false positive and false

negative results. Minimization of these errors can be achieved by prudent adjustment of the

sensitivity of the assay to match the goals of the analysis.

10.4 SOURCES OF ERROR IN THE LABORATORY

Errors may be introduced at several points along the immunoassay analysis scheme. Common

sources of potential errors and ways to minimize them are discussed here.

TABLE 10.3
Analytical Results of Procedural Recovery Samples in Human

Urine

Fortification Level (ppb) N Mean Percent RecoveryG SD

1 15 103G19

4 6 112G19

5 10 102G11

10 10 86G16

20 4 92G15
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10.4.1 VALIDATION OF COMMERCIAL SOFTWARE

Manufacturers of microtiter plate readers have developed extensive software to govern the

operation of their instruments. Despite their efforts, operation of commercial software is of particu-

lar concern because it produces analytical data within the confines of a virtual “black box”.

Analysts must be assured data reduction packages operate properly when employed in their labora-

tory. Manufacturers are aware of this need and include supporting documentation with the

instrument. Analysts should not rely solely upon documentation generated outside of their labora-

tory. Analysts should perform their own quality control checks to validate the algorithms to

generate data of known quality. Validation usually consists of replicating the calculations

performed by the software by an alternative means such as a calculator or spreadsheet. Confirma-

tory analyses can also be used for method validation. Gerlach et al. [40] evaluated five commercial

software systems and found erroneous data could easily be generated when comparison analyses

were not employed.

This issue has been addressed in this laboratory in two ways for particular study applications.

First, the plate reader is used solely as a data collection device. The absorbance files are stored and

sent to a common drive for removal and processing at a later time. The files are stored as two types

and in at least two locations to guard against loss of data. Using the plate reader in such a minimal

fashion avoids having to validate each version of the manufacturer’s software. Second, the data are

processed in a spreadsheet developed within Syngenta Crop Protection, Inc. This sheet is custo-

mized to this laboratory’s needs, written in Excelw, and contains three sheets, all of which contain

the necessary quality control information to establish a paper trail for the analysis such as analyst

name, notebook page, study number, and so forth. Having all the data in one document is a

tremendous aid for the analyst when checking the results of an analysis, for an auditor to

confirm the data, or for someone to re-construct an analysis years after it was performed. The

first page indicates the locations of all solutions within the antibody-coated assay plate. Thus,

absorbance measurements can be matched to individual samples, standards, or quality control

samples. The measurements are displayed on the second page. The third page is in two portions

with the calculated standard curve (using Excelw functions SLOPE, INTERCEPT, and RSQ to

determine the slope, intercept, and coefficient of determination of the best fit line, respectively)

displayed on the top half, and the remainder of the page devoted to calculation of analyte in the

quality control samples and unknowns. Additional scratch pages are available in the event the data

need to be converted to other units or presented in a particular manner required by the goals of the

analysis. Each analysis is assigned a unique file name with the nomenclature of MM/DD/YY

[Month/Day/Year] followed by a lower case letter, “a” being the first analysis of the day, “b”

the second, etc. This nomenclature is not study specific but provides instantaneous recognition of

when the analysis was performed. As with the absorbance data obtained from the plate reader,

analytical set files are saved in locations that are backed up frequently to prevent loss of data.

Validation of this sheet consisted of reproducing all calculations to generate the standard curve and

its parameters, control and recovery values, and sample results and was accomplished with a hand-

held calculator. Although time consuming, the validation process furnished evidence that the

spreadsheet performed as required. Similar quality assurance/quality control measures can be

adapted from the above procedures to fulfill the needs of individual projects.

10.4.2 PLATE READER REPRODUCIBILITY

Another aspect of plate reader performance is the ability to make consistent measurements across

the plate. Manufacturers recognize the need for on-site verification of instrument performance and

furnish specially designed tests or calibration plates, but these often utilize a limited number of

wells that are measured at fixed, pre-determined wavelengths. The Molecular Devices VERSAmax
plate reader in this laboratory, for example, was equipped with a calibration plate not tested for the
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wavelength (450 nm) used in its assays. To meet the need for a calibration procedure for assays

using 3,3 0,5,5 0-tetramethyl-benzidene (TMB) substrate measured at 450 nm, a simple procedure
was developed using readily available chemicals to quantitate the reproducibly of the reader across

all wells of a microtiter plate. The procedure is as follows: Combine 1 mL of the TMB substrate,

0.1 mL of 10 mM KMNO4, and swirl to mix; this will produce a strongly colored blue solution.

Acidify this solution with 1.0 mL of 1.0 M HCl to convert the blue color to yellow. Dilute the

yellowish product with 18 mL of H2O. Add 200 mL of the dilute solution to each well of a new,

uncoated plate with a multichannel pipette and measure the absorbance at 450 nm. Calculate the

mean absorbance across all wells and determine the percent difference of each well from the mean.

Calibration checks in this laboratory have shown the absorbances of all wells are typically within

1.5% of the mean.

10.4.3 PIPETTOR CALIBRATION

Pipetting error is typically a major contributor to the overall measurement error in an immunoassay.

Even when the assay is conducted robotically, data must be generated to know that the pipetting

steps are delivering the prescribed volumes. This process involves the operation of the instrument

and the technique of the analyst. Each pipettor should be calibrated gravimetrically by replicate

measurements of water pipetted in a tared vial on an analytical balance. When the precision is

satisfactory, which in this laboratory is to within 1% of the desired setting, the pipettor is deemed

suitable for analytical work. A positive benefit incidentally derived from these procedures is that the

technique of the analyst is honed by these calibrations. Consequently, each analyst must demon-

strate a satisfactory pipetting capability prior to conducting laboratory work. Analysts new to

immunochemistry are also introduced to bench chemistry only after their pipetting skill has been

demonstrated. Pipettors should also undergo a professional calibration check on an annual basis.

This check involves adjustments, cleaning, and replacement of worn tips or seals. All data gener-

ated during this process are stored as part of the laboratory maintenance records. (Appendix C in

Chapter 1 presents a standard operating procedure for pipette calibration.)

10.4.4 PLATE LAYOUT

The physical process of setting up an analysis is often overlooked, but it is integral to obtaining

valid data. An important goal of the analyst is to treat all ninety-six wells in the same fashion. Too

often analytical standards, quality control samples, and unknowns are segregated from each other in
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FIGURE 10.5 An undesirable design layout for a 96-well microtiter plate immunoassay that segregate,

analytical standards, QC samples, and unknowns are actual samples.
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different parts of the microtiter plate (Figure 10.5) [41]. When an assay is performed under such

conditions, the analyst works under the assumption that all wells are treated the same over the

course of the assay but lacks evidence to support the assumption. Standards and samples are always

mixed across the plate in this laboratory (Figure 10.6). Obtaining a satisfactory standard curve from

standards spread across the plate reflects similar treatment of all wells. When the curve is run

separate from the samples, there is no assurance that variable pipetting or well washing in different

parts of the plate did not occur. It takes no additional effort to intersperse all solutions, and this

practice is clearly beneficial to the quality of data.

10.5 INCUBATIONS

In the past, it was not unusual to report difficulties achieving reproducible data obtained from the

exterior wells of a microtiter plate. Eventually, a hypothesis evolved that the solutions in these wells

were of variable temperature relative to the solutions in interior wells. If so, non-uniform enzymatic

catalysis could be responsible for producing varied colorimetric signals. The problem of poor data

from the exterior wells can be resolved by conducting all incubations on a shaker (approximately 90

oscillations/min) encased in a cardboard box. The covered shaker was originally intended to shield

the plate from drafts and to prevent spontaneous oxidation of substrate in the color development

step. Use of the shaker was quickly extended to all incubations to make the incubation conditions

constant and improve overall precision.

10.6 INTERPRETATION OF DATA

With the preceding discussions in mind, it can be assumed that immunoassay data have been

collected. Now, the analyst must report the results and be prepared to defend or reject them.

Several guidelines for the evaluation of immunoassay data have previously been discussed [34]

and are summarized below.

The measurement step in the typical colorimetric enzyme-based immunoassay measures

substrate converted to a chromogenic form that absorbs at a specific wavelength. In other words,

the assay measures an indicator species and, in so doing, indirectly estimates the concentration of

analyte. Thus, immunoassays do not directly measure analyte as is the case of chromatographic-

based measurements. A consequence of indirect measurement is the inability or lack of evidence to

identify the substance causing a decrease in signal output. The analytical standards contain, by

definition, known concentrations of analyte. In contrast, samples have an unknown composition and

may affect assay signal output in various ways. Presence of analyte or a compound of sufficient size,

shape, and electrical charge to bind to the antibody at hand will specifically inhibit the binding of

enzyme conjugate and decrease the signal generation. Inhibition of anti-atrazine antibodies is

commonly caused by other structurally related triazines [32,34]. Another example comes from

the eventual identification of an alachlor metabolite as the source of positive alachlor immunoassay

results [42]. On the other hand, unknowns that decrease binding to antibodies or inhibit enzyme

activity are regarded as non-specific inhibitors. Non-specific inhibition is conventionally thought of

as prevention or interruption of antibody binding. Maintaining proper sample pH and minimizing

the percentage of organic solvent in sample extracts are of primary concern as these can affect

antibody performance. Experience with environmental substrates, however, has shown a variety of

compounds that might be co-extracted with analyte that inhibit enzyme catalysis. This is not

surprising for immunoassays utilizing horseradish peroxidase as the signal generator because the

ubiquitous distribution of peroxidase isozymes in nature may have resulted in widespread pro-

duction of peroxidase inhibitors. Investigators have noted cinnamic acid derivatives [43],

conjugated linoleic acid [44], D-mannose [45], salicylic acid [46], ascorbic acid [47], and

soybean extracts [48] as potential peroxidase inhibitors. Synthetic substances may also be
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responsible for enzyme inhibition. A recent investigation of non-specific inhibition by the constitu-

ents of raw and finished drinking water found some oxidizers added to finished drinking water

decreased peroxidase-based signal output [49]. It was hypothesized these effects were due to a

change in the oxidation state of the iron atom coordinated to the heme group in the active site of the

enzyme. Unfortunately, time constraints did not permit confirmation of the cause.

Whatever the root cause of a positive immunoassay signal, the analyst is confronted with an

interpretive problem when explaining positive results. This situation is not encountered when

negative results are obtained. Negative results, as aptly described by Baker [50], are “unambi-

guous.” Inhibition of any sort did not occur, and the sample can be regarded as not containing

analyte, cross-reactive compounds, or so-called non-specific inhibitors.

A means of addressing the interpretive problem is to regard immunoassay results as analyte-

equivalents. Thus, a signal equivalent to a concentration of analyte specified by the calibration

curve can be regarded as responsible for the result unless confirmatory analyses indicate otherwise.

In this manner, the analyst is treating the data in a conservative manner by assigning the maximum

concentration of analyte that could be attributed to the test result. This concept would not apply, of

course, to situations where the identity of the analyte is known such as in manufacturing or quality

control environments.

10.7 MULTIANALYTE IMMUNOASSAYS

An interesting adjunct to this discussion is the development of multi-analyte immunoassays. In one

scenario, an analyst is confronted with interpreting data resulting from mixtures of cross reactive

analytes interacting in an assay with antibodies designed to react with a specific compound.

Concentrations of unknowns cannot be directly determined from the standard curve because

assay response cannot be attributed to a known sum of analytes. Most investigators have rec-

ommended modifying the standard curve expression based on previously measured cross

reactivity behavior or apply sophisticated multivariate or neural net pattern recognition calculations

[51–54]. Despite these approaches, they found up to 40% of all samples were not correctly

determined and false negative results were observed. Significantly, only samples fortified with

known amounts of analyte were used in these studies. Samples of initial unknown composition

were not utilized. Until these techniques are improved to the extent that unknowns can be

determined with accuracy similar to single analyte methods, such types of multianalyte methods

will not provide practical solutions. Additional work is clearly warranted in this area. Alternate

multianalyte methods such as microarrays (discussed in Chapter 18 and Chapter 19) or immunoas-

says employing multiple antibodies and signal resolution may be better alternatives.

10.8 CONCLUSION

This paper has examined somemathematical concepts and practical considerations related to immu-

noassays, including standard curves, instrument calibration, data processing subsequent to analysis,

and interpretation of data. Some suggestions forminimizing sources of error have also been presented

based on experience in the author’s laboratory. Immunoassay is a powerful analytical tool, and it is

hoped that themethods presented hereinwill assist analysts in deriving defensible, reproducible data.
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11.1 INTRODUCTION

Biological monitoring is the assessment of exposure to an agent through the measurement of

biomarker(s) that result from contact with the agent(s). Examples are zinc protoporphyrin in

blood, levels of which increase with lead exposure because lead inhibits the biosynthesis of

heme; protein and DNA adducts of aromatic amines in blood that can both reflect the intensity

of exposure and be correlated with the biologically effective dose; antibodies (Abs) produced

against low-molecular-weight molecules—some chemicals, although not immunogenic in their

own right because of small size and other limitations, may bind to constitutive polymers (such

as host proteins) and become immunogenic, causing the production of specific antibody (Ab).

Alternatively, such exposures may lead to the production of new antigenic determinants through

non-adduct-forming reactions between the agent and selected protein-carrier molecules. Abs can be

made to these modified proteins or to the parent hapten-conjugate. In both cases, the Abs may

remain in the human system much longer than the toxicant that initiated their development.

Biomarkers have been trichotomized into biomarkers of exposure, effect, and susceptibility [1].

Biomarkers of exposure are defined as biomarkers that quantify the body burden of chemicals or

metabolites of the initial xenobiotic. Biomarkers of effect detect functional change in the biological

system under study. Biomarkers of susceptibility indicate the inter-individual variation based on

host-susceptibility or genetic differences that can increase or decrease susceptibility. In some cases,

a biomarker may simultaneously be a biomarker of exposure, effect, and susceptibility (such as

specific IgE in allergies) [2].

When an individual is exposed to a chemical, he or she will receive an internal dose only if the

chemical is absorbed into the body. Absorption can occur after dermal contact, inhalation, inges-

tion, or from a combination of those routes. The extent of absorption from an exposure and the rate

of absorption depend on the properties of the chemical (especially its solubility in lipids and water)

and the route(s) of exposure [3]. Once absorbed, a chemical is distributed and partitioned into
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various tissues as a result of tissue variations in pH, permeability, etc. Highly water-soluble

chemicals may be distributed throughout the total body water, whereas more lipophilic substances

may concentrate in the body fat or other lipid-rich tissues such as the brain [4]. The loss of chemical

from the body can loosely be defined as elimination that depends on metabolism and excretion.

Chemicals may be eliminated by numerous routes, including fecal, urinary, exhalation, perspira-

tion, and lactation [5]. A chemical can be excreted from the body without metabolism, in which

case, the parent compounds may be detectable in the urine, breath, fecal material, or other body

fluid. In other cases, the chemical may be metabolized through oxidation, reduction, hydrolysis, or a

combination of these processes, often followed by conjugation with an endogenous substrate [6].

Conjugation of a chemical or metabolite is a pathway for excretion. The more important conju-

gation reactions include glucuronidation, amino acid conjugation, acetylation, sulfate conjugation,

and methylation [4]. Metabolism and excretion and the rates of metabolism and excretion can be

affected by age, diet, general health status, race, and other factors. In general, the metabolic

products will be more water soluble than the parent chemical [7–10]. Where metabolism yields

more than one product, the relative amounts of each and the parent-metabolite ratios are affected by

an individual’s general health status, diet, genetic makeup, degree of hydration, time after exposure,

and other factors.

The kidney is the major organ of excretion and is the primary route for water-soluble

substances. These substances enter the urine by either glomerular filtration, tubular secretion, or

sometimes both mechanisms. The rate of elimination is directly proportional to the serum chemical

or metabolite concentration in first-order elimination [11]. Some xenobiotics such as ethanol have

zero order elimination kinetics where, in general, the amount eliminated is independent of its

concentration [12]. The relationship between the rate of elimination and serum concentration is

linear, and the fraction of xenobiotic eliminated remains constant. The fraction eliminated per unit

of time is the elimination rate constant (first order) given by the expression

CtZC0e
ðKKeltÞ

where Ct is concentration at any time, C0Z the initial concentration, and KelZ the elimination rate

constant. The half-life for elimination (t1/2) is the time required for the amount of chemical (plasma

concentration) in the body to decrease by half. It is expressed by

t1=2Z 0:693Kel

The percentage of xenobiotic eliminated is (in a first order process) independent of the initial dose;

therefore, after about five half-lives, over 95% of the xenobiotic will have been eliminated.

The most common matrices used for biological monitoring are exhaled air, blood, and urine,

although saliva, tears, and breast milk can be used [13]. Monitoring exhaled air is limited to body

burdens from volatile chemicals. Exhaled air monitoring is not suitable for chemicals inhaled as

aerosols or for gases and vapors that decompose upon contact with body fluids or tissues or that are

highly soluble in water such as ketones and alcohols [14]. Blood is the medium that transports

chemicals and their metabolites in the body. Therefore, most biomarkers present in the body can be

found in the blood during some period of time after exposure [14]. A chemical in the blood is in

dynamic equilibrium with various parts of the body—the site of entry, tissues where the chemical is

stored, and organs where it is metabolized or from which it is excreted. Thus, the concentration of a

biomarker in the blood may differ between regions of the circulatory system. This would be the case

during pulmonary uptake or elimination of a solvent that would cause differences in concentration

between capillary blood (mainly arterial blood) and venous blood. Two advantages of blood

monitoring are
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1. The gross composition of blood is relatively constant between individuals. This elimin-

ates the need to correct measured biomarker levels for individual differences.

2. Obtaining specimens is straightforward, and with proper care, can be accomplished with

relatively little risk of contamination.

An important consideration in blood monitoring is that obtaining blood specimens requires an

invasive procedure and should be performed only by trained persons.

Urine is more suitable for monitoring hydrophilic chemicals, metals, and metabolites than for

monitoring chemicals poorly soluble in water. The concentration of the biomarker in urine is

usually correlated to its mean plasma level during the period the urine dwells in the bladder

[15]. In some instances, the urine concentration is affected by the amount of the biomarker

stored in the kidneys. Examples are cadmium and chromium. The accuracy of the exposure esti-

mate, using urine monitoring, depends upon the sampling strategy. The most influential factors are

time of collection and urine output. Measurements from 24-h specimens are more representative

than from spot samples and usually correlate better with intensity of exposure. However, collection,

stabilization, and transportation of 24-h specimens in the field are difficult and often not feasible [4].

Determination of biomarkers in individual urine samples is confounded by urine dilution that can

vary substantially with fluid intake and physical work load. In practice, this effect of urine dilution

is reduced by adjusting the measured concentration of the biomarker to a normal value such as

specific gravity [16,17]. This adjustment is made by multiplying the measured concentration of the

biomarker by the ratio of [(1.024-1)/(sp.g.-1)] where sp.g. is the specific gravity of the urine sample

and 1.024 is the assumed normal specific gravity value. Creatinine concentration is the most

frequently used adjustment. Creatinine is excreted by glomerular filtration at a relatively constant

rate of 1.0–1.6 g/day. Urinary creatinine concentration can be determined by spectrometric or

kinetic methods based on the Jaffé alkaline picrate reaction, enzymatic methods, and methods

based on mass spectrometry and liquid chromatography [16]. The adjusted value is the quantity

of the biomarker per unit quantity of creatinine. There are other considerations to be taken into

account when adjusting urinalysis data for dilution. Adjustment to the creatinine level is not

appropriate for compounds such as methanol that are excreted in the kidney primarily by tubular

secretion. Because the mechanism of excretion of a biomarker can be altered if the urine is very

concentrated or very dilute, measurements on samples, having creatinine concentrations outside the

range 0.5–3 g/L or having specific gravities outside the range 1.010–1.030, are unreliable [16].

Adjustment for creatinine concentration, although correcting for dilution, introduces additional

variation that must be considered when the data are evaluated. Among the factors affecting the

rate of creatinine excretion are the muscularity of the subject, physical activity, urine flow, time of

day, diet, pregnancy, and disease [16]. A biological monitoring analytical result is a determination

of the level of the biomarker in the biological matrix from which the sample was taken at the time it

was taken. Extrapolation from that datum to insight on the exposure of the individual requires

knowledge of how the human body responds to the agent. Exposure can be estimated when a

quantitative relationship between environmental level and biomarker level has been demonstrated.

Health risk can be estimated when a quantitative relationship between a health effect and biomarker

level has been demonstrated. Where knowledge of a biomarker is limited, one can only infer from

its presence above the background level that exposure has occurred.

For a number of agents there exist published reference levels, termed biological action levels by

the World Health Organization, that serve as guidelines for interpreting biological monitoring data.

In the absence of published biomonitoring action levels, biomarker levels indicating occupational

exposure have been inferred by comparison with the normal background levels of the biomarker.

Biomonitoring action levels vary in their derivation, some being from correlations with exposure,

others with health effects. These reference levels should be used only when one has full under-

standing of their derivation. When biomarker data are available for exposed and non-exposed

populations that are otherwise similar, the upper limit of the range for the non-exposed population
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(two or three standard deviations) may serve as a reference level. Levels of biomarker significantly

above that limit suggest exposure to the agent. For those biomarkers for which there is no measur-

able background level in non-exposed humans, this reference level is effectively the detection limit

of the analytical method. In any case, levels of the biomarker above the reference level suggest

there was exposure, but give no information on the potential health effect.

Biological monitoring data are subject to a number of sources of variability [4,18]. Rates at

which an agent is taken up by the body, metabolized, and excreted vary from person to person and

are affected by the person’s age, sex, physical workload, medications [10], health, and diet [19].

The route of exposure can also affect uptake and metabolism. For example, absorption through the

lungs is much faster than absorption through the skin. Thus, the appearance and elimination of a

biomarker will be slower if the agent entered through the skin. If the biomarker is rapidly excreted,

the optimum timing for collection of biological samples will be different for the two routes of entry.

Differing individuals may use differing personal protective equipment and have differing personal

work practices. Also, biomarkers can exist in both a free and a conjugated form, the relative

proportions of which can vary substantially from person to person. For example, aniline is

present in urine as both the free amine and as acetanilide, its acetyl derivative. Some individuals

are genetically predisposed to excrete primarily free aniline; whereas others, primarily, acetanilide.

There is also the possibility that concurrent exposure to several agents that compete for the same

biotransformation sites in the body may occur. This may lead to altered metabolism and excretion

that would change the relationship between exposure or health effect and the level of the biomarker

[20]. In addition, concurrent exposure to several agents that are metabolized to the same biomarker

will be additive. For example, trichloroacetic acid is a biomarker for trichloroethylene, 1,1,1-

trichloroethane, and perchloroethylene.

Despite the source of the human specimens used for biological monitoring, acquisition and use

of them are covered by federal guidelines (unless exempted) for the use of human specimens

(45 CFR part 46- Protection of Human Subjects). These protections include Institutional Review

Board (IRB) reviews of protocols involving human subjects with focused attention to informed

consent. Depending on the type of biological monitoring measurements performed, analyses may

also be impacted by The Clinical Laboratory Improvement Amendments of 1988 (CLIA 88). Key

elements of a CLIA program include strict management of specimen collection, handling, storage,

and transportation, thus ensuring sample integrity. Some commercial equipment and/or analytical

kits used for biological monitoring are Food and Drug Administration (FDA) cleared/approved as

in vitro diagnostic devices (IVD) through a process known as premarket notification (510(k)

program) that is based on the Medical Device Amendments of 1976 [21]. Many enzyme linked

immunosorbent assay (ELISA) assays are 510 K cleared as being essentially equivalent to pre-

viously cleared assays. In 1996, the FDA introduced a new IVD classification category called

analyte-specific reagents (ASR) [22]. The FDA defines ASRs as “Ab, both polyclonal and mono-

clonal, specific receptor proteins, ligands, nucleic acid sequences, and similar reagents which,

through specific binding or chemical reaction with substances in a specimen, are intended for

use in a diagnostic application for identification and quantification of an individual chemical

substance or ligand in biological specimens.” In essence, the FDA recognized ASRs as the

active ingredients of in-house tests, that, when used in combination with general purpose reagents

(such as buffers or reactive materials without specific intended uses) and general purpose laboratory

instruments, could be the basis for an assay developed and used by a single laboratory. In addition

to those tests to which the regulatory oversight of the FDA applies, laboratories may develop

and use in-house tests that are not regulated. Such tests may be useful as a tool in the diagnosis

of disease; the responsibility for the validation of the test becomes that of the laboratory developing

the test. However, there are no rules for validation of these tests. At a minimum, such validation

should address evaluation of solid phase binding of Ag or Ab, primary and secondary incubation Ab

times, the effect of interfering substances, and matrix effects.
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Strict attention to specimen handling and collection is essential for quality data. The analytical

laboratory should be consulted for sampling instructions. Analytical methods should provide

specific directions on the collection, storage, and transportation of specimens to the laboratory.

Adherence to these directions is of the utmost importance to ensure sample integrity. Timing of

specimen collection should be appropriate. The method should include instructions for the timing of

specimen collection, that is, whether specimens should be obtained during the work shift, at the end

of the shift, or at some other time during the work-week. The longer the half-life of the xenobiotic,

the less critical is the timing of the collection. The baseline of a biomarker should be evaluated

when the toxicant accumulates in the body. The baseline should also be assessed if there is large

inter-subject variability in the population. Care should be taken not to contaminate the specimen

with either chemicals or bacteria. The proper preservative (for urine or blood samples) or antic-

oagulant (blood) should be used, when appropriate. Stability of the biomarker is maximized

through proper storage and shipment of the specimen to the laboratory and proper storage by the

laboratory. When dealing with human specimens, a biosafety program is essential. Pathogens, such

as hepatitis B and human immunodeficiency virus (HIV), may be present in blood, saliva, semen,

and other body fluids. Transmission can be by an accidental nick with a sharp object, exposure

through open cuts, skin abrasions, and even dermatitis or acne and indirectly through contact with a

contaminated environmental surface. Engineering controls that include mechanical or physical

systems used to eliminate biological hazards must be available. These are items such as biosafety

cabinets or self-sheathing needles. Employee work practices are essential to minimize exposure to

pathogens. Good personal hygiene procedures and avoidance of needle recapping can lessen

exposure to pathogens. Personal protective equipment such as gloves and masks should be used

when necessary. Good housekeeping procedures that involve cleanup of the work area are essential

to avoid contamination of the laboratory. Employees who have been identified as potential exposure

candidates should be vaccinated for hepatitis B. Universal precautions that take into account the

above measures should be practiced with every biological sample received. It is not possible to

know if a particular sample may contain pathogens; therefore, each sample should be treated as

if contaminated.

11.2 IMMUNOASSAYS

The classical chemical analysis paradigm used to identify and quantitate an analyte of interest

includes isolation of the analyte, separation of the analyte from other potentially interfering

substances, and quantitation by instrumental or other methods [23]. These classical methods

have many shortcomings, including being highly labor intensive and requiring capital expenditures

for expensive equipment, (i.e., gas chromatographs (GC), liquid chromatographs (LC), mass spec-

trometers (MS), or combinations of these instruments (GC–MS, LC-tandem-MS, etc.). In addition,

recoveries during the separation and isolation phases of the paradigm may not be constant, and in

some cases, may be associated with the level of analyte in the original sample, potentially yielding

confounding systematic errors [24–26]. Despite these shortcomings, however, when adequately

controlled, classical chemical biological monitoring has the capacity to quantitate the body burden

of substances to the sub-ppb level.

Alternatives to classical chemical analyses are immunoassays. Immunoassays, especially

enzyme immunoassays (EIAs) and ELISAs, are commonly used analytical techniques for clinical

diagnostic measurements, drug screening, and measurements for evaluating exposure to

environmental agents [7,8,23,27–42]. The first ELISA was described in 1971 [43]. Recently,

immunoassays have been shown to be useful in evaluating exposure to bioterrorism agents

[23,31] such as anthrax. Immunoassays are based on the formation and detection of immune

complexes between antigens (Ags) and Ab. Ag are principally macromolecules (proteins, poly-

saccharides, nucleic acids) that can act as complete immunogens able to stimulate an immune

response. Other substances that are too small to act as immunogens on their own (drugs, pesticides,
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etc.) have to be coupled to a macromolecular carrier molecule (usually a protein) to become

immunogenic and elicit an immune response. These small molecules are called haptens. Many

environmental agents (such as pesticides or pesticide metabolites) are haptens. The selection of the

protein carrier used to form the hapten-protein conjugated immunogen is important (keyhole limpet

hemocyanin, (KLH), a protein from the shelled keyhole limpet, is often used as a carrier protein as

vertebrate exposure is unlikely) [44]. The number of haptens bound to the carrier, the chemistry of

the conjugation reactions as well as other factors will all impact the final affinity and avidity of the

resultant Abs. The purity of the hapten is also important as conjugation of closely related structures

to the carrier may result in the formation of non-specific Ab. Spacer molecules are often used in

preparation of haptens for conjugation [42] to attempt to increase the specificity of the Ab for the

hapten portion of the conjugate. The ability of an Ab molecule to bind an Ag or a hapten is

specifically controlled by structural and chemical interactions between the ligand and the Ab at

the combining site [45]. The Ag–Ab interaction is reversible and does not involve formation of

covalent bonds [45]. This interaction is controlled by the law of mass action

AgCAbZAgAb

and

KZ
AgAb

½Ag ½Ab molK1

where K, the affinity constant and AgAb, the Ag-Ab complex. High affinity constants, resulting

from stronger Ag/Ab interactions, lead to lower limits of detection (LOD) in immunoassays.

The mammalian immune system has the capacity to produce five distinct classes of Ab (IgA,

IgD, IgE, IgG, IgM). Immunoglobulins consist of two identical heavy chains (50–60 kDa) and two

light chains (w25 kDa). Both the heavy and light chains have a variable region (VH and VL) whose
sequence varies between Abs. The variable region is the portion where Ag binding occurs. The

remainder of both chains is referred to as the constant region (CH and CL) because it has minimal

variation in its amino acid sequence. This variation, however, distinguishes the two light chain

subtypes (k and l) and the five heavy chain subisotypes (a, d, g, 3, and m). Portions of the constant

region are where the Ab binds to cells.

IgG (Figure 11.1) is the preponderant Ab class in most mammals, and as such, is the major Ab

used in the development of EIAs. The Ab used in an ELISA can be polyclonal or monoclonal.

Polyclonal Abs are usually prepared by injecting animals (usually rabbits) with Ag and adjuvant (a

mixture that stimulates the immune response) and then collecting serum from the animals [6].

Polyclonal Abs may be further purified and isolated, yielding essentially monospecific polyclonal

Abs [46]. Polyclonal Abs, as the name implies, are a mixture of immunoglobulins directed against

specific epitopes present in an Ag (an epitope is the smallest fragment of an Ag to which an immune

response can be directed; Ag can have numerous epitopes). The Ab response to each epitope is the

result of clonal expansion of specific epitope directed B-lymphocytes.

Monoclonal Abs are produced by fusing tumor cells with cells that produce Ab (hybridoma).

Hybridoma cells produce Ab to essentially one epitope, hence the name monoclonal. Monoclonal

Abs provide a continuous and unlimited supply of a standardized reagent with defined specificity

and assay characteristics [47].

Radioimmunoassays (RIA) use radiolabeled (e.g., iodine 125 (125I)) reagents that detect the

reaction between Ag and Ab. The presence of Ag-Ab reactions are measured using a gamma

counter [48]. Most RIA have been replaced by ELISAs, sometimes referred to as EIA. In

ELISAs, the solid support (usually a microtiter plate although other solid supports such as magnetic

particles, microspheres, coated tubes, etc. have been used) binding of a reactant allows for separ-

ation of bound vs. unbound reactants by simple washing. The detector system in ELISAs is usually
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an enzyme (e.g., horseradish peroxidase, alkaline phosphatase) bound to a reactant (an Ab or

analyte). Common chromogens (enzyme substrates) used in ELISAs include p-nitrophenyl phos-

phate and 2,2 0-azino-di-(3-ethylbenz-thiazoline sulfonic acid, o-phenylenediamine, and

tetramethylbenzidine).

ELISAs can be performed in many different formats (direct, indirect, capture, competitive,

etc.). In the following descriptions, generic overviews of ELISA formats are given. Many differing

variations of these generic formats have been utilized to detect numerous analytes, all of which

would be too exhaustive for the present review. In a direct ELISA (Figure 11.2), the most basic

ELISA format, an analyte (hapten, Ab, Ag) is attached to a solid support. Ab, specific for the

analyte and containing a reporter system (usually an enzyme), is incubated with the captured

analyte. After washing, a chromogen (enzyme substrate) is added and allowed to react, forming

a colored product. In an indirect ELISA (Figure 11.2), analyte (hapten, Ab, Ag) is again attached to

a solid support. A primary Ab, specific for the analyte, is incubated in the system and the excess

removed by washing. A secondary labeled Ab, specific for the primary Ab, is added to the system

and incubated. After washing, chromogen is added and the color measured in a spectrophotometer

or other instrument. The amount of color produced is proportional to the amount of secondary Ab

that was bound. ELISAs may also be designed in capture formats (Figure 11.3). In an Ag capture

(sometimes called sandwich) ELISA, Ag is captured by Ag specific Ab that has been attached to the

solid support. After washing, another labeled Ab, specific for another epitope on the Ag, is added.

After incubation and washing, chromogen is added and the resultant color measured in a spectro-

photometer. ELISAs may also be designed as Ab capture ELISAs that are performed in a similar

fashion to Ag capture ELISAs, except that the analyte of interest is an Ab. Another format of

ELISA is the competitive ELISA. In a competitive ELISA (Figure 11.3), the analyte (either Ab or
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FIGURE 11.1 Structure of immunoglobulin G (IgG). IgG consists of two identical heavy chains (50–60 kDa)

and light chains (w25 kDa). Both the heavy and light chains have variable regions (VH and VL) whose

sequences vary between antibodies. The variable region is the portion where Ag binding occurs. The remainder

of both chains is referred to as the constant region (CH and CL).

DK9421—CHAPTER 11—13/11/2006—19:45—NRAJARAM—15340—XML MODEL C – pp. 265–286

Immunochemical Techniques in Biological Monitoring 271



Ag) competes with labeled analyte for binding. With higher concentrations of analyte, less of the

labeled analyte is bound, yielding a reduced signal. In a modification of this format (blocking

ELISA), unlabeled analyte is added prior to the addition of labeled analyte. In most ELISAs, Ag/Ab

is coated onto microwell plates by electrostatic attraction and van der Waals forces. Ag or Ab is

diluted in coating buffers to assist in immobilizing them to the microplate. Commonly used coating

solutions are sodium carbonate, Tris-HCl, and phosphate buffered saline. In order to minimize non-

specific binding to the microtiter plates, solutions of proteins are used to block unbound sites.

Commonly used blocking agents are bovine serum albumin, nonfat dry milk, casein, etc.

Body burdens from exposures to pesticides can be estimated from urinary analyses of pesticide

parent/metabolites concentrations [9,49–53]. Pesticide applicators as well as others are often

exposed to numerous unrelated pesticides, either sequentially or simultaneously. Classically,

body burdens of pesticides are analyzed using chemical/instrumental analysis (CIM) or EIAs.

Both of these technologies can usually be used to quantitate one analyte (or closely related

groups of analytes in CIM) per assay. In addition, CIM assays usually need numerous cleanup

and extraction steps before the sample can be introduced to the instrumentation. For example, the

Ab labeled with
reporter system

Secondary Ab
labeled with reporter

Primary Ab
with analyte affinity.

Analyte (hapten,
Ab, Ag)

(a) (b)

(c)

Analyte (hapten,
Ab, Ag)

Key: Direct immunoassay

Key: Indirect immunoassay

FIGURE 11.2 Direct and indirect immunoassay. In a direct assay (a), analyte (hapten, Ab, Ag) is bound to a

solid support (i.e., bead or microplate). Reporter labeled Ab is introduced to the immobilized analyte, forming

an Ag-Ab complex. After washing, the concentration of analyte is measured by radiometric, colorimetric, or

fluorometric detection of the reporter system. In an indirect format (b, c), a primary Ab specific for the analyte

is introduced to the solid support bound analyte. After washing, a secondary labeled Ab, specific for the

primary Ab, is added to the system. The concentration of analyte is measured by radiometric, colorimetric, or

fluorometric detection of the reporter system.
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NIOSH Manual of Analytical Methods (NMAM) method for triazine herbicides and their metab-

olites in urine [54], using gas chromatography with a mass selective detector, has 39 steps from

sample preparation to calculations. To perform multiple analyses for multiple unrelated pesticides

by CIM could entail a prodigious amount of effort.

Alternatively, multiple analytes can be simultaneously measured using a multiplexed fluor-

escence covalent microbead immunoassay (FCMIA). In one example [23] of this method, three

distinct spectrally addressable microspheres were coupled with three pesticide conjugates

(glyphosate-ovalbumin, atrazine-bovine serum albumin, and metolachlor mercapturate-keyhole

limpet hemocyanin) using 1-ethyl-3-(3 dimethyl-aminopropyl) carbodiimide hydrochloride

(EDC) and N-hydroxysulfosuccinimide (sulfo-NHS). The primary Abs were anti-atrazine, anti-

glyphosate, and anti-metolachlor mercapturate. To prepare standard curves, mixtures of atrazine,

glyphosate, and metolachlor mercapturate were mixed with the conjugated microspheres and a

mixture of primary Ab added. After a period of incubation, biotin labeled anti-rabbit IgG was added

Second capture Ab
with analyte affinity and

labeled with reporter

Bound capture
Ab with

analyte affinity

Analyte (hapten,
Ab, Ag)

(a)

(b)

(c)

(d)

Key: Capture immunoassay Key: Competitive immunoassay

Analyte labeled with
reporter that competes

with analyte

Bound Ab with
analyte affinity

Analyte (hapten,
Ab, Ag)

FIGURE 11.3 Capture and competitive immunoassay. In an Ag capture (sometimes called sandwich) assay,

Ab, specific for the analyte, is bound to a solid support. Added analyte is bound by the first specific Ab (a).

After washing, another labeled Ab, specific for another epitope on the Ag, is added (b). Concentration of

analyte is measured by radiometric, colorimetric, or fluorometric detection of the reporter system. In a

competitive assay, analyte and a reporter labeled analyte are allowed to compete for binding sites with the

immobilized antibodies (c) and bind in relation to their relative concentrations (d). The concentration of

analyte is measured by radiometric, colorimetric, or fluorometric detection of the reporter system. With

higher concentrations of analyte, less of the labeled analyte is bound yielding reduced signal.
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and allowed to incubate. After washing, streptavidin R-phycoerythrin was added and, after incu-

bation and washing, the bead mixture was analyzed in a commercial instrument (see Figure 11.4).

This type of assay is basically numerous competitive immunoassays being simultaneously

performed using microspheres as solid supports. As the concentration of analyte increases, the

reporter signal decreases. In this sytem, 5.6 mm polystyrene, divinyl benzene, and methacrylic acid,

microspheres that have surface carboxylate functionalities, were used. Internally, the microspheres

are dyed with red and infrared-emitting fluorochromes. The internal concentrations of each fluor-

ochrome are proportioned such that spectrally addressable microsphere sets are obtained. Different

Ags are covalently coupled to individual microsphere sets. When the microsphere sets are mixed,

they can be analyzed with a standard bench-top flow cytometer or a commercially available

Glyphosate

Atrazine

Metolachlor

Pesticides coupled to 3
spectrally differentiable

microsphere sets

Biotinylated anti-IgG
is added

Strepavidin
R-phycoerythrin is

added

Green

Red laser classifies the
microsphere. Green laser
indicates concentration

Red

Pesticides specific antibodies (IgG) and
the unknown or standard containing
analytes are added. Free analyte and
microsphere-bound analyte compete for
limiting amount of Ab. The more
analyte in a sample, the less Ab
available for microsphere binding

(a)

(b)

(d)(c)

FIGURE 11.4 Diagram of a competitive multiplexed fluorescence covalent microbead immunoassay

(FCMIA). (a) Pesticides coupled to spectrally differentiable microspheres. (b) Bound and free pesticide

compete for limiting amount of Ab. (c) Bound Ab is reacted with biotinylated secondary Ab. (d) Reporter

(streptavidin-phycoerythrin) is bound and the complex read in a flow cytometer. Red laser indicates bead

bound while green laser indicates concentration.
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dedicated instrument (Luminex, Inc., Austin, TX). The three major components of the system are a

bench-top flow cytometer, microspheres, and computer hardware and software. The flow cytometer

analyzes individual microspheres by size and fluorescence, distinguishing three fluorescent

colors—green (530 nm), infrared (585 nm), and red (O650 nm)—simultaneously. Microsphere

size, determined by 90-degree light scatter, is used to eliminate microsphere aggregates from the

analysis. Infrared and red fluorescence are used for microsphere classification, and green fluor-

escence is used for analyte measurement [55].

The microspheres in a liquid suspension array technique can be conjugated with receptors [56],

oligonucleotides [57], proteins [23,30], and Ab [58] such that studies of numerous biological

interactions and assays can be performed [49,55,59–61]. In addition, the reporter signal from a

FCMIA can be amplified by rolling circle DNA amplification. This is done by covalently attaching

an oligonucleotide primer to the reporter Ab in the presence of circular DNA, DNA polymerase,

and nucleotides. Amplification results in a long DNAmolecule containing hundreds of copies of the

circular DNA sequence that remain attached to the Ab. The amplified product is labeled in situ by

hybridization with fluor-labeled oligonucleotides [62].

11.3 DATA ANALYSIS

Data can be analyzed from ELISA experiments where a set of known standard concentrations of

analyte are measured and a relationship between the standards concentration and the ELISA

system’s response analyzed. This relationship, known as a standard curve, allows one to sub-

sequently estimate the concentration of unknown samples. Many mathematical models have

been used to construct ELISA standard curves, including logistic-log transforms [63], log–log

transforms [64], four-parameter logistic–log curves, etc. [33]. The four-parameter logistic-log

model (4-PL)

yZ
AKD

1C x
C

B

where y is the response (optical density), x the analyte concentration, A and D the responses at zero

and infinite dose, C the IC50 (the concentration giving 50% inhibition), and B a slope parameter [65]

has been shown to be superior to log-log and other fits for immunoassays, even when R2 values are

high (O0.97). The 4-PL fit extends the range of the assay, thus providing a more precise measure-
ment of analyte concentrations [66].

A practical method for assessing the quality of a standard curve fit is to calculate the concen-

trations of the standards after the regression has been completed [67,68]. This procedure is also

known as standards recovery, and it is performed by calculating the concentration of each standard

and then comparing it to the actual concentration using the formula

Observed concentration from the 4 PL fit

Expected concentration from analyte added
!100

This method yields information about the relative error in the calculation of samples. It is most

desirable to have each standard fall between 70 and 130% of the actual value, although more

stringent ranges may be applied if greater accuracy is desired. The limitation of using back calcu-

lation as the sole method of evaluating goodness of fit is the existence of a bias toward the

concentrations of the standards. More specifically, only the standard concentrations are used to

assess the quality of the fit; the portions of the curve between each of the standard points are ignored

[67]. Spiked recovery may also be used to assess the overall accuracy of an assay [69]. This method

incorporates variables in assay preparation as well as the regression analysis. Samples are spiked
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with known concentrations of analyte and then analyzed to determine the closeness of the calcu-

lated value to the actual value. The chosen concentrations are usually between the concentrations of

the standards, thus removing the bias inherent to the back calculation of standards method.

The results are assessed in the same manner as the standards recovery, using the formula above.

A spiked recovery value between 80 and 120% is considered acceptable. The disadvantage of this

method is that it is affected by variables other than curve fitting. Errors in sample preparation or

assay preparation (pipetting, adding reagents) may affect overall recovery. In addition, it is difficult

to accurately spike low levels of analyte into samples because of the relative imprecision of pipets

that deliver small volumes [70].

Estimates of least detectable doses (LDD) and minimum detectable concentrations (MDC) have

also been calculated using numerous methods, including graphically from the intersection of the

asymptote of a 4-PL regression’s 95% confidence interval (CI) with the regression line [71] or as a

multiple of standard deviations of the blank response [72,73]. In competitive assays where the

response is expressed as %B/B0 data with BZ to the response of a standard and B0Z to the mean

optical density measured for the blank, 90%B/B0 is routinely used as the LDD [74].

Specificity is an important characteristic of any laboratory test, describing its ability to dis-

tinguish between true (or specific) and non-specific results. With immunoassay methods,

interferences that affect specificity can be categorized into two major classes: (1) those that

affect the binding event between the Ab and an Ag in a general way such as pH or ionic strength

or (2) those substances that affect binding of Ag by competing for the specific binding site on the

Ab. These specific interferences are often referred to as cross-reactants. In the analysis of pesticides

and/or pesticide metabolites, it is often desirable to have high levels of cross-reactivity with related

compounds and metabolites of the parent compounds so that broad screening can be performed.

The specificity of an immunoassay may be characterized by adding increasing amounts of a

potential cross-reacting substance to a sample and measuring the response in the immunoassay.

The results of this experiment can be reported in several ways. One method of representing the

comparative reactivity of these compounds is to determine the concentration of each compound

required to displace the same amount of labeled Ag from Ab. For example, one commonly calcu-

lates cross-reactivity using the concentrations required to displace 50% of the label or 50% B/B0.

The concentration is called the ED50 (estimated dose at 50% B/B0). A ratio of the resulting

concentrations can be referred to as the “percent cross-reactivity at the ED50.” Cross-reactivity

can also be calculated at other levels of displacement such as 20% (ED20). Depending on the slope

and shape of the response curve, the % cross-reactivity may be different at different displacement

levels. Another method to report cross-reactivity may be to simply report the concentration of

cross-reactant required to displace a given amount of labeled Ag. For example, one might report the

concentration of cross-reactant required to displace 50% of the label (i.e., the ED50). Again,

different displacement levels can be used, but the absolute result and, possibly, the relative

results will change. If one chooses the lowest level of displacement that can be reliably distin-

guished from zero displacement, the resulting concentrations could be represented as a LDD for

each cross-reactant. Evaluation of cross-reactivity in poorly defined biological samples may be very

complex [75].

Numerous extraneous factors can be present in a sample that may influence Ag-Ab binding,

including pH, ionic strength, endogenous components such as enzymes, immunoglobulins, bile,

and salts, and exogenous substances such as drugs, polymers, and detergents [76]. These factors

contribute to matrix effects defined as follows: the influence of a sample property, other than

analyte, on the measurement, and thereby on the measured values; and the physicochemical

effect(s) of the matrix on the analytical method’s ability to accurately measure an analyte [76].

To insure the integrity of immunoassay data, analytical quality control measures are an import-

ant component. Each analyst must take an independent responsibility for assuring that the analytical

quality control system works. This can be accomplished by using known spiked samples that

closely simulate the samples being analyzed with regard to concentration and interferences.
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Because the analyst is most familiar with the methods being used and should know what range of

recoveries to expect, problems with the system can be detected early. At a minimum, the following

have to be evaluated [77]:

1. Blanks: Analyte free buffer or water.

2. Standards: Calibration curves should be prepared with triplicate points at each of at least

five different concentration levels that bracket the concentration of actual samples to

avoid extrapolation. Standards should be prepared in the same diluent as used for samples.

3. Blind Spiked Samples: Blind spiked samples are prepared by someone other than the

analyst performing the measurement and are to provide an independent check on the

accuracy and precision of the measurement.

4. Precision Analysis: Intra-assay and interassay coefficients of variation should be calcu-

lated, and their trends evaluated using quality control charting.

11.4 PESTICIDES

The United States Environmental Protection Agency estimates that 10,000–20,000 physician-

diagnosed pesticide poisonings occur each year among the approximately 3,380,000 U.S. agri-

cultural workers [78]. The Centers for Disease Control and Prevention, in their Second National

Report on Human Exposure to Environmental Chemicals, measured urinary levels of pesticide

parent/metabolites for organochlorines, organophosphates, carbamates, and herbicides as part of

a report of biomonitoring exposure data for 116 environmental chemicals for the non-institu-

tionalized, civilian U.S. population over the 2-year period 1999–2000. Results from that report

showed results greater than the LODs for the majority of pesticide parent/metabolites measured

[79]. Exposure to low doses of pesticide mixtures is thought to be related to chronic health

effects in humans [80]. Human exposure to pesticides is multi-media and multi-route. Agricul-

tural workers can be exposed to numerous pesticides for variable periods of time, at variable

exposure levels, and by numerous routes (inhalation, dermal, ingestion). In addition, transfer

exposures can occur from dermal or other contact with contaminated equipment and surfaces.

Primary and transfer exposures are affected by weather conditions, type of applications, and

work practices [6,9,10,30]. Estimates of pesticide exposures to equipment or clothing may be

performed by analytical chemical analyses of elutions [81,82], whereas body burdens of pesti-

cides are usually estimated by biological monitoring of urine samples [6,7,9]. EIAs have been

used to measure pesticide concentrations in surface, rain, and groundwater for a variety of

substances including alachlor, amitrole, atrazine, bentazon, bromacil, chlorodiamino-s-triazine,

chlorsulfuron, clomazone, cyanazine, diethylatrazine, diclofop-methyl, 2,4-D, dichlorprop,

diuron, hexazinone, hydroxyatrazine, imazamethabenz, imazaquin, isoproturon, maleic hydra-

zide, MCPB, metazachlor, methabenzthiazuron, metolachlor, molinate, monuron, norflurazon,

paraquat, picloram, propazine, simazine, terbuthylazine, terbutryn, thiobencarb, triasulfuron,

2,4,5-T, trifluralin, fenitrothion, chlorpyrifos, heptachlor, methoprene, 1-naphthol, parathion,

paraoxon, PCP, permethrin, pyrimiphos-methyl, quassin, 3,5,6-trichloro-2-pyridinol, benomyl,

benzimidazole captan, chlorothalonil, fenpropimorph, iprodione, metalaxyl, myclobutanil,

procymidone thiabendazole, triadimefon, and triazole [45]. The majority of these analyses

were for parent compounds.

Urinary EIAs have been used to estimate body burdens of numerous pesticides

[7,9,10,30,33,34,36,39,40,49–53,74,83–88]. Many commercial suppliers offer EIA kits for the

measurement of pesticides in water and other matrices (e.g., EnviroLogix Inc., Portland, ME;

Strategic Diagnostics Inc., Newark, DE; Abraxis LLC, Warminster, PA). EIA test kits are

ideally suited when speed, simplicity, sensitivity, and low cost are important criteria. Immunoas-

says are appropriate when specific chemicals, or families of chemicals, are known or suspect, and
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the objective is to determine their presence, absence, or quantity contained within the sample.

In some cases, commercial EIA kits, designed primarily to measure pesticide parent, can be

used to screen for urinary metabolites. This is due to the apparent cross-reactivity of the Ab

used in the commercial kit for the parent compound, also having affinity for the metabolite. For

example, alachlor, MW 270, is too small to be immunogenic in its own right. To overcome this,

most Ab for alachlor and other chloroacetanilide herbicides are raised against a derivatized chlor-

oacetanilide that is coupled to a carrier macromolecule (usually a protein), forming a thioether

linkage [89]. Polyclonal antisera to these alachlor-protein-thioethers would be expected to contain

Ab to numerous antigenic determinants on the immunogen molecule, including the thioether

region, probably with differing affinities and avidities for each antigenic determinant. Alachlor is

metabolized to a mercapturate metabolite [90] that cross-reacts with some commercial Ab, actually

showing an approximate 4x greater affinity than that shown for parent [7].

Commercial EIA test kits specifically designed for human pesticide exposure monitoring are

also available. EnviroLogix Inc., Portland, ME offers test kits for the measurement of alachlor

mercapturate, atrazine mercapturate, N,N-diethyl-m-toluamide (DEET), and metolachlor mercap-

turate in urine. These kits can be fast, accurate, and precise.

Conventional analytical techniques, including both classical instrumental methods and EIAs,

although highly precise and accurate, are in reality, laboratory-based techniques [91]. Immunobio-

sensors (analytical devices with the potential for portability that combine the specificity of Ag–Ab

interaction with a transducer that produces a signal proportional to the target analyte concentration)

have been described [92]. The Ag-Ab complex is in close contact with a signal transducer (e.g.,

optical, amperometric, potentiometric, or acoustic) coupled to a data acquisition and processing

system [93]. Immunobiosensors, because of their specificity, fast response times, low cost, port-

ability, ease of use, and continuous real time signal, present distinct advantages over alternative

methods of analyses [94].

The primary optical characteristics that are exploited in the development of immunobiosensors

are fluorescence, chemiluminescence, and refractive index change. These optical effects can be

measured by surface plasmon resonance (SPR) or evanescent wave effects [95,96]. For example,

fluorescent fiber optic biosensors have optical fiber probes, each coated with an Ab specific for a

particular analyte. Samples flow over the probes, followed by another Ab that has been attached to a

fluorescent dye. If the fluorescent Ab binds to the captured agent, a fluorescent signal is generated at

the surface of the probe (Figure 11.5).

Refractive index (the bending of light at the interface of two media) can also be exploited to

measure Ag-Ab interactions. The way light interacts at an interface can be exploited to measure

changes in surface conditions as occur when Ag binds to Ab on a surface and may be measured by

SPR [97] (Figure 11.6). An SPR immunobiosensor is composed of an SPR transducer and a

biological recognition element (e.g., Ab) that recognizes and is able to interact with the targeted

analyte. The biomolecular recognition element is immobilized on the SPR transducer surface.

When a liquid sample is brought in contact with the sensor surface, the interaction between the

biomolecular recognition element and the analyte occurs, producing a change in the refractive

index at the sensor surface. This in turn results in a change in the propagation constant of a

surface plasmon excited at the sensor surface, and it is eventually measured by measuring a

change in one of the characteristics of light interacting with the surface plasmon—resonant wave-

length, resonant angle, intensity, phase, and polarization.

Piezoelectric immunobiosensors are based on a quartz crystal resonator (Figure 11.7),

consisting of a disk with electrodes plated on it. Application of an external oscillating electric

potential across the device induces an acoustic wave that propagates through the crystal.

The frequency of the vibration can be determined by a frequency counter and is affected by

changes in mass associated with Ag binding to the surface-immobilized Ab. This binding increases

the mass of the crystal, decreasing the resonant frequency that can be measured [98].
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Light-addressable potentiometric sensors (LAPS) combine both electrochemical and electro-

optical detection, measuring small pH differences (w0.01 pH units) on a semiconductor

(Figure 11.8). The pH-sensing region of the instrument consists of a silicon layer wired into an

electrical circuit. A LAPS measures an alternating photocurrent, generated when a light source such

as a light emitting diode (LED), flashes rapidly. The current magnitude depends on the surface

potential that, in turn, depends on the surface pH [99].

Ab-Ag
complex

Fluorescent
emission

Photodetector
Light
source

Optical fiber

FIGURE 11.5 Fluorescence labeled biosensors. Fluorochrome molecules are used to label secondary

antibodies that bind to the Ag in a sandwich format. The fluorochrome is excited by absorbing short-wave-

length light, and then it emits light at a higher wavelength that can be detected by the biosensor transducer.

Light beam Photodiode
array

Monochromatic
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Biomolecular
recognition
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Sample
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Surface
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Analyte

Substrate
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FIGURE 11.6 Surface Plasmon Resonance (SPR). A narrow-band convergent beam from a light-emitting

diode is launched into a prism coupler and made incident onto a thin metal (gold) film. The angular component

of light that fulfills the coupling condition excites a surface plasmon wave at the outer boundary of the metal

film. The coupling produces a narrow dip in the angular spectrum of the reflected light; the precise angular

position is determined using a computer-controlled position sensitive photodetector. When a solution

containing analyte molecules is injected into the flow-cell, analyte molecules in the sample bind to the

biomolecular recognition elements immobilized on the SPR sensor surface, producing a shift in the position

of the dip in the angular spectrum of reflected light. The shift can be correlated with the concentration of

analyte in the sample.
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FIGURE 11.7 Piezoelectric biosensors. Piezoelectric (PZ) biosensors are based on a quartz crystal resonator,

consisting of a disk with electrodes plated on it. The application of an external oscillating electric potential

across the device induces an acoustic wave that propagates through the crystal. The frequency of the vibration

can be determined by a frequency counter. The frequency is affected by changes in mass associated with Ag

binding to the surface-immobilized Ab. Such binding increases the mass of the crystal, decreasing the resonant

frequency of the crystal.
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FIGURE 11.8 LAPS (Light addressable potentiometric sensor). A LAPS combines both electrochemical and

electroptical detection, measuring small pH differences on a semiconductor. The pH-sensing region of the

LAPS consists of a silicon layer wired into an electrical circuit. An alternating photocurrent is generated by the

light source. The magnitude of the current depends on the surface potential that, in turn, depends on the surface

pH. (a) No Ag bound to the primary Ab, the potential (K) is the potential generated by the light source. (b) Ag-

labeled secondary Ab complex bound to the primary Ab catalyzes electrooxidation/electroreduction, thereby

producing a pH change that affects the surface potential (C).
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In conclusion, biological monitoring provides the basis for estimating an internal chemical dose

by measuring parent compound and/or metabolite concentrations in selected body tissues and

fluids. In contrast to biological monitoring that measures the compound or its metabolites in

human tissue, biological effects monitoring (i.e., use of biomarkers) is used to detect evidence of

chemical exposure by measuring a biochemical response, such as changes in enzyme activity [100].

In other words, chemical exposure is estimated based on an indicator property rather than through

direct quantification of the chemical itself. This type of monitoring does not provide a direct

measure of internal dose, but it can provide an indication of the potential for adverse effects.

Dose cannot be estimated unless the correlation between exposure and biochemical response is

well understood.

Biological monitoring has been classically performed by quantitative analyses for urinary-

excreted or environmentally sampled chemicals by chemical/instrumental analysis (CIM) after

extraction from urine or sample matrices (such as rinses of hands, patches on skin/clothing,

sorbent materials, and filters). These procedures are costly, time consuming, labor intensive, and

require the acquisition of high capital expenditure equipment and highly trained personnel,

although they are usually highly specific. Alternatives to CIM are EIA where pesticides or

their metabolites can be quantified in neat or diluted urine or water using Ab (usually poly-

clonal) directed against the pesticides or their metabolites. EIAs have been used to measure

numerous types of analytes in both biological and environmental matrices over the last 35 years.

EIAs have the benefit of being inexpensive, fast, and quantitative, and they can be simply

performed on relatively inexpensive equipment. In many cases, EIAs have lower limits of

quantitation than CIMs. Urinary pesticide/metabolite EIAs may have the disadvantages (in

some cases) of not being specific or of suffering from matrix effects from urine, limiting

their sensitivity by a factor of 10–100-fold. However, when speed and cost efficiency are

evaluated, immunoassays significantly outperform conventional methods. The ability of immu-

noassays to be multiplexed (the measurement of numerous analytes simultaneously) is one

factor that distinguishes EIAs from CIMs. Diversity in the chemical properties of mixtures

has been shown to negatively impact recoveries when measuring multiple analytes by CIM

[29]. The final outcome of these efforts are methods that are either sensitive and imprecise or

precise and insensitive [24,101,102]. The future use of immunobiosensors, surface and liquid

matrix arrays, and other cutting edge technologies (especially as these methods mature) for

biological monitoring should allow for the almost instantaneous measurement of numerous

analytes simultaneously with accuracy and precision.
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12.1 REGULATORY FRAMEWORKS FOR GENETICALLY MODIFIED (GM)

CROPS AND DERIVED FOODS

There are two types of regulatory framework for foods derived from GM crops. First, is the

horizontal process-based that focuses on the process of genetic modification, as for example,

those enacted in the European Union (EU) and Australia. Second, is the vertical product-based

that focuses on the resulting product characteristics, as for example, in the United States (U.S.) and

Canada [1]. These two legislature processes are diametrically divergent and have often led to

clashes and trade disputes [2]. Biotechnology has been readily accepted in medicine because of

the tangible benefits enjoyed by consumers. However, food biotechnology, as it is commercialized

today, has no obvious direct benefit to the consumer. The benefit is predominantly to the providing
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multinational companies and farmers, whereas any real or perceived risks are borne by consumers,

resulting in a cautious stand in some countries in Europe. Other social factors, including different

cultural attitudes toward food and agriculture, the lack of trust in regulatory institutions or the

global agri-food industry, the reliability of scientific advice, and the economic interests of the

European farmers have also contributed to Europe’s resistance to food biotechnology even

though the technology may have indirect potential benefits. For instance, an indirect environmental

benefit could be reduced pesticide use. A social benefit could be the improvement of agriculture and

food security in developing countries by using biotechnology to improve locally adopted crops and

seeds as opposed to focusing on GM corn and soybean crops that work for U.S. farmers [3]. The

right to choose is a central focus to the European stance against food biotechnology as the choice

issue arises differently in different countries. For example, in Africa and other developing countries,

multinational biotechnology companies may have little economic incentive to invest in seeds and

germplasms that will not benefit poor farmers or solve local farming problems, making such

innovations a public sector responsibility.

To date, in the U.S., there is a reliance on voluntary and proprietary testing that depends on

compositional changes rather than on testing health effects as a result of the intake of GM crops.

The optional use of labels identifying new GM foods has been the method of choice. However, a

recent 2004 report by the National Academy of Sciences (NAS) jointly commissioned by the Food

and Drug Administration (FDA), the U.S. Department of Agriculture, and the Environmental

Protection Agency, all of which share responsibilities for regulating GM organisms and foods

developed in the U.S., recognized that unintended compositional changes resulting from altera-

tions—particularly by genetic engineering methods—should be assessed on a case-by-case basis.

Futhermore, improved tracing and tracking methods should be implemented, when warranted, such

as in specific populations of consumers or when unexplained clusters of adverse health effects occur

[4]. This is a more stringent requirement than the voluntary system advocated by these govern-

mental agencies just a few years ago. This is also in line with the recommendation of the United

Nations Codex Alimentarious Commission that dictates a case-by-case premarket safety assess-

ment of all GM foods that includes an evaluation of both direct and unintended health effects (e.g.,

environmental health risks that may indirectly affect human health) [5]. Although the codex

principles do not have a binding effect on national legislation, they are referred to specifically in

the Sanitary and Phytosanitary Agreement of the World Trade Organization (SPS Agreement) and

can be used as a reference in case of trade disputes such as those brought by the U.S., Canada, and

Argentina to the WTO against the EU de facto moratorium on GM crops in 2003 [2].

In the EU, the labeling and traceability of GM foods is embedded in three new EU regulations

that went into effect April 18, 2004, (1829/2003, 1830/2003, and 65/2004) has been the preferred

approach for responding to consumers’ right of choice. Other countries (e.g., Canada, Australia, and

Japan) have adopted legislations for GM foods that are either a variation on the U.S.’s or the EU’s

approach [1,6,7]. Monitoring is now required in the 64 countries and the EU that signed onto the

adoption of the Cartagena Protocol on Biosafety in Nairobi, Kenya, in May 2000. The protocol puts

into effect rules that govern the trade and transfer of GM commodity shipments and that allows

governments to prohibit the import of GM food when concerns over safety exist [7]. These

universal legislatures have made it imperative for governments, the food industry, crop producers,

and testing laboratories to develop ways to accurately quantitate GM materials in crops, food, and

food ingredients to ensure compliance with threshold levels for GM products [6].

12.2 SAMPLING

A sample is a collection of individual observations selected from a population according to specific

sampling protocols. The goal of a good sampling procedure is to minimize unavoidable sampling

error so that the sample is a representation of the entire population. In the case of GMO testing, the
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analysis is performed to gain information on the composition of a large body of target material (i.e.,

lots of kernels, ingredients, or final food products). However, a very small amount of material is

subjected to this analysis. Therefore, a multiple sampling process employed to reduce the lot to a

much smaller amount of material (i.e., the analytical sample) from the target material (i.e., lot) is

key to the reliable analysis of foods and agricultural products [8].

Several organizations have developed sampling plans for raw bulk material such as seeds and

grains, but not specifically for GMOs. The main parameters that should statistically be considered

include lot size and uniformity, accepted risks (tolerances), and adopted testing methods. Par-

ameters that need to be addressed include increment size, rate of increment sampling, and

preparation of the sample prior to the analysis. Pragmatic aspects include available sampling

facilities and costs [9]. As shown in Table 12.1, the various sampling strategies differ substantially

in maximum allowable lot size, number of increments used, and number of kernels present [10].

Sampling is based on the assumption of random distribution so that the mean and standard deviation

and the risk to both the producer and consumer can be estimated according to the binomial, the

Poisson, or the hypergeometric distribution [8]. However, in the case of bulky material such as

kernels, industrial activities tend to promote segregation during transportation and handling,

leading to the conclusion that heterogeneity is much more likely than homogeneity with respect

to GMO distribution in bulk commodities. Another factor that influences sample nomogeneity is the

degree of lot uniformity. Because lot uniformity cannot be assessed on an a priori basis, all

sampling approaches have recommended including more than one parameter per lot (see

Table 12.1).

All approaches presented in Table 12.1 recognize that a systematic approach is prefered over a

random sampling approach with sampling an flowing material occuring during lot loading or

unloading considered to be the best choice. However, in a case when this cannot be achieved,

sampling of static loads (e.g., large batches in silos or trucks) has also been performed. Moreover,

the number of increments depends on the extent of heterogeneity of the GMO. As lot heterogeneity

increases, the number of sample increments should increase. The lack of data on the expected

distribution of real lots makes it impossible to establish objective criteria to address this issue, and

research must be done to produce data that alleviates this uncertainty [8]. The recommended size of

the laboratory sample varies among the various approaches [10].

Sampling plans for primary ingredients and complex food products are even more complicated

because of the divergent nature of the target analyte, the concentration, and distribution in the

product the production and packing process and distribution channels, these factors being some of

the factors that preclude the possibility of standardizing sampling plans for primary ingredients and

final food products [8]. All secondary sampling steps that are needed to produce the final samples of

suitable working size do not constitute a problem provided that handling of the material, in terms of

grinding and mixing, is carried out properly to minimize errors [11].

12.3 CERTIFIED REFERENCE MATERIAL

Certified reference materials (CRMs) are essential tools in quality assurance measurement and

calibration processes. They are produced, certified, and used in accordance with relevant Inter-

national Organization of Standardization (ISO) and Community Bureau of Reference (BCR)

guidelines. Reference materials for molecules such as DNA and proteins have to behave similar

to compared samples to ensure full applicability to standardization in the field (i.e., commutability).

Various materials can be used for CRM for the detection of GMOs: matrix-based material produced

from seeds, pure DNA, or protein standards. Pure DNA standards can be derived from genomic (g)

or plasmid (p) DNA. Pure proteins can be extracted from grown seeds, or they can be produced by

recombinant technology. At present, CRM are present only for the GMOs that are authorized in the

EU and are available from the Institute of Reference Materials and Measurements at the Joint
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Research Center in Geel, Belgium, offered through the chemical company Fluka (Buchs,

Switzerland) [12].

The suitability of these reference materials for the validation of DNA-based methods for

detection by PCR, for example, has been questioned because

1. PCR can be used to quantify the GMO content on the basis of genomic equivalence (i.e.,

relative ratios of DNA molecules), whereas the CRMs are produced on the basis of

weight equivalence. Because the number of DNA molecules in one unit of GM may

differ from non-GM, a significant error may be introduced at this step.

2. To ensure homogeneity of CRMs, the materials employed in products are ground to

minimize size variation. However, the grinding may degrade the DNA [13].

3. CRMs are only available in low, relative percentage concentrations (0%–5%), but the

dynamic range of a method may include a 100% level.

4. CRMs are usually pure, single-ingredient matrices that may give the wrong value for the

limit of detection (LOD) and, in particular, the limit of quantitation (LOQ) defined as the

lowest quantities that can be reliably detected and quantified, respectively [14]. The use

of plasmids containing DNA sequences of specific regions in GM maize and soybean

lines or universal sequences found in various GM lines [e.g., cauliflower mosaic virus

(CaMV 35S) promoter and neopalin synthesase (NOS) terminator] as reference

molecules has also been reported [15].

Aspects such as ploidy or zygosity effect the selection and production of matrix-based reference

material for calibration because this impacts DNA quantification. Moreover, effects such as DNA

degradation, DNA quality, and length; the similarity in the behavior of the reference material used

for calibration and method validation; and the DNA extracted from a field sample in PCR reactions

all have important roles in the production of CRMs [16].

Matrix-based GMO CRMs have advantages over DNA- or protein-based CRMs (Table 12.2).

However, the availability of the raw material for the production is restricted because of intellectual

property right considerations. Since it is unlikely to find isogenic parental lines of non-GMO seeds

in the near future because of cross contamination, it may be possible to produce a 0% matrix-based

GMO CRM. Therefore, it is possible to employ plasmid DNA CRM because of the ease of its

production and low cost. However, problems can be expected such as the topology of the reference

plasmid (linearized versus circular or supercoiled); their stability and precision in very low concen-

trations; the absence of PCR inhibitors in plasmid compared to genomic DNA-CRM; the putative

differential amplification effectiveness between pDNA and gDNA; or the variable ratio between

transgenes and endogens in GM seeds [12].

12.4 METHODS FOR DETECTION OF GMOS OR THEIR MOLECULAR

DERIVATIVES

There are two types of methods for GMO detection – targeted and non-targeted methods. Targeted

methods detect a molecule (DNA, RNA or protein) that is specifically associated with or derived

from the induced genetic modification by investigating defined constituents. These technologies

employ genomic, transcriptomic, proteomic, or metabolomic methods. Non-targeted methods (also

called profiling) use technologies that measure a wide range of parameters that are not defined prior

to analysis [17].

12.4.1 TARGETED METHODS

The majority of targeted methods have focused on detecting DNA, though there are a few methods

that have been developed for detecting protein or RNA. This occurs because
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1. DNA can be purified and multiplied exponentially by a technique such as PCR.

2. The multiplication of RNA and proteins is a more complicated and slower process.

3. DNA is a stable molecule, whereas RNA easily fragments when extracted from its

normal environment unless it is stabilized by certain chaotropic reagents.

4. The stability of a protein varies and depends on the type of protein studied.

5. There usually exists a linear correlation between the GMO and nuclear DNA, whereas

such correlation between the quantity of GMO and RNA or protein does not exist.

6. The genetic modification is currently accomplished at the nuclear (not mitochondrial or

chloroplast) DNA levels.

12.4.1.1 Protein-Based Methods

These methods rely on a specific binding between the protein and the specific antibody that

recognizes it. Then, the bound complex is detected in a chromogenic (color) reaction or in an

isotopic (radioactive) reaction by a method called enzyme-linked immunosorbent assay (ELISA)

[18]. Both direct double antibody (the preferred method) and indirect triple antibody sandwich

ELISA methods have frequently been employed to detect and measure novel proteins produced by

the GM varieties. These methods are applicable to the measurement of bivalent and polyvalent

antigens, and they are referred to as a sandwich assay because the analyte is sandwiched between

the solid phase antibody and the enzyme-labeled secondary antibody (direct double antibody) or a

second antigen-binding antibody that is bound by enzyme-labeled antibody (indirect triple

antibody) [9]. Because these methods require minimal processing of samples, they can be

quickly completed. On the basis of typical concentrations of transgenic material in plant tissue

(O10 mg/tissue), the detection limits of protein immunoassays are in the range of 1% GMOs [18].

Various matrices can affect method performance. Similar to extraction efficiency, it is not

necessary that methods be completely free from matrix effects provided that each sample contains

a consistent amount of matrix that does not vary in composition and that the method is calibrated

using a reference material of the same matrix [19]. To evaluate matrix effects, diluted non-GMO

TABLE 12.2
Advantages and Disadvantages of Various Types of GMO CRMs

Type of CRM Advantages Disadvantages

Matrix GMO CRMs Suitable for protein- and DNA-

based methods

Different extractability (?)

Large production needs

Extraction covered Low availability of raw material due to

restricted use of seeds

Commutability Degradation

Variation of the genetic background

Genomic DNA CRMs Good calibrant Large production needed

Less seeds needed Low availability of raw material due to

restricted use of seeds

Commutability Variation of the genetic background

Long-term stability (?)

Pure protein DNA CRMs Less seeds needed Commutability (?)

Plasmidic DNA CRMs Easy to produce in large quantities Plasmid topology

Broad dynamic range Discrepancies

Commutability (?)

Source: From Trapmann, S., Corbisier, P., and Schimmel, H., In Testing of genetically modified organisms in foods,

Ahmeded, F. E., Ed., Haworth Press, Binghamton, NY, 101–115, 2004. With permission.
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containing extracts should be used in the buffer for making the standard curve for the amounts of

each GM-containing ingredient. If significant interference is observed at the selected matrix

concentration (e.g., O10%–15% inhibition or enhancement) or if the shape of the calibration

curve changes, the standard should be spiked into an appropriate level of non-GM containing

extract to guarantee accurate quantification [9].

Microwell plate, coated-tube ELISA, and lateral flow strip assays are presently the most

common protein formats employed for GMO detection. The microplate or coated-tube ELISA

formats are used as qualitative, semi-quantitative or qualitative assays, whereas the lateral flow

strips are mostly qualitative. The nitrocellulose strip has an analyte-specific capture antibody

immobilized on it. When the strip is inserted in a 0.5 ml Eppendorf tube containing the test solution,

the solution moves upward and solubilizes the reporter antibody that then binds to the target

analyte, forming an analyte-antibody complex. When the complex passes over the zone where

the capture antibody has been immobilized, it binds to the antibody and produces a color band. The

presence of two bands indicates a positive test for the protein of interest, whereas a single band

indicates that the test was performed correctly, but the specific protein was not present

(Figure 12.1). This is a fast test, taking about 10 min, that produces a qualitative or semi-quan-

titative answer, and it is suitable for field or on-site applications [18]. A limitation of this threshold

technology is the difficulty of testing all available biotech events using a single test. Further

development of this technology will require increasing the capacity to detect multiple traits in a

single sample [19].

Several limitations exist for quantitative determination with protein-based methods

1. These methods cannot detect a genetic modification if the modified gene is inactive in the

cells from which an analyte sample is taken, and they cannot be used to distinguish

between GMOs modified to produce the same protein (e.g., authorized and unauthor-

ized).

2. Because expression levels of introduced traits are tissue-specific and developmentally

regulated, protein levels in unknown samples can hardly be compared to those present in

the employed CRM.

3. An accurate measurement is only possible if sample matrices are identical to the refer-

ence material or if matched standard materials or standards that have been validated for

the matrix are available.

4. Comparability with a given reference standard is similarly impaired when a specimen has

been exposed to mechanical, thermal, or chemical treatment during product processing.

5. Because current immunological detection methods measure only one analyte, these

methods can only be applied to food samples consisting of just one taxon [9].

Bt protein
Sample

Labelled
specific

antibodies

Second
specific
antibody

Excess
antibody
captured

Control
line

Lateral flow format

(a) (b)

Control line

Test line

Negative
result

Positive
result

Test
line

FIGURE 12.1 A schematic view of lateral flow strip assay format. Courtesy of Dean Layton, Envirrologix,

Inc.
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12.4.1.2 DNA-Based Methods

At present, the most commonly employed DNA-based methods involve amplification of a specific

DNA with the PCR. In this technology, two short segments of synthetic DNA primers, each

complementary to the DNA to be amplified, are needed. Amplification involves making two

perfect copies of the original double-stranded (ds) DNA molecules. Once the cycle is completed,

it can be repeated, and after 20 cycles the number of copies is w106 higher than the first cycle.
However, the number of cycles rapidly dwindles thereafter as a result of the exhaustion of available

primers and nucleotides, and a plateau effect is reached, stopping amplification. The DNA can then

be qualitatively detected, using agarose gel electrophoresis or quantitatively by high performance

liquid chromatography (HPLC) or capillary electrophoresis, and the identity of amplified DNA can

be further verified by DNA sequencing or other methods [20,21].

The choice of target sequence motif is the single most important factor controlling the speci-

ficity of the PCR reaction. Four types of PCR-based assays exist with various degrees of sensitivity

and specificity (Figure 12.2). The first type includes screening methods where GMOs contain the

transforming constructs CaMV 35S promoter or the Agrobacterium tumefaciens NOS terminator,

and selectable marker genes coding for resistance to the antibiotics ampicillin (bla) or neomycin/-

kanamycin (npt II). However, the presence of these elements cannot identify the GMO, because

CaMV can naturally occur in soil, and some DNA polymerases (e.g., Ampli Taq, Applied Biosys-

tems) have been shown to contain amplifiable bla DNA. The second type includes gene specific

methods where the gene of interest may be of a natural origin, but it is usually modified by

truncation altered codon usage (e.g., phosphinotricin acetyltransferase (bar) gene or the synthetic

truncation altered gene Cry IA (b)). Usually, a positive signal may allow identifying from which

GMO the gene is derived. The third type includes construct-specific methods that target all junc-

tions between adjacent elements of the gene construct (e.g., between the promoter and the gene of

interest). A positive signal will appear only in the presence of GM-derived material although the

gene construct may have been transformed into more than one GMO or may be used for future

transformations (e.g., Bt 11 maize, Zeneca tomato, Mon 810 maize). The fourth type includes

extent specific methods that target all junctions at the integration locus between host plant

genome and the inserted recombinant DNA (e.g., Roundup Ready soybean). This method provides

the highest specificity for the PCR method [14].

1. Screening targets

3. Construct specific

4. Event specific targets

S
pe

ci
fic

ity
of

ta
rg

et
s

High

Low

2. Gene specific targets

H P E G T H

FIGURE 12.2 A schematic representation of a typical gene construct and four types of PCR-based assays,

showing increasing specificity (from top to bottom). (From Holst-Jensen, A., Rønning, S. B., Løvseth, A., and

Berdal, K. G., Anal. Bional. Chem., 375, 2003. With permission.)
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For quantitation, the copy number targeting the species-specific single copy gene of GM

relative to genomic copies of the corresponding species is commonly used (e.g., soybean lectin

gene for Soya-derived DNA). If the GM-specific target is inserted in a single copy, then quan-

titation is straightforward. For example, in Roundup Ready soybean, the full-length gene construct

is inserted in a single copy number, and through backcrossing, the diploid GMO has been made

homozygous. Therefore, each GM cell has a ratio of 1:1 of the GM target and the lectin gene. On the

other hand, if the GM-specific target is inserted in more than one copy, quantification becomes

uncertain. Moreover, heterozygosity and ploidy introduce additional uncertainty. Therefore, testing

on single plants, tissues, or kernels/seeds/grains may be necessary.

There are generally three types of PCR-based quantifications – competitive, real-time, and

multiplex testing. The first quantitative PCR tests were based on competitive PCR [22,23] where

quantitation of the reference target is made by comparison to a competitor molecule with similar

features and amplification ability, like the insert. When amplified together, standard and target

DNA, compete with each other for available reagents, and the initial copy number is maintained at

the end of the reaction. Following the PCR, the products are separated by gel electrophoresis that

distinguishes the target DNA from the competitor by the size of the product. At the point of

equilibrium (iv in Figure 12.3), the concentration of the internal strand and target are equal, and

the GM content can be calculated from the ratio of standard/target!100 [23]. Although the method

allowed for the detection of a GM content as little as 0.1%, it involved repeated pipettings of

amplified DNA that increases the chance of contamination. Also, the process of running gels is time

consuming (takesw3 h). Therefore, this method was gradually replaced by the more sophisticated
real-time PCR.

Real-time PCR allows for monitoring amplification of the products while the reaction is

occurring, and it provides a larger dynamic range of amplification that leads to a higher sample

throughput as well as to a more rapid quantification with reduction in the chance of cross-contami-

nation [21]. Quantification can be done by either direct comparison of the Ct values (DCt) when the
two fragments are amplified with the same frequency or by using a standard curve obtained using

serial dilutions of the reaction products (Figure 12.4). Using the DCt method, two reactions of the
same concentration of the unknown template DNA must be performed, one targeting a reference

(R), and another targeting a GM-specific (G) sequence (black-stripped curves in Figure 12.4). Then

DCtZCtGKCtR, and the formula %GMZ (1/2)DCt!100% estimates GM content.

When using a standard curve (regression line in Figure 12.4), the relative initial target copy

number to Ct value allows for conversion of the Ct values of unknown samples to the initial copy

number. The GM content can then be estimated by comparing the initial copy number of the two

targets using the formula %GMZDNG/NR!100% [14]. Because most real-time PCR equipment

on the market today has the capacity to simultaneously monitor multiple wavelengths, multi-

plication is recommended to simultaneously monitor many events. For a successful multiplex

PCR assay, the relative concentration of the primers, the PCR buffer, the balance between the

MgCl2 and deoxynucleotide concentrations, the cycling temperatures, the amount of template DNA

and Taq polymerase, and an optimal combination of annealing temperatures and buffer concen-

trations must be taken into account [20,21].

A multiplex SYBR Green I-based real-time PCR suitable for multiple GMO identification of

specific amplification products for Maximizer 176, Bt 11, MON 810, GA21 maize, and GTS 40-3-2

soybean were developed employing melting curve analysis. The sensitivity levels were 1% for

Maximizer 176 and GA 21 and 0.1% for GTS 40-3-2 soybean. Therefore, when further optimized,

this convenient and cost effective (compared to specific FRET probes, molecular beacons, or

Scorpion probes) SYBR Green method promises to provide an economic way for multiplex specific

DNA quantification of several transgenic events [24]. Another multiplex PCR method for rapid

screening of four transgenic maize (MON 810, Bt 11, Bt 176, and GA 21) and one transgenic

soybean (Roundup Ready) gave a limit of detection of 0.25% [25]. A cheaper alternate to gel

electrophoresis, was economically achieved using biotinylated probes immobilized on a membrane
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that hybridize with PCR products of amplified several target GM genes simultaneously and with

subsequent calorimetric detection [26].

The LOD and LOQ, in addition to being method-specific, also depend on the sample being

analyzed. It is nearly impossible to distinguish between these types of detection and quantification

limits—the absolute limit (i.e., the lowest number of copies that must be present at the beginning of

the first PCR cycle to obtain a probability of at least 95% detection correctly), the relative limit (i.e.,

the lowest relative percentage of GM event that can be detected or quantitated with certainty under

optimal circumstances), and the practical limit (i.e., the limit applicable to the sample being

assayed). It is important to distinguish between the LOD/LOQ of the test and report both

values [27].

The major limitations for PCR-based detection of DNA derived from GMOs are access to

information about PCR primers and a suitable DNA for analysis. For the majority of GMOs, there

are currently no published primer pairs suitable for reliable amplification and quantitation because

information describing the gene modification is proprietary to the biotech company. This also

results in the unavailability of CRM, making method development and validation difficult. In

addition, grinding, heating, acid/alkaline treatments, and other processes rapidly degrade DNA,

FIGURE 12.3 Schematic illustration of quantitative competitive PCR. Standard and target DNAs are co-am-

plified in the same reaction tube. (a) Following the PCR, the products are separated by gel electrophoresis that

(b) distinguishes the standard DNA from the amplified target by the size of the product. At the equivalent point

(iv), the starting concentrations of internal standard and target are equivalent. Densitometric analysis of the

various bands (c) can be used to calculate the linear regression (d). (Modified from Hübner, P., Studer, E., and

Lüthy, J., Food Control, 10, 1999. With permission.)
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FIGURE 12.4 Real-time PCR quantification. Each amplification reaction is shown as a separate curved line.

The fluorescence released in response to synthesis of the target amplicon is measured in real-time. The increase

in amplification products in the initial PCR cycles is too small to be detected (dotted lines), but as the reaction

proceeds, it enters a log linear phase (shown as solid lines). When the signal corresponds to a threshold line (the

horizontal baseline), the corresponding cycle number for the reaction is scored (Ct value). Quantification can

be carried out using a direct comparison of the Ct-values (DCt method) if the two targets are amplified with the
same efficiency or by a comparison of copy numbers derived from a standard curve (standard curve method). In

the latter method, a regression line relates initial target copy number to the Ct-value, allowing for conversion of

the Ct values of the unknown sample into initial target copy numbers. In this figure, only one standard curve is

shown. The two procedures, if carried out correctly, should give the same results. (From Holst-Jensen, A.,

RØnning, S. B., LØvseth, A., and Berdal, K. G., Anal. Bional. Chem., 375, 2003. With permission.)
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and refining effectively destroys DNA, leading to many processed products having very little low-

quality GMO-derived DNA to access [14,20,21].

DNA extraction is important because the most limiting factor with respect to LOD/LOQ of the

PCR test is the quality and quantity of template DNA [14]. Isolation of high quality DNA from

plants is a challenge. Rigid cell walls must be dissolved through mechanical shearing and chemical

means employed to release cell organelles. The tissues must be milled to release adequate quantities

of DNA, but without excessive DNA degradation. Plant tissue may also contain secondary products

that interfere with extraction of genomic DNA, and if these persist through subsequent steps, they

may inhibit the PCR amplification. For example, polysaccharides and polyphenols (including

tannins) may interfere with enzymatic reactions or even degrade the DNA. In a study that evaluated

extraction methods for DNA from ground corn kernels spiked with 0.1% CBH351Starlink GM

corn, six DNA extraction methods were evaluated for purity and fragment size using five commer-

cial kits. Extraction efficiency was determined. The alcohol dehydrogenase gene (adh1) and the

CBH351 (cry9C, 35S promoter) genes in the genomic DNA were determined by conventional end

point and real-time PCR reactions. With every DNA extraction method employed, there were some

extracted DNA samples where either the 35S promoter or cry9 (or both) were not detected by PCR,

and the adh I gene was detected. Therefore, to choose an appropriate method for a particular plant or

tissue type, extraction experiments must be carried out to determine the consistency of performance

of trace amounts of biotechnology-derived genes. Additional purification steps may be required for

certain plant genomic DNA prior to PCR amplification. Moreover, well-mixed samples need to be

adequately ground to be a good representative of the entire sample [28].

12.4.2 NON-TARGETED (PROFILING) APPROACHES

Profiling approaches measure a wide range of parameters that are not defined prior to analysis. They

have the advantage of being able to analyze the GM food as a whole. Genomics, transcriptomics,

proteomics, and metabolomics have the potential of generating massive data that must be inter-

preted with caution and compared with reference data on compositional profiling and crop residues

generated from crops known to be safe. These data, however, are lacking and must be developed to

provide a basis for compositional equivalence and subsequent safety assessment [17,29].

12.4.2.1 Functional Genomics (Transcriptomics)

Functional genomics, or transcriptomics, refers to the study of direct expression of gene products

[i.e., conversion of messenger (m) RNA into copy (c) DNA]. It has the potential to provide insight

into routes that are relevant for the safety of crops and also into the natural variation in the

expression of genes under different environmental conditions. In addition, this approach allows

for the carrying out of expression profiles in specific plant tissues that are consumed by humans.

12.4.2.1.1 Differential Display (DD) Methods

DD has been employed to detect gene expression in GM plants. This method does not require prior

knowledge of the inserted gene shows that employing targeted primer design can provide amplified

transcriptional mRNA products of introduced plant gene sequences. However, because the method

is labor intensive, it is unsuitable for routine expression studies on altered genes [30].

12.4.2.1.2 Microarray Technologies

These techniques have the advantage of parallel screening of a large number of known gene

sequences for detecting differences in gene expression in tissues of variable origin. Two types of

microarrays are available—DNA arrays that use cDNA probes immobilized spot-wise in an array

fashion on solid surfaces with each spot containing numerous copies of the probe and oligo arrays
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that use oligonucleotide sequences (usually 20–25 bp long) instead, also spotted on various surfaces

in an array fashion. Thereafter, mRNA is extracted from the sample of interest, reverse transcribed

(RT) to produce a cDNA, and labeled either directly onto the backbone of the RNA molecule or

indirectly during the RT process using fluorescent labels to allow easy detection by a confocal

microscope. Sophisticated data analysis of the resulting pattern and relative intensities may reveal if

the pattern can be attributed to a GM variety [29].

Other types of microarray systems include the electroarray system where the fluorescently

labeled negative DNA fragments are guided to positively charged individual spots to increase

the rate of hybridization events. Other systems that use gel-based DNA chips increase the

surface of hybridization by using three-dimensional spot structure and pumping the fluorescently

labeled fluid through microporous material to optimize hybridization conditions. Other systems

called suspension arrays attach probes to uniquely-coated microsphere polystyrene beads (as

opposed to gene-specific PCR products dotted or synthesized onto the surface for solid support)

[9,17].

There are geometrical limitations for quantitatively detecting as little as 0.1% GMOs in

solution because the total surface area of the chip must be compared to the small area of probe

site on the chip. Another factor that limits widespread use of microarray in routine detection is the

cost that may reach $500,000 just to establish a microarray facility [21]. To alleviate these

problems, a signal visualization system that does not rely on fluorescence, but instead uses an

enzyme-linked system that generates a dye visible to the naked eye, has been developed. The

dimension of the spots where probes are attached to the chip are not a few microns as in conven-

tional arrays, but rather, from 1 to 2 mm in diameter, hence the name Easy Read GMO Chip and are

considerably more cost effective than the traditional microarray systems [31].

12.4.2.1.3 Biosensors

An affinity biosensor is a device that incorporates immobilized receptor molecules on a sensor

surface that can reversibly detect nondestructively receptor ligand interactions (e.g., DNA, oligo-

nucleotides, proteins). A stoichiometric binding event occurs in the sensor, and the associated

physicochemical changes are detected by a transducer. For GMOs, two types of real-time biosen-

sing transducers are currently used. There is the piezoelectric that is in the form of a quartz crystal

microbalance (QCM), and surface plasmon resonance (SPR) [20].

In piezoelectric detection, an electric field applied to a material causes a minute mass change

that can be electronically detected by the QCM. In a QCM system to detect Roundup Ready

soybean CRM, single-stranded DNA probes are immobilized on the sensor surface of a QCM

device and the hybridization between the immobilized probe and the target complementary

sequence in solution is performed. The probe sequences are the 35S CaMV promoter and NOS

terminator. The system can qualitatively detect the presence of GMOs, and it has the advantage of

reusability of the sensor surface for more than 30 measurements [32].

SPR is based on transferring photons to a plasmon (a group of oscillating electrons on the metal

surface). A thin film of differing dielectric (usually gold) is immobilized on the sensor chip. The

surface is rinsed with fluid that contains a binding partner (e.g., GM sequence) to the surface-

attached molecules (e.g., nucleotides). If the molecules from the fluid and on the surface of the chip

are bound, the reflected light intensity is reduced, and this reduction can be measured [33]. Advan-

tages of this technology are that it does not require highly purified samples, and detection can be

carried out in one step in a real-time manner. A disadvantage, however, is that the sensitivity needs

to be upgraded if it is needed to detect GM-foods at a sensitivity of 0.5% [20,21].

Electrochemical DNA sensors have also been developed [34] as well as DNA chips based on

nanotechnology with Raman spectroscopic fingerprinting for DNA and RNA detection [35].

However, but these technologies also have to be further developed and their sensitivities increased

to allow quantitative detection of GMOs present at low concentrations.

DK9421—CHAPTER 12—13/11/2006—19:56—NRAJARAM—15341—XML MODEL C – pp. 287–307

Targeted and Non-Targeted Approaches for Detecting Genetically Modified Organisms 299



12.4.2.1.4 Proteomics

Proteomics is the large-scale study of protein properties to gain an understanding of gene function

at the translational level. Unlike genomics, ultimately proteins undergo post-translational modifi-

cations (e.g., glycosylation and phosphorylation). Furthermore, protein cleavage and multi-protein

complex formation occurs, and these processes might influence the functioning of protein

molecules. Also, proteomics has no equivalent amplification mode (as for example by PCR), and

the sensitivity of the method may be an issue in certain circumstances [36].

12.4.2.1.5 Plant Protein Separation and Identification

Currently, protein separation is largely based on two-dimensional gel electrophoresis (2-DE) where

separation in the first dimension is by charge [isoelectric focusing (IEF)], and in the second

dimension, according to the molecular weight, of the molecule by employing sodium dodecylsul-

fate polyacrylamide gel electrophoresis (SDA-PAGE). The combination of these two separation

techniques allows for a resolution of up to 10,000 protein spots in a single 2-DE gel [37]. Various

stains (e.g., Coomassie Brilliant Blue G and R dyes, silver staining, SYPRO fluorescent dyes, and

cyanine-based dyes) have been employed for detection, followed by image analysis of the 2-DE gel.

Proteins can then be identified by matching the images to the existing 2-DE databases. However,

only a limited number of these databases are currently available [17].

A major advantage was achieved when it became possible to identify large polymer-like

proteins by mass spectrometry (MS), coupled with a peptide mass fingerprinting strategy and

MS-based peptide sequencing [29,36]. Employing large scale MS-based proteome studies revealed

that two classes of proteins were underrepresented—hydrophobic proteins that are very difficult to

keep in solution under conditions required by the IEF in the 2-DE gel, and low abundant proteins

that are difficult to display on 2-DE gels because they are below the detection limits of the protein

stains currently available. Furthermore, protein populations from a biological sample can show

immense variability in protein expression levels with a dynamic range of up to 108 that makes

parallel visualization of cell expressed proteins from such samples almost impossible [38].

Protein separation techniques that do not use gel electrophoresis have been tried. A liquid

chromatography-based peptide separation strategy, named multidimensional protein identification

technology (MudPIT), was developed [39]. The basis for this technology is the digestion of a

complex mixture of proteins with a site-specific protease before separation with two independent

liquid chromatographic (LC) separation systems. Nevertheless, this technique did not identify all

rice proteins from three different tissues (leaf, root, and seed) [40]. Furthermore, because of a high

number of peptides co-eluting from the chromatographic separation column into the mass spec-

trometer, the MudPIT technology did not seem to be suitable for differential analysis of a complex

proteome. Additionally, MudPIT did not produce quantitative expression data of the identified

proteins [20,36].

To overcome the above-described problems for protein identification and quantification, a new

LC-MS technique called isotope-coded affinity tag (ICAT) was introduced. It allows for the

comparison of two different protein products by making use of an affinity-based peptide-labeling

step. In this method, a complex protein is digested with a sequence-specific protease. The cysteine-

containing peptides are subsequently labeled with a regular ICAT reagent, and the peptides from a

second sample are labeled with an ICAT reagent that contain a distinct number of heavy isotopes,

making the affinity tag distinguishable from the regular ICAT. The labeled peptides are mixed,

chromatographically separated, and directly eluted into an electrospray mass spectrometer. The

corresponding peptides for the different samples are separated by the number of heavy isotopes

times the number of cysteines in the peptides when the mass difference between the heavy and light

isotope is unity. Because a mass spectrometer measures a mass-to-charge ratio, this correlation

holds when the corresponding peptide ions are singly charged. For doubly charged particles, the

value of the mass difference will be halved [41].
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Protein expression profiling can also be analyzed by antibody arrays [42]. A key to this

technology is the availability of highly purified and specific monoclonal antibodies. Although

these have classically been generated by hybridoma technology, generation of these on a scale

to cover the entire plant proteome will make the array exceedingly expensive. Antibodies can be

economically and selectively produced in a high-throughput fashion against multiple plant antigens

by phage selection of single chain Fv or Fab fragments (thereby called phage display) [43]. Phage

display method offers several advantages over hybridoma technology

1. It can be used to create antibodies against immunogenes as well as highly

conserved antigens.

2. The introduction of a multiple spotting technique, that allows for multiplex screening of

a thousand of Fabs or Fvs on a protein microarray representing the corresponding anti-

gens, saves time and reagents [44].

3. The flexibility of phage display method allows it to be performed in vivo and in vitro.

4. Antibody fragments can be selected using inexpensive purification methods in the

bacterium Escherichia coli [45].

Alternative strategies to phage display include ribosomal display or mRNA-protein fusion.

Additionally, binding scaffolds, other than immunoglobulin domains, such as affibodies, fibro-

nectin, lipocalin, or repeated domains have been employed [36]. Moreover, certain

oligonucleotides (aptmers) can bind certain antigen proteins to antibodies at a low cost [46].

Antibody microarrays enable fast, easy, and parallel detection of a thousand samples with a

single experiment. Originally, they were developed in the format of clinical ELISA microtiter

plates with up to 96 wells [47]. Then, high density spotting of bacteria onto nitrocellulose filters

ensued [48]. Optimization of this technique with the use of immobility solution chemistry and

handling continued [44]. Although applications of antibody microarrays for specific investigation

of plant proteome have not been widely reported, profiling of plants in response to environmental

stresses could yield reliable targets for the development of plants for bioremediation or food

production in adverse conditions [36]. Biosensors have also been used to screen proteins [49,50].

Proteomic approaches are crucial to an understanding of development, structure, and metab-

olism, and they are promising for the detection and understanding of unintended effects in GM

crops when fully developed in the near future. Proteomics, combined with immunological detection

methods, may also be useful for studying whether or not fusion proteins are produced from

transgenic integration sites [17].

12.4.2.3 Metabolomics

The entire collection of metabolites in the cell is called a metabolome, and the science of measuring

it is metabolomics. There are currently four types of metabolomic investigations: target compound

analysis (i.e., analysis of specific compounds most directly affected by the modification); metabolic

profiling (i.e., analysis of selected compounds for the same chemical group or compound linked by

a known metabolic relationship); fingerprinting (i.e., rapid screening for sampling classification as,

for example, by global analysis of spectroscopic data); and metabolomics (i.e., identification and

quantification of as many individual compounds as possible across all compound classes). The main

techniques for studying target compound analysis and metabolic profiling are chromatographic

separations coupled with well-developed calibrations for specific analysis. For fingerprinting

screening, methods like nuclear magnetic resonance (NMR), Fourier transform infrared spec-

troscopy (FTIR), or MS applied to crude extracts without prior separation steps are used. FTIR

as a fingerprinting method has the advantage of ease of sample preparation, the speed of data

acquisition, and a high degree of reproducibility [52]. Although the spectra are not necessarily

interpreted as with other methods, subtle differences may be detected by chemometric methods,
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employing cluster analysis and soft independent modeling class analogy [53]. Metabolomics

combines the first, second, and third elements listed above, aiming at accurate quantitative compari-

son and recognizing that extraction and measurement methods cannot be optimized for any single

compound assessed [51]. Review of the different extraction methods used in metabolomics show

that no direct comparison of performance regarding recovery and reproducibility has been made

[51]. No single technique meets all the requirements for an ideal metabolomics measurement

method. Gas chromatography (GC) provides high-resolution compound separation. However,

most metabolites found in plant extracts are too involatile to be analyzed directly by GC. The

compounds have to be first derivatized and converted to less polar, more volatile derivatives that

may limit the utility of this technique when many samples need to be analyzed. GC combined with

flame ionization detection (FID) [54] or, more recently, MS [55] have been used for routine

detection – the latter methods allowing quantitation of minor peaks when shadowed by minor ones.

HPLC with ultraviolet (UV) detection has been used to identify compounds in complex

profiles, but it often indicates the class of the compound rather than its exact identity [17]. The

low sensitivity of LC/NMR spectrometry to LC/MS indicates that it will presently be used for

structural characterization of the unknown rather than for comparative analysis of numerous

samples [56].

Proton (1H) NMR can detect any metabolite containing hydrogen, and their spectra of plant

extracts are crowded not only by a large number of contributory compounds but also because of the

low overall chemical shift dispersion and by spin-spin couplings. In 14C NMR, the chemical shift

dispersion is twenty times greater, and spin-spin interactions are removed by decoupling. However,

the low sensitivity of 14C NMR prevents its routine use with complex extracts [57].

Novel foods might be tested for substantial equivalence (i.e., equivalence to known safe

food varieties) with respect to accumulated data of acceptable samples against a background of

novel ones in the same way GC/MS and NMR data have been used for diagnosis of metabolic

disorders. Pattern recognition methods can highlight abnormal samples against a background of

normal ones, but this will require a large number of samples covering different genotypes,

growing seasons and locations as well as stress conditions to model the acceptable class.

These reference data should be generated from crops with an acceptable safety factor and

used as crop specific benchmarks to compare with GM crops. At present, such reference data

are not available, but should be generated. This will also require methods of data standardization

across test laboratories [17].

With metabolomics, it may be easier to find some differences between two sets of samples than

to convincingly prove that there are no differences. Nevertheless, as long as the differences are well

defined, their importance can be assessed and any uncertainty lessened [17,29].

12.4.2.4 Near-Infrared Spectroscopic Methods

Non-targeted methods employing Near-Infrared Spectroscopic Methods (NIR) are commonly used

at commodity food handling facilities throughout the world for nondestructive analysis of grains

that will predict moisture, protein, oil, fiber, and starch. This is due to their combination of

analytical power, rapidity, and ease of use as well as their nondestructive nature and low cost.

Although NIR spectrometers are not precise enough to detect compounds such as DNA or protein at

low concentration levels (parts per trillion), differences caused by large structural changes accom-

panying the GM modification might be measured [58]. A feasibility study was carried out on

Roundup Ready soybean by a NIR Infratec 1220 spectrometer where whole grain samples

flowed through a fixed path length. Locally Weighed Regression, using a database of w8000
samples was 93% accurate for distinguishing the transgenic from the unmodified soy [59].

Another study was performed to create a calibration for discriminating between individual

kernels of Bt and not Bt corn. It was possible to classify kernels with an average accuracy, in

cross validation, of nearly 99% using partial least square discriminant analysis models [60].
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The advantages of NIR are speed in that it takes!1 min to perform; sample preparation in that
it is not required because the process uses whole kernels (w300 g) dropped into a measurement cell
or flow through system; and cost in that it is relatively inexpensive. Among the disadvantages of

this method, a major one includes the need for a large set of samples to generate spectra that are then

used to predict the GM event. Therefore, this method cannot be more accurate than the reference

method used to build the model. Second, calibrations need to be developed for each GMO to be

predicted, and the accuracy of the method is limited because it does not detect a change in DNA or a

single protein, instead, it detects much larger unknown structural changes that are introduced by the

presence of the new DNA [58].

12.5 CONCLUSIONS

Table 12.3 summarizes the tests commonly employed for the detection of GMOs in foods and

ingredients with respect to ease of use, requirements for specialized equipment, assay sensitivity,

time to perform, quantitation, cost, and suitability for routine field testing.

Detailed characterization of the transformation events at the sequence level have been carried

out for a large number of GMOs currently available. This allows for detailed genetic maps,

including information essential for the development of event specific detection assays as well as

details and the nature of insertion loci and potential unintended partial inserts and rearrangements

of the host genomic DNA. However, the co-presence of event-specific sequence motifs observed in

the so-called gene-stacked GMOs (i.e., the offspring of hybrids produced when two or more GMOs

are crossed) will not be detected by event-specific detection and quantitation methods that do not

distinguish between the stacked hybrid and parental GMOs [9].

A 100% identification of an ingredient stable in all varieties in terms of copy number per

haploid genome and in terms of alleles based on DNA sequences unique to a single species has

been achieved. These DNA sequences can serve as references for PCR-based quantitations. On

the other hand, homozygous and heterozygous as well as diploid, triploid, and polyploidy lines

will only give different qualitative estimates of the GMO by currently available detection

methods. Moreover, it is unlikely that the DNA content per weight unit (for grains, for

example) is the same when produced from different lines or when subjected to different handling

conditions. It is believed that the analytical steps from sampling to extraction of analyte (whether

protein or DNA) account for most measurement uncertainty of GMO content [9]. Multiplexing of

quantitative analysis is a necessity in view of the increasing number of GMOs to be tested.

Additionally, future developments in microarray technology hold promise for multiplex

quantification [20].

Appropriate traceability and segregation systems may reduce the need for stringent testing

strategies. In addition, measured GM content in processed material may not always reflect the

actual GMO content in the raw material. This may affect the efficacy of the analytical control

options in traceability systems. Threshold limits strongly influence the necessary separation prac-

tices aimed at meeting these limits. The lower the threshold, the stricter and more costly the

separation practices will be. Moreover, the number of authorized and unauthorized events will

affect the implementation of traceability [9].

REFERENCES

1. König, A., Cockburn, A., Cervel, R.W. R., Debruyne, E., Grafstroem, R., Hammerling, U., Knudsen, I.

et al., Assessment of the safety of foods derived from genetically modified (GM) crops, Food Chem.

Toxicol., 42, 1047–1088, 2004.

2. Kinderlerer, J., The WTO complaint—Why now?, Nature Biotechnol., 21, 735–736, 2003.

3. Taylor, M. R., Rethinking U.S. leadership in food biotechnology, Nature Biotechnol., 21, 852–854,

2003.

DK9421—CHAPTER 12—13/11/2006—19:56—NRAJARAM—15341—XML MODEL C – pp. 287–307

Immunoassay and Other Bioanalytical Techniques304



4. NAS (National Academy of Sciences), Safety of Genetically Engineered Foods: Approaches to

Assessing Unintended Health Effects, National Academy Press, Washington, DC, 2004.

5. Codex Alimentarius Commission, Joint FAO/WHO Foof Standard Programme, Codex Ad Hoc Inter-

governmental Task Force on Foods Derived from Biotechnology (Codex, Yokohama, Japan) http://

www.who.int/fsf/GMfood/codex_index.htm; http://www.codexalimentarius.net/ccfbt4/bt03_01e.htm

(11–14 March, 2003).

6. Ahmed, F. E., Ed., Testing of Genetically Modified Organisms in Foods, Haworth Press, Binghamton,

NY, 2004.

7. Gupta, J. A., Governing trade in genetically modified organisms: The Cartagena Protocol on

Biosafety, Environment, 42, 22–23, 2000.

8. Paoletti, C., Sampling for GMO analysis: The Euripean prespective Testing of Genetically Modified

Organisms in Foods, Haworth Press, Binghamton, NY, 2004.

9. Miraglia, M., Berdahl, K. G., Brera, C., Corbisier, P., Holst-Jensen, A., Kok, E. J., Marvin, H. J. P.,

et al., Detection and traceability of genetically modified organisms in the food production chain, Food

Chem. Toxicol., 42, 1157–1180, 2004.

10. Kay, S., Comparison of sampling approaches for grain lots, Report code EUR20134EN, Ispara, Italy,

European Commission, Joint Research Center Publication Office, 2002.

11. Remund, K., Dixon, D. A., Wright, D. L., and Holden, L. R., Statistical considerations in seed purity

testing for transgenic traits, Seed Sci. Res., 11, 101–119, 2001.

12. Trapmann, S., Corbisier, P., and Schimmel, H., Reference material and standards, in Testing of

Genetically Modified Organisms in Foods, Ahmed, F. E., Ed., Haworth Press, Binghamton, NY,

pp. 101–115, 2004.

13. RØnning, S. B., Vaitilingom, M., Berdal, K. G., and Holst-Jensen, A., Event specific real-time

quantitative PCR for genetically modified Bt11 maize (Zea mays), Eur. Food Res. Technol., 216,

347–354, 2003.

14. Holst-Jensen, A., RØnning, S. B., LØvseth, A., and Berdal, K. G., PCR technology for screening

and quantification of genetically modified organisms (GMOs), Anal. Bional. Chem., 375, 985–993,

2003.

15. Kuribara, H., Shindo, Y., Matsuoka, T., Takubo, K., Futo, S., Aoki, N., Hirao, T. et al., New reference

molecules for quantitation of genetically modified maize and soybean, JOAC Int., 85, 1077–1089,

2002.

16. Corbisier, P., Trapmann, S., Ganceberg, D., Van Iwaarden, P. Y., Hannes, L., Catalani, P., Le Guern,

L., and Schimmel, H., Effect of DNA fragmentation on the quantitation of GMO, Eur. J. Biochem.,

269 (suppl 1), 40, 2002.

17. Cellini, F., Ghesson, A., Colquhoun, I., Constable, A., Davies, H. V., Engel, K. H., Galehause,

A. M. R. et al., Unintended effects and their detection in genetically modified crops, Food Chem.

Toxicol., 42, 1089–1125, 2004.

18. Ahmed, F. E., Protein-based methods: Elucidation of the principles, in Testing of Genetically Modified

Organisms in Foods, Ahmed, F. E., Ed., Haworth Press, Binghamton, NY, pp. 117–146, 2004.

19. Stave, J. W., Protein-based methods: Case studies, in Testing of Genetically Modified Organisms in

Foods, Ahmed, F. E., Ed., Haworth Press, Binghamton, NY, pp. 147–161, 2004.

20. Ahmed, F. E., DNA-based methods for GMOs detection: Historical developments and further

perspectives, in Testing of Genetically Modified Organisms in Foods, Ahmed, F. E., Ed., Haworth

Press, Binghamton, NY, pp. 221–253, 2004.

21. Fagan, J., DNA-based methods for detection and quantification of GMOs: Principles and standards, in

Testing of Genetically Modified Organisms in Foods, Ahmed, F. E., Ed., Haworth Press, Binghamton,

NY, pp. 163–220, 2004.

22. Hardegger, M., Brodmann, P., and Hermann, A., Quantitative detection of the 35S promoter and the

NOS terminator using quantitative competitive PCR, Eur. Food Res. Technol., 209, 83–87, 1999.
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13.1 INTRODUCTION

Prion diseases, or transmissible spongiform encephalopathies (TSEs), are fatal neurodegenerative

disorders that include several human (Creutzfeldt-Jakob disease, CJD, variant Creutzfeldt-Jakob

disease, vCJD, Gerstmann–Sträussler–Scheinker syndrome, GSS, fatal familial insomnia, FFI and

sporadics fatal insomnia, sFI) and animal disorders (scrapie of sheep and goats, bovine spongiform

encephalopathy, FSE, BSE and felina Spongiforn encephalopaty, FSE transmissible mink ence-

phalopathies, TME, chronic wasting disease of cervids, CWD) [1].

Human prion diseases were recognized as independent nosological entities at the beginning of

the 1920s. They are distributed worldwide with an incidence of about 1.5 cases per million people

per year [2] and are classified as sporadic (sCJD), genetic, or acquired forms, depending on their

etiology [3]. Affected patients present with a progressive neurological syndrome that usually lasts

a few months, but longer durations have been reported, mostly in genetic cases [4]. The vast

majority of cases are represented by the sporadic form, wheras the genetic forms account for about

5%–10% of TSEs and are all linked to mutations (insertion or deletions) of the PrP gene (PRNP)

[5]. Acquired forms include a few hundred incidences of iatrogenic cases that are due to acci-

dental transmission of infected materials either by peripheral (intramuscular injection of

contaminated growth hormone of cadaveric origin) or by central (implant of cadaveric dura

mater) routes [6]. Among acquired human TSEs, a disease called kuru, although now disappearing,

retains a certain value for historical reasons, being the first human TSE shown to be transmissible

to laboratory animals [2] and for its peculiar way of transmission. This disorder plagued a few

tribes of Fore language in Papua New Guinea. It mostly affected women and children involved in

ritual cannibalism practiced as a way of mourning. The dismissal of such practice during the last

half of the last century resulted in a gradual disappearance of this disease. The third form of human

acquired TSEs is related to the outbreak of BSE in the United Kingdom that is believed to be the

cause of the appearance of a novel nosological entity called variant CJD (vCJD), affecting young

adults [7]. These relatively new diseases (BSE and vCJD) have reaffirmed the importance of the

oral route for TSE transmission both intra- and inter-species. Both in BSE and in vCJD, the highly

suspected way of infection is the consumption of TSE-contaminated food. In particular, cows were

subjected to a type of cannibalism as carcasses of TSE affected cows entered the rendering plants

to be transformed into meat and bone meal (MBM) for production of high protein animal food [8],

whereas in humans, the transmission of the disease most likely occurred by consumption of BSE-

contaminated meat [9]. Variant CJD is almost exclusively confined to the U.K. (nZ162) and

France (nZ20), but a few isolated cases have been officially confirmed in Ireland (since 2000),

Italy (2002), Canada (2002), U.S.A. (2004), Saudi Arabia (2004), Japan (2005), Netherlands

(2005), Portugal (2005), and Spain (2005). Variant CJD presents some peculiarities, consisting

of an early age at onset, presence of early psychiatric symptoms, a long clinical duration, and

distinct histopatological lesions with massive accumulation of PrPTSE with the formation of “florid

amyloid plaques” [10,11].

TSEs are caused by unconventional infectious agents called prions that are believed to be

mainly, if not solely, composed by the pathological conformer (PrPTSE) of the normal cellular

prion protein (PrPc). They are apparently devoid of any nucleic acids [1], thus some of the most
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powerful diagnostic methods such as polymerase chain reactions, antigen, or antibody titration,

commonly used for the identification of other infectious agents, are inadequate for detection.

The central event in TSEs pathogenesis is the conformational switch of PrPc into PrPTSE (also

called PrPSc after its first identification in rodents experimentally infected with the scrapie agent)

that aggregates as rods or fibrils and accumulates into neural and often lymphoreticular cells

[12,13]. Histological and biochemical lesions are restricted only to the CNS (spongiform encepha-

lopathy) where there are the largest amounts of PrPTSE and infectivity [1,3,14].

Experimental studies in rodent models and occasional observations in natural TSEs indicate

that after peripheral inoculation, the infectious agent usually replicates in cells, particularly the

follicular dendritic cells, of lymphoreticular tissues (spleen, lymph nodes, Peyer’s patches) [15].

From this point, it enters local nerves and, following neural pathways, reaches the spinal cord or the

brain stem, depending upon the site of infection and then colonizes the brain where replication

continues until the development of clinical signs of disease and death of the host [16,17]. During

this asymptomatic period, both the infectious agent (as measured by bioassay) and PrPTSE

(as measured by immunochemistry) are readily detectable in lymphoreticular tissues [18]. This

fact has lead to the suggestion of measuring PrPTSE in bioptic tonsil tissue for the diagnosis of

scrapie in sheep [19] and, more recently, of vCJD [20–22]. The PrPTSE diagnostic test in tonsils is

unsuitable for other forms of human TSEs or for BSE because in these diseases, the level of PrPTSE

in tonsil tissues is either too low for detection or non-existent [23]. In Sporadic and genetic TSEs

PrPTSE accumulates mainly in the CNS, making difficult the development of early diagnostic

methods based upon the detection of PrPTSE in easily accessible tissues or body fluids. The

increasing availability of highly sensitive detection methods [12] that detect PrPTSE accumulation

in lymphoid and in muscle tissue samples in sCJD patients [24] has partially modified views about

the distribution of PrPTSE in these patients. The diagnostic utility of the PrPTSE detection in the

muscles and spleen of sCJD patients is, however, still under examination as the positivity occurs

only in a portion of the examined samples [24]. A recent report of PrPTSE detection in the muscle of

sheep and goats with experimental scrapie [25] and in hamsters and mice experimentally infected

with adapted BSE or vCJD strains [26] shows how the comprehension of PrPTSE distribution in

tissues is continuously expanding also widening perspectives for future preclinical diagnosis

of TSEs.

With the aim of developing preclinical diagnosis of TSE diseases in blood, experimental

models of TSEs (rodents and small ruminants) have been used, and minute amounts of infectivity

have been detected in whole blood, white blood cells, and plasma [27]. The transmissibility of BSE

and natural scrapie to sheep through blood transfusion has also been demonstrated [28]. Novel

findings on possible blood borne transmission in three vCJD patients who received a blood transfu-

sion by individuals later diagnosed as having vCJD [29,30] has further raised concern in the matter

of iatrogenic transmission possibly sustained by asymptomatic carriers of vCJD. The fact that PrP

gene sequencing in one patient showed heterozygosity for methionine and valine at the poly-

morphic codon 129 indicates that, contrary to what was previously thought, a heterozygous

subject can be infected by the vCJD agent, modifying what is the current perception of the

epidemiological scenario of vCJD in the U.K. and the rest of the world as well [31]. The immu-

nohistochemical examination of appendicectomy and tonsillectomy specimens for the presence of

abnormal limphoreticular PrPTSE deposition has given an estimated prevalence of 237 cases per

million, in the U.K., i.e. 3808 subjects aged 10–30 might incubate vCJD [32]. In the absence of a

screening method to identify asymtomatic individuals these might represent a reservoir for iatro-

genic diffusion of infection [9,33–36].

These findings stimulated a great deal of research to improve techniques for the detection of

PrPTSE in blood [37–40] and in preclinical samples of experimental scrapie and BSE [41]. In this

context, it is worthwhile to mention the Protein Misfolding Cyclic Amplification (PMCA)

technique. This technique was first introduced by Saborio in 2001 [42]. It allows, using a

mechanism conceptually similar to PCR (polymerase chain reaction), the serial amplification of
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undetectable amounts of PrPTSE to an extent that is then easily revealed by western blot. PMCA has

already been used to demonstrate the presence of PrPTSE in blood samples from scrapie affected

hamsters and, therefore, holds promise to become a very effective aid for an early, preclinical

identification of PrPTSE in natural TSE diseases [40].

13.2 DIAGNOSTIC METHODS: ROLE OF PrP AS DIAGNOSTIC MARKER

OF PRION DISEASES

Irrespective of the mechanism that drives the PrPc to PrPTSE transition, and that still remains elusive

[43], the formation and accumulation of pathological PrP occurs only in TSEs. Thus, the identifi-

cation of PrP is a specific marker for these disorders. The pathological isoform retains the two

glycosylation sites. The relative amount of variably glycosylated forms along with the size of

PrPTSE fragments obtained after digestion with proteinase K (See below), have been used to

discriminate among different phenotype of TSE disease both in human and animals, contributing

to a commonly accepted molecular classification of human disease [44].

Immunological methods for PrPTSE detection begun in 1980 from identification of PrPTSE in

scrapie infected rodents, followed by the development of anti-PrP antibodies, and the development

of immunological techniques for TSE diagnosis. Polyclonal, monoclonal, recombinant, Fab, and

phagic antibodies have been produced, some of which are commercially available, some upon

request of the producers, which other are more difficult to obtain [45–48].

With the availability of these antibodies, a large number of immunoassays have been developed

and applied to the detection of PrPTSE and TSE diagnosis. The current immunological methods for

PrPTSE diagnosis can be divided into two main groups. The first group includes the methods that

require fixation of the tissue. The second group includes immunological assays that make use of non

fixed tissues that should be reduced to a suspension (if not already available as fluids) before

processing. All the methods, irrespective of the state of the starting material (fixed or not),

require the tissue to be processed, to some extent, in order to eliminate contaminants that can

reduce the sensitivity and the specificity of the test. These immunodiagnostic tests includes the

following: western blot (WB); enzyme linked immunosorbent assay (ELISA); immunohistochem-

istry (IHC); histoblot (HB); paraffin-embedded tissue blot (PET); dissociation-enhanced lanthanide

fluorescence immunoassay/conformation dependant immunoassay (DELFIA/CDI); and scanning

for intensely fluorescent targets (SIFT).

This chapter describes each of these techniques, giving an idea of the logic behind the method,

the procedures required for its execution, the sample preparation, the practical applications either

for human/animal diagnosis, or research with an outlook at the advantages and pitfalls.

13.3 WESTERN BLOT (WB)

13.3.1 BASIC PRINCIPLES

The western blot is the best characterized and, by far, the most used method for PrPTSE detection in

unfixed tissues with a successful record of diagnostic and research applications [49]. For the

execution of WB, the proteins extracted from the tissue under examination are first separated by

SDS polyacrylamide gel electrophoresis and then electrotransferred to a nitrocellulose (or PVDF)

membrane to make the relevant epitopes available for binding with a specific antibody. This solid-

phase immunocomplex is then bound by a secondary antibody coupled to an enzyme able to

catalyze a colorimetric or a chemiluminscent reaction for revealing the presence of the antigen.

The electrophoretic separation of proteins according to their molecular weights improves the

sensitivity and the specificity of the immunoassay. The renders the WB one of the most powerful

analytical tools available in the field of TSEs, giving good reason for the inclusion of this test into
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the club of the WHO (World Health Organization) reference methods for human TSEs diagnostic

confirmation [50].

13.3.2 SAMPLING AND STORAGE OF SPECIMENS

Virtually all kinds of tissues or fluids can be analyzed by WB (provided they are not fixed) with the

choice of the starting materials depending on the goal to be attained. For post-mortem diagnosis of

human TSEs, the nervous tissue is the most suitable material because of its high content in PrPTSE.

A few cortex samples from distinct cerebral areas are usually sufficient for PrPTSE detection of

humans. Sporadic and genetic CJD requires the collection of a frozen hemi brain to include grey

matter from frontal, parietal, temporal, occipital, and cerebellar cortical areas and the basal nuclei.

These are selectively targeted in some uncommon TSE forms like fatal familial insomnia [50]. The

spectrum of human TSEs encompasses a wide series of forms with distinct clinical and pathological

features, and, occasionally, the cerebral cortex may be poor or not involved at all [44]. The

formulation of a definite TSE diagnosis in these rarer forms is particularly relevant as this pool

may hide the emergence of novel variants of the disease with unknown pathogenic properties.

The same rule should apply for BSE diagnosis. In nation-based surveillance programs, the

brainstem is the material of choice. However, the recent description of the amyloidotic variant

(BASE) of the disease [51], likely caused by a different infectious strain where the neocortex is

more involved than the brainstem, confirms the validity of a multiple sampling strategy. This

approach applies also with scrapie of sheep and goats. Although the brainstem is the preferred

site for PrPTSE accumulation, several combinations of infectious strains and host genotypes may be

encountered with a heterogeneous distribution of PrPTSE lesions in the brain [52]. At variance with

BSE and sCJD, in scrapie-infected animals, many organs, particularly tissues of the lymphoreti-

cular system, are loaded with PrPTSE and can be employed for diagnostic purposes [53].

Although many studies showed that the incubation of samples for several days at room

temperature from BSE-infected brains does not affect the detection of PrPTSE by WB, this

observation cannot be taken as a general rule. It is well known that the resistance to proteolytic

degradation of PrPTSE is strain dependent; therefore, a prompt storage of bioptic and autoptic

specimens at subfreezing temperatures is desirable (if available, K808C is preferred).

13.3.3 SAMPLE PREPARATION

The preparation of the sample is a critical factor for the sensitivity and the specificity of the assay as

it may affect the detectable concentration of PrPTSE and the appearance of background noise.

Protocols of different length and complexity are available to process TSE-infected tissues before

WB analysis, allowing the desired level of analytical sensitivity.

A concise, high throughput preparation of CNS samples starts with fine homogenization

(commonly at a weight/volume ratio of 10%) of the tissue in a buffered isotonic solution (Tris

saline or PBS) that may also contain non-denaturing detergents (0.5%–1% of Nonidet P-40 or

sodium deoxycholate or sarkosyl). The homogenate is usually cleared by a short centrifugation

at low speed (5 min at 1000! g) and finally digested with 50–100 micrograms of proteinase K for

1 h at 378C (proteinase K degrades a significant portion of background proteins and cuts PrPTSE at

the N-terminus, yielding a heterogeneous mixture of truncated fragments whose doubly glycosy-

lated isoform weight between 27 and 30 kDa, hence the term PrP27–30). The digestion may be

stopped with protease inhibitors (100 mM PMSF) or by boiling in a gel loading buffer. This quick

preparation functions very well if highly specific and sensitive immunological reagents are avail-

able for detection (as is the case with most TSEs). However, to improve the specificity and the

analytical sensitivity, the pool of background proteins may be further reduced by the introduction of

centrifugation and/or ultracentrifugation steps that take advantage of the insolubility of the patho-

logical PrP in non-denaturing detergents and in salts (e.g., sodium chloride or the recently
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introduced sodium phosphotungstate) [12,54,55]. Very pure preparations of PrPTSE are obtained

combining a proteinase K digestion with prolonged extraction steps in detergents/salt solutions, but

such materials are usually required only for biochemical studies [56,57].

13.3.4 PROCEDURE

Recently, the World Health Organization organized a comparative study, with the participation of

several TSE laboratories, to assess the suitability of a selected group of brain homogenates from

sporadic and variant CJD patients as standard reference reagents for human TSEs immunoassays.

Most of the participants analyzed the samples by simple WB protocols. In spite of the differences

between each procedure, a remarkably similar analytical sensitivity was observed, showing a

variation below one order of magnitude between participant laboratories [58]. Although no official

consensus has yet been reached on the standardization of WB for TSEs diagnosis, this study

confirmed the WB as a rather robust system for PrPTSE detection regardless of technical variations.

The protocol reported below is suitable for PrPTSE detection in human and hamster samples

[59], but it can be adapted to other species providing that anti-PrP antibodies recognize the PrP of

that species.

13.3.5 APPLICATIONS

This technique offers good analytical sensitivity and possibly the highest specificity among bio-

chemical TSE tests, in part due to the combination of an immunopositive chemiluminescent signal

with a characteristic tri-banded appearance localized between 20 and 30 kDa (Figure 13.1). For

these reasons, among European Union (EU)-validated tests for nation-wide BSE surveillance, WB

tests are widely adopted either for screening or as a confirmatory test.

The western blot offers the advantage of recognizing different forms of PrPTSE through the

analysis of the molecular masses and the relative abundance of high, low, and non-glycosylated

bands. These parameters characterize the so called PrP glycotype, a kind of PrP signature that varies

among different forms of TSEs and therefore, is used to distinguish various forms of TSEs (e.g.,

Western Blot of Brain Tissue

Purified fractions (0.5–1 mg equivalents of fresh tissue are routinely used for PrPTSE

detection) are suspended in an equal volume of 2x gel loading buffers (Laemmli buffer

or commercial proprietary preparations) to give a final volume of 15–25 ml and run in a
disc-SDS-PAGE minigel (about 10 cm long and 1 mm thick) with a 12% resolving gel.

When the separation is complete, the gel is soaked inTowbin transfer buffer and layered

onto a pre-wetted nitrocellulose filter for semi-dry electrotransfer of the proteins at

100 mA for 60 min at 48C. After saturation of unoccupied sites with 3% non-fat dry

milk in 10 mM Tris-HCl pH 8.0/0.05% Tween-20 (TBST buffer), membranes are incu-

bated overnight with monoclonal antibody 3F4 (by far, the most used and best

characterized among commercial antibodies that recognizes residues 109–112 of

human and hamster PrPs, see Kascsak et al. [60]) diluted 1:2000 in TBST and incubated

1–2 h in an alkaline phosphatase-conjugated secondary antibody solution (1:5000 in

TBST). Extensive washings (five changes of buffer, 5 min each) in TBST are performed

after each of the three incubations to reduce background signals. A highly sensitive

commercial chemiluminescence system (CDP-Star) is then applied to reveal PrP bands

that are recorded on to sensitive films following manufacturer instructions.
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Scrapie from BSE, Sporadic from variant (CJD) long before conclusive data from strain typing in

laboratory rodents are available [61,62].

PrPTSE glycotyping has been exploited for improving the classification of human TSEs

[44,54,62]. In sporadic CJD, the two most frequent PrPTSE glycotypes, type 1 and type 2a, each

generated by a different cleavage site for proteinase K, are characterized by the unglycosylated

fragment migrating either at 21 kDa (PrPTSE type 1; Figure 13.1, lane 1) or at 19 kDa (PrPTSE type

2; Figure 13.1, lane 2). The two glycotypes may be present simultaneously in the same cerebral area

(Figure 13.1, lane 3). Recent work showed that this phenomenon is more frequent than previously

thought and that the common WB methods, mostly relying on the use of the monoclonal antibody

3F4, demonstrate the presence of combined PrPTSE glycotypes only when the two isoforms are

deposited in similar amounts [63].

The combination of the two possible PrPTSE glycotypes with the three possible genotypes of

PrP at the polymorphic codon 129 (methionine homozygous, valine homozygous, or heterozygous)

renders possible the molecular classification of human TSE disease in six distinct subgroups, each

of which presents distinct clinical and pathological features [64]. The most common subtype

(subtype 1) includes 129MM-1 and 129MV-1 and accounts for 60%–70% of all cases of sporadic

prion diseases; over 95% of the patients of this group are 129MM-1, whereas the 129MV-1

patients are rare [65]. Patients in this group present the more classical presentation of sporadic

CJD with a median disease duration of four months, clinical signs characterized by cognitive

impairment, ataxia and the presence, as histological hallmarks, of fine spongiform degeneration,

astrogliosis, and neuronal loss. The next most common type, type 2 (sCJD VV-2), is also called

cerebellar or ataxic variant. Longer clinical duration and kuru plaques characterize the subtype 3

(sCJD MV-2), whereas subtype 4 (sCJD MM-2) and subtype 6 (sporadic familial insomnia) share

the same 129 polymorphism and the same PrPTSE glicotype while remaining phenotypically

distinct [66]. Subtype 5 (sCJD VV-1) is extremely rare and related to an early onset of

clinical signs.

Two dimensional-electrophoresis (2D-electrophoresis) allows a more detailed analysis of the

PrPTSE glycoform population (Figure 13.2) and the description of new atypical PrPTSE glycotypes

[67–70].

The WB offers some obvious limitations in comparison with other immunoassays (e.g., ELISA-

type tests): relatively few samples can be processed in a single gel, the technique is time-

consuming, cannot be completely automated, and requires experienced personnel for interpretation

of results. However, because of the significant quantity of information it can provide, the WB

(together with the immunohistochemistry) stands as a reference diagnostic test in the framework of

human TSE surveillance activities.

21 kDa
19 kDa

1 2 3

Diglycosylated

Monoglycosylated

Unglycosylated

FIGURE 13.1 Western blot analysis of proteinase K treated PrPTSE extracted from the cerebral cortex of

patients with sporadic Creutzfeldt-Jakob disease. The unglycosylated band has either a molecular mass of

21 kDa (type 1 PrP27-30, Lane 1) or 19 kDa (type 2 PrP27-30, Line 2). When the two types are present in the

same cerebral area, a double, unglycosylated band can be seen (type 1C2, Lane 3). Courtesy of Dr P. Parchi,

Università di Bologna, Italy.
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13.4 ELISA

13.4.1 BASIC PRINCIPLES

The ELISA (enzyme-linked immunosorbent assay) test is based on the adsorption of the relevant

antigen on the bottom of a multi-well polystyrene plate that is then filled with a solution containing

a specific antibody linked (directly or through a second antibody) to an enzyme that catalyzes a

colorimetric or chemiluminescent reaction. Binding of the antigen onto the plastic plate can be

obtained by non specific interactions between the antigen and the surface of the well (direct ELISA)

or by a selective capture by a specific antibody previously immobilized on the plastic well

(sandwich ELISA).

13.4.2 SAMPLING AND STORAGE OF SPECIMENS

Fresh or frozen samples are required for the ELISA analysis. Particular care should be applied to

keep the specimen at or below freezing temperatures as tissue lysis may produce false negative

results [71].

13.4.3 PROCEDURE

The protocol for the application of the ELISA to animal TSEs has been subjected to continuous

implementations. In the simplest version [72], the proteins contained in a proteinase K treated tissue

homogenate (e.g., brain or spleen) are adsorbed onto the plastic well of a 96-well plate, and the bound

proteins are then detected by sequential incubation with anti-PrP primary antibody and then with an

enzyme-linked anti-Ig secondary antibody. To enhance the immunoreactivity of the adsorbed anti-

gens and, consequently, to increase the analytical sensitivity, the adsorbed antigens can be treated

with guanidinium thiocyanate (GdnSCN) at room temperature before the application of the first

4.0 8.5pI

PNGaseF

21
25
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Sporadic CJD Type 1 Sporadic CJD Type 2

30

2021
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(b)

(c)

(d)

4.0 8.5pI

FIGURE 13.2 Two-dimensional western blot of proteinase K treated brain homogenates fromMM-1 (a and b)

and VV-2 (c and d) sporadic CJD cases. Trains of spots migrating around 25 kDa and 30 kDa represent the

mono and the diglycosylated isoforms of PrP27-30. The unglycosylated isoforms with a molecular mass of 21

kDa and 19 kDa, respectively, in type 1 and type 2 PrP27-30 are composed of several spots that represent

N-terminally truncated peptides with ragged ends (panels a and c). After PNGase F enzymatic treatment the

number of spots at low molecular weight is increased by the addition of deglycosylated PrP isoforms (panels b

and d). Courtesy of Dr G. Zanusso, Università di Verona, Italy.
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antibody solution [73]. Heat denaturation in the presence of this chaotropic salt allows the discrimi-

nation between normal and BSE brain homogenates without the need for proteolytic treatment [74].

This procedure (detailed below) takes advantage of the different conformations of PrPc and

PrPTSE. In native conditions the relevant antigenic site of the folded PrPTSE is hidden. Upon

denaturation, however, it is exposed, yielding a strong increase in the immunoreactive signal.

This procedure bypasses the need for proteolytic removal of PrPc and is also the basis of the

conformation-dependent immunoassay (CDI, described later), a novel analytical test for TSEs with

a traditional ELISA format but improved performance in terms of analytical sensitivity [75].

13.4.4 APPLICATIONS

Sensitive and specific ELISA protocols have been developed for the identification of PrPTSE in

brain and in other tissues, for diagnostic and research applications. Most of these methods have

been optimized for animal TSEs [76–80] and are successfully used for nationwide BSE

screening tests.

The emergence of the BSE epidemic pushed the academic and the industrial world to join

forces on the development and the validation of fast, sensitive, and specific tests to implement the

surveillance of the disease. In this effort, the ELISA format was the most successful test and several

commercial kits are available on the market. Among these, a simple ELISA immunoassay based on

a proprietary PrPTSE extraction procedure and a proprietary polyclonal primary antibody has been

validated by the European Union (Enfer Ltd), yielding diagnostic sensitivity and specificity figures

equal to 100%. Although this test did not show the highest analytical sensitivity among the assays

evaluated, it can return diagnostic answers in a few hours, and it permits simultaneously processing

many samples.

In the same round of validation, the European Union evaluated two sandwich ELISA that

offered a higher analytical sensitivity. One was developed by the French Commissariat a

l’Energie Atomique and put on the market with the Bio-Rad Platelia-BSE brand. In this test,

after a concentration step, proteinase K enzymatic treatment and denaturation treatments, the

sample is transferred to in a microplate well previously layered with an anti PrPTSE monoclonal

Enzyme Linked Immunosorbent Assay

The ELISA plate is coated with capture monoclonal antibody 6H4 [45] (overnight

incubation at 48C with 0.1 mL of a 1:100 dilution in carbonate buffer) and blocked

(1 h at 378C) with 0.2 mL per well of 10% dry milk diluted in RPB buffer (13.7 mM

NaCl, 2.7 mM KCl, 1.4 mM KH2PO4, 8.1 mM Na2HPO4, pH 7.3) plus 0.01% Tween-

20 prior to the addition of the brain homogenate. BSE-infected bovine brain samples

are homogenized in 9 volumes of 0.32 M sucrose and clarified at 7000! g for 5 in.

One volume of the homogenate is diluted 1:2 in 0.2 M GdnSCN in RPB buffer and

heated at 1508C for 10 min in a glass ampule. One hundred microliters of this suspen-
sion are added in triplicate to the wells of the precoated ELISA plate and incubated for

1 h at 378C. After washes with RPB/Tween-20, the bound PrP is quantified by two
successive incubations (1 h each, at 378C). The first incubation consists of a 0.1 mL/
well of a rabbit anti-PrP polyclonal serum (C15S or R#26) diluted 1:500 in RPB/

Tween-20/3% dry milk. The second incubation is with 0.1 mL/well of an HRP-conju-

gated swine anti-rabbit antibody diluted 1:300 in PBS/Tween-20/3% dry milk. After

the last incubation, the plates are washed with PBS/Tween-20 and the wells are filled

with 0.2 mL of ABTS solution to detect the presence of PrP.

The chemiluminescent signal is registered through an automated plate reader.
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antibody. Detection is obtained through chemiluminescence with a horseradish peroxidase-linked

monoclonal antibody that recognizes a different epitope. This test can detect the presence of BSE

contamination with the same analytical sensitivity of the mouse bioassay [77] and has the same

sensitivity of other traditional diagnostic methods [78].

A slightly different chemiluminescent sandwich immunoassay for BSE screening has been

proposed by Prionics AG. The Prionics Check LIA (luminescence immunoassay) includes protein-

ase K treatment of brain homogenate before incubation with free monoclonal antibody and

subsequent capture by a second immobilized monoclonal [79]. This test can be fully automated

and is considerably faster than the Bio-Rad companion.

Although the EU validation procedure yielded outstanding results in terms of specificity, these

three ELISA rapid tests that rely only on one criterion of positivity (i.e., the increase of the optical

signal above an experimental cut-off level) may, in principle, yield false positive results driven, for

example, by the presence of undigested PrPc or by non PrP-specific binding of the detection

antibodies. The problem of false positives may be particularly relevant when dealing with lysed

samples as shown in a recent study from Japan [71]. For these reasons, in the common surveillance

practice, a second confirmatory analysis, based on a different principle (such as western blot or

immunohistochemistry), is recommended.

Although a CJD-dedicated ELISA protocol was proposed more than 15 years ago [73] for TSE

diagnosis in humans, this assay is not included in the restricted selection of confirmatory tests for

the diagnosis of human TSEs [50]. Why, in spite of the outstanding sensitivity and specificity

reached by the latest versions of commercial BSE ELISA assays, is this test not used for human

diagnosis?

One reason is that the speed and the high throughput offered by the ELISA, both essential

for large scale animal screenings, represent no benefit versus other validated immunochemical

techniques (western blot or immunohistochemistry) in human diagnosis where just a handful of

samples are processed at a time. Also, as detailed above western blot and immunohistochemistry

not only permit a highly reliable and sensitive detection of PrPTSE, but also enable the classi-

fication of PrPTSE type. The ELISA format, however, may overcome this limitation by

development of a two-phase test. In the first phase the presence of PrPTSE is revealed through

a C-terminal antibody able to recognize type 1 and type 2 PrPTSE. Postive sample are then

analyzed by an antibody that recognizes only the N-terminal portion of type 1 PrPTSE. Because

this fragment is removed by proteolytic treatment of PrPTSE type 2, double positivity will

suggest the presence of type 1 PrPTSE, whereas a positive signal only at the first ELISA indicates

type 2 PrPTSE. This design, however, will not be able to discriminate between samples

containing only type 1 PrPTSE and those containing a mixture of type 1 and type 2 [58,63,81].

13.5 IMMUNOHISTOCHEMISTRY

13.5.1 BASIC PRINCIPLES

Immunohistochemistry (IHC) is a widely used histological technique that permits the revealing of

an antigen in its native anatomical location. This procedure uses fixed tissue slices (5–7 micron

thick) that are treated with a primary antibody that binds the relevant antigen and then are incubated

with a secondary, enzyme linked, anti Ig-antibody that catalyses the in situ precipitation of an

insoluble chromogen able to permanently mark the antigen.

Thanks to the large diffusion of the equipment (the basic instrumentation of a histology labora-

tory is sufficient far enough) and the continuous technical improvements to increase the specificity

and the sensitivity of the method, the IHC has become one of the reference methods for diagnostic

confirmation in human and animal TSEs. Data accumulated since its introduction, together with
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those produced by histological analyses and PrP western blotting, combined to develop a highly

refined pathological and biochemical classification of TSEs.

13.5.2 SAMPLING AND STORAGE OF SPECIMENS

Although PrPTSE is notoriously resistant to degradation, tissue sampling and fixation should be

ideally performed soon after death to avoid deterioration of the microarchitecture of the tissue.

Fixation of tissue samples in 10% buffered formalin is the most popular way for the storage and

preparation of specimens for immunohistochemical examination. Other fixatives, like Carnoy’s

solution, may be used as well [82].

In human TSEs, the WHO guidelines recommend, whenever possible, to perform the autopsy

no later than 2–3 days after death and to fix the left brain hemisphere in formalin [50]. As pointed

out in the western blot section, the topographical deposition of PrPTSE varies in different human

TSE forms and sometimes even within the same form. Immunostaining of a panel of brain areas

prevent false negative assays and is also useful for identification of different forms of TSE. This

heterogeneity also limits the usefulness of a biopsy in living patients that should be considered only

when a treatable condition is hypothesized as an alternative diagnosis.

In BSE, similar rules apply for specimen collection and fixation (see the western blot para-

graph). If only a limited portion of the brain is sampled, the medulla oblongata, is preferred.

13.5.3 PROCEDURE

The protocol for the immunohistochemical demonstration of PrPTSE in TSE-affected tissues has been

implemented over the years to deal with two related problems: the removal of PrPc immunoreactivity

and the exposure of PrPTSE epitopes. A number of harsh denaturing and proteolytic treatments of

tissue slices have been tested, and several combinations have been successfully used. A procedure

with an optimized treatment schedule for brain tissue has been recently described, giving satisfactory

signal-to-noise ratio even when the tissue has undergone overfixation [83].

Immunohistochemistry on Human Brain Tissue

Tissue (brain) blocks (20!30!10 mm) are fixed in 10% buffered formalin (4%

formaldheyde in PBS) for a minimum of 4 days infectivity removed by immersion

in 99% formic acid for 1 h and embedded in paraffin. Five micron thick sections are

cut by microtome and after distension in water are collected onto silanized slides and

deparaffinized in xylene.

Pre-treatments for antigen retrieval start with microwave cooking at 1000 W, three

times for ten minutes each, 5 min treatment with 99% formic acid at 248C, 2 h
denaturation in 4 M GdnSCN at 48C, and a final proteolytic digestion step with

proteinase K at 5 mg/mL for 8 min at 248C. After rinsing in water and an incubation
step with a preimmune goat serum, PrPTSE, immunostaining is performed by incu-

bating the sample overnight at room temperature with the 3F4 primary antibody

(diluted at 1:1000 in PBS) followed by a treatment for 10 min in 10% methanol

and 3% hydrogen peroxide to block endogenous peroxidases followed by 25 min at

room temperature with a prediluted biotinylated secondary antibody and then 25 min

with streptavidin-linked horseradish peroxidase at room temperature (all the reagents

are available as a commercial kit). PrPTSE deposits are finally revealed with diami-

nobenzidine. After counterstaining with haematoxylin, the sections are mounted and

finally ready for microscope examination.
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13.5.4 APPLICATIONS

The immunohistochemical staining of tissues from TSE-suspected subjects is one of the earliest

diagnostic applications of anti PrPTSE antibodies, but in spite of this classicism, it is a solid frontline

technique for the study and the diagnosis of TSEs. The reason for this success likely resides in the

highly informative content of immunohistochemical analyses that, similarly to other immuno-

logical techniques, provide reliable information regarding the presence, the amount, and the

gross tissue distribution of PrPTSE. It also reveals the morphology and the cellular topology of

PrPTSE aggregates useful for the characterization of human and animal TSE [51,64,84,85].

For the confirmation of the clinical diagnosis of TSE, immunohistochemistry relies on the

identification of PrpTSE in the brain [1,3,14]. The availability of samples from several brain

areas also supports the classification of different forms of TSEs [64], and the identification of

rare forms characterized by specific immunostaining pattern in specific areas of the brain (like

the so-called fatal insomnia, a MM-2 sCJD with prominent talamic involvement. Moreover, the

possibility to obtain the microscopic resolution in the localization of PrPTSE deposits makes immu-

nohistochemistry the technique of choice to diagnose cases with rare, minute deposits of PrPTSE

that cannot be detected by other reference techniques such as western blot where a dilution effect

may occur [86]. This is not a pure academic goal as the observation of highly unusual immunos-

taining patterns during surveillance programs contributes to the identification of novel, potentially

dangerous, human and animal forms as already occurred with vCJD in the United Kingdom and

bovine amyloidotic spongiform encephalopathy in Italy [7,51] (Figure 13.3).

In human TSEs, although a formally recognized univocal classification is still lacking, several

typologies of PrPTSE-positive immunostaining have been defined [64,83,85].

The so called synaptic staining consists in a diffuse, intense, and intracellular labeling of

PrPTSE [85] and is typically observed in the cerebellum and in the cerebral cortex of the majority

of sporadic CJD cases (Figure 13.4 a).

Less common patterns of PrP deposition are observed in molecular and clinical subtypes of

sporadic CJD [44,64,83,85,87,88]. In one third of classic sporadic CJD cases, typically bearing the

129 MM or MV PrP genotype and a PrP27–30 classified as type 1 at the western blot, a perivacuolar

(a)

(b)

FIGURE 13.3 Immunohistochemical staining of PrP deposits in the obex of a cow with BSE (a, x 220) and in

the olfactory tuberculum of a cow with BASE (b, x 250). Note the characteristic presence of amyloid plaques in

BASE. Courtesy of Dr G. Zanusso, Università di Verona, Italy.
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PrPTSE positivity is observed in the cerebral cortex [Figure 13.4 b]. This pattern is also present in

about half of sporadic CJD cases with type 2 PrP27–30 and 129 MM genotype.

PrPTSE may aggregate to form amyloid plaques (10–50 m large) that often are also visible

after common haematoxylin-eosin histological staining and are characterized by red-green bire-

fringence after Congo Red staining. These plaques may appear as single, isolated structures

(unicentric plaque) or as irregular clusters that may partially overlap to form the so-called

multicentric plaque that is typically observed in the brain of GSS patients [89]. A third, relevant

class of plaques is made of a central PrP-positive nucleus surrounded by a corolla of vacuoles

that gave rise to the definition of florid plaques. These structures are mostly seen in vCJD cases

[11], even though a description of similar structures has been reported in other CJD forms

[90,91].

Clearly emerging from this short summary of the principal immunohistochemical profiles (not

to mention other, less common profiles that can be encountered) is that the spectrum of PrPTSE

immunostaining patterns is heterogeneous in humans. This issue, coupled with the potential for

false positives caused by incomplete removal of PrPc [85], implies that, for a correct diagnostic

classification, the evaluation of immunohistochemical results should be accomplished by trained

personnel. Immunohistochemistry is a robust technique that performs well on both recent and

archived material from tissue collections and can be easily adapted to search for PrPTSE in

tissues other than the nervous system. Examination of lymphoreticular organs such as the

spleen, tonsils, and lymphoreticular tissue distributed in the parenchyma of other organs may

help to distinguish particular forms of TSEs where these tissues are primarily involved (e.g.,

vCJD) or to attempt an early preclinical diagnosis of these forms when peripheral infection is

suspected. These possibilities have been recently exploited to provide an estimate of the number of

individuals in the U.K. who may be incubating vCJD by studying surgically removed tonsillectomy

and appendicectomy specimens (that are a specific site of PrPTSE deposition in vCJD) stored in

hospital tissue banks [21,32].

(a)

(b)

FIGURE 13.4 Immunohistochemistry for the prion protein in cerebral cortex samples from a MM-1 (a, x 100)

and a MM-2 (b, x 100) sporadic CJD patient showing synaptic and perivacuolar staining patterns, respectively.

Courtesy of Dr P. Parchi, Università di Bologna, Italy.
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13.6 HISTOBLOT

13.6.1 BASIC PRINCIPLES

The histoblot (HB) technique was developed more than 10 years ago [92] to combine the ana-

tomical and topographical information offered by immunohistochemistry with the analytical

sensitivity of biochemical blotting methods. Fresh or frozen (unfixed) tissue slices are blotted by

contact onto a piece of nitrocellulose membrane and, after a treatment to reduce the background

(including PrPc) and to unmask PrPTSE epitopes, the membranes are immunostained to reveal

PrPTSE. The result is a natural size, monochromatic picture of PrPTSE deposits in the framework

of the anatomical section (Figure 13.5).

13.6.2 SAMPLING AND STORAGE OF SPECIMENS

The recommendations for sampling and storage of fresh or frozen samples for histoblots are the

same as those described in the western blot section.

13.6.3 PROCEDURE

The original protocol of the histoblot [92] has been successfully applied by other authors (with only

minor modifications) and is reported below.

13.6.4 APPLICATIONS

Histoblot may provide a superior analytical sensitivity in comparison with immunohistochemistry;

likely the result of a higher antigen retention offered by the nitrocellulose support and the absence

Histoblot on Human or Animal Brain Tissue

Fresh frozen tissue blocks are cut by a cryostat set on a thickness of 8 m, and the

resulting slices are laid on a glass slide. Thawed sections are blotted (by contact

transfer) by pressing the slide onto a piece of nitrocellulose membrane backed by

two thick sheets of blotting paper pre-wetted in lysis buffer (0.5% Nonidet

P-40/0.5% sodium deoxycholate/100 mM sodium chloride/10 mM EDTA/10 mM

Tris-HCl pH 7.8). A slow rotation of the slide helps to avoid entrapment of bubbles

during the blotting procedure. After transfer, the membrane is kept on the blotting paper

for several minutes and then air dried and soaked for 1 h in 0.05% Tween-20/100 mM

sodium chloride/10 mM Tris-HCl pH 7.8 (TBST buffer). To remove cellular PrP, the

membrane is incubated for 18 h at 378C in digestion solution (0.1% Brij 35/100 mM

sodium chloride/10 mM Tris-HCl pH 7.8) containing proteinase K at 400 mg/mL (when
applied to the hamster scrapie strain 263K) or 100 mg/ml (when applied to human CJD).
After three washes in TBST buffer, the digestion is stopped by a 30 min-incubation in

3 mM PMSF/TBST. Exposure of antigenic PrP27-30 epitopes is achieved by soaking

the membrane in a denaturation buffer (3 M GdnSCN/10 mM Tris-HCl pH 7.8) for ten

minutes followed by three washes in a TBST buffer. For PrP immunostaining, the

membrane is incubated in 5% non fat dry milk/TBST (30 min minimum, at room

temperature) then for 18 h at 48C with monoclonal antibody 3F4 diluted at 1:1000

(from ascitic fluid). A commercial kit containing alkaline phosphatase secondary

antibody and chromogenic substrates is used for PrP revelation (Promega).
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of harsh pre-treatment steps. It is, however,more laborious than conventional immunohistochemistry

and more expensive in terms of consumables such as proteinase K and immunostaining products.

It also requires fresh frozen material that is less practical to obtain and to handle than the fixed tissue.

An exhaustive collection of reference staining patterns, specific for each TSE form, is lacking.

Whereas the absence of such a database hampers the application of the histoblot to the identification

of TSE subtypes (particularly in humans), it does not limit the usage of this technique as a sensitive

diagnostic and research tool. In fact, the histoblot has been applied to investigate the presence of

PrPTSE in the brain and in peripheral organs in BSE [93] and scrapie [93,94] affected animals.

Histoblotting analysis of brains from experimental rodent models yields results of impressive

realism: the strain-specific fingerprint produced by selective PrPTSE targeting of cerebral areas

can be appreciated at a glance. This property has been exploited to study the role of PrPTSE

production and accumulation in the pathogenesis of animal TSEs [95,96].

13.7 PARAFFIN-EMBEDDED TISSUE BLOT

13.7.1 BASIC PRINCIPLES

The paraffin-embedded tissue (PET) blot is an evolution of the histoblot, developed to overcome the

problem of storage and transport of fresh samples allowing the usage of fixed tissues both from

current and archival TSE cases [97].

In this original procedure, tissue samples undergo a three stage processing. The first stage is a

typical histological procedure going from fixation to microtome cutting of paraffin embedded

tissue slices that are then (second stage) deposited onto a nitrocellulose membrane then it is

deparaffinized and rehydrated (three passages peculiar to the PET blot procedure). In the third

stage, as described for the histoblot procedure, the membrane is extensively incubated with protein-

ase K, treated with denaturants, and the proteins are revealed by a colorimetric immunostaining

reaction (Figure 13.6).

Cerebellar peduncle

Cerebellar cortex

Fourth ventricleMedulla oblongata

FIGURE 13.5 Histoblot of a coronal section of the hindbrain from a mouse infected with the 139A strain of

scrapie. Diffuse PrPTSE positivity is visible in the medulla oblongata as well as in the cerebellum. Courtesy of

Drs. R. Nonno and M. A. Di Bari, Istituto Superiore di Sanità, Rome, Italy.
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13.7.2 SAMPLING AND STORAGE OF SPECIMENS

Both CNS and lymphoreticular samples can be analyzed with this test. The recommendations for

sampling and fixation of tissue specimens for PET blot are the same as those described in the

immunohistochemistry section.

13.7.3 PROCEDURE

The original protocol has been developed on CNS tissue samples from human, sheep, bovine, and

mouse TSEs [97].

The procedure has been subsequently improved to reveal minute PrPTSE deposits in the

lymphoreticular tissue of vCJD patients by the adoption of a highly sensitive detection system

[98]. This protocol is reported below and can be adapted with excellent results on both CNS and

lymphoreticular samples.

Cerebellar cortex

Fourth ventricle
Medulla oblongata

FIGURE 13.6 PET blot of a coronal section of the hindbrain of a mouse infected with mouse-adapted variant

CJD. Intense PrPTSE staining can be appreciated in the medulla oblongata, whereas the cerebellum appears less

involved. Courtesy of Mr. M. Sbriccoli and Dr A. De Pascalis, Istituto Superiore di Sanità, Rome, Italy.

Paraffin-Embedded Tissue Blot on Human Tissues
Fresh tissue samples are fixed in formalin, inactivated by immersion in formic

acid for 1 h, incubated again in formalin for 48 hs, included in paraffin and cut by

a microtome (5–7 mm). Tissue slices are laid on a piece of wet nitrocellulose,

dried, deparaffinized in xylene isopropanol, and rehydrated in graded alcohols.

After washing in TBST (10 mM Tris-HCl pH 7.8/100 mM NaCl/0.05% Tween-

20), proteinase K (25 mg/mL in 10 mM Tris-HCl pH 7.8/100 mM NaCl/0.1% Brij

35) is added, and the digestion is performed overnight at 558C. This step elimin-

ates cellular PrP (as well as other proteins) and fixes the undigested proteins to the

filter. Membranes are washed several times in TBST, and protein epitopes are

exposed by 10 min incubation in 3 M GdnSCN/10 mM Tris-HCl pH 7.8. After

washes in TBST, the membrane is blocked for 30 min with 0.2% casein in

TBST, incubated for 2 h with the primary antibody properly diluted (3F4 at
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13.7.4 APPLICATIONS

The PET blot preserves the anatomical detail like other immuno-histological techniques (immu-

nohistochemistry and histoblot), but it has the advantage of a superior analytical sensitivity likely

the result of the particular combination of enhancement procedures that either allows it to retain a

higher amount of PrPTSE and/or makes the protein more accessible to the binding with the first

antibody. The PET blot has been applied to the detection of PrPTSE in the CNS of TSE-affected

humans, sheep, cows, and mice and from preclinical BSE-infected cows [97] as well as to lymphor-

eticular tissues of vCJD patients [98]. In these studies, the PET blot showed higher analytical

sensitivity and specificity versus the histoblot, the western blot, and the immunohistochemistry.

These results sustain the need of a larger validation study able to compare the relative performances

of all these tests in the light of a possible application of PET blotting to early TSE diagnosis.

In spite of the great advantages described above, the procedure is time consuming, requires a

properly equipped laboratory (apparatuses for histology and protein biochemistry are needed), and

can be only partially automated in its present format. It is, therefore, difficult to envision an appli-

cation of the PET blotting to the field that would receive the highest benefit, i.e., large scale early

diagnosis of animal TSEs. Yet, research applications and small scale screening tests that require a

superior analytical sensitivity will take great advantage from the introduction of the PET blot.

13.8 DELFIA–CDI

13.8.1 BASIC PRINCIPLES

The DELFIA/CDI (dissociation-enhanced lanthanide fluorescence immunoassay/conformation

dependant immunoassay) is an ELISA format assay (the antigen of interest adsorbed on a substrate

is in contact with a solution containing a specific antibody linked to a detection system). In this

specific test, the detection system is represented by time-resolved fluorescence (TRF). The TRF

signal is obtained through a chelated lanthanide (commonly europium, Eu3C, but terbium, Tb3C,

dysprosium, Dy3C and samarium, Sm3C can be used) that is coupled (directly or by a secondary

antibody) to an anti-PrPTSE detection antibody. This system exploits two characteristics of the

chelated lanthanides that ensure an outstanding analytical sensitivity: a large Stoke’s shift (i.e.,

the wavelength shift between the excitation and emission light is larger than 200 nm) and a long

decay time. After UV excitation, chelated europium releases an orange flash that slowly decays and

can be easily recorded after the background of surrounding fluorophores has been switched off.

Europiumfluorescence (ormore properly, phosphorescence) is recorded bymeans of a time-resolved

fluorometer during multiple excitation/delayed reading cycles per second [99]. This unprecedented

analytical sensitivity can measure picograms of PrPTSE per milliliter, and the need for specific

equipment justifies the presentation of the DELFIA/CDI system as a separate entity from the ELISA.

The CDI [100] is a particular application of the DELFIA detection system. It allows detection of

PrPTSE even in the presence of an excess of PrPc. Depending on the strain of TSE examinated, some

antigenic epitopes are exposed in normal PrP while they are hidden in the pathological isoform.

When the sample is subjected to denaturation, hidden epitopes become exposed giving a rise in the

signal. The difference observed is dependent of the amount of PrPTSE present in the sample. The

efficacy of the test is obviously dependent on the epitope chosen for antibody recognition; epitopes

equally exposed in the normal and the pathological isoforms of PrP render this test ineffectual.

1:5000, Dako) in casein/TBST solution, and washed again as before. PrPTSE

deposits are then visualized using the amplified colorimetric detection system

ABC-AmP (Vector laboratories) and alkaline phosphatase substrates NBT/BCIP

(nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate).
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13.8.2 SAMPLING AND STORAGE OF SPECIMENS

The DELFIA/CDI test has been applied for PrPcmeasurement in unfixed blood fractions [101–105]

and in cultured endothelial cells [106] as well as for the detection of PrPTSE in fresh or frozen brain

tissue from humans and various animal species [100,107–112]. Because the assay may demonstrate

protease-sensitive isoforms of pathological PrP, particular care should be applied during storage

and manipulation of all these unfixed materials to avoid sample degradation.

13.8.3 PROCEDURE

The procedure of the DELFIA (and the CDI) is as simple as that of an ELISA assay. The main

difference, arising from the usage of TRF, resides in the availability of a specific panel of reagents

and a time-resolved fluorometer.

For the CDI application, two separate DELFIA measurements are performed on aliquots of the

sample. One aliquot is processed with the protein denaturant guanidinium hydrochloride

(denatured, D), and the other aliquot is not treated at all (native, N). The difference in fluorescence

between denatured and native aliquots is proportional to the concentration of PrPTSE in the sample,

whereas the ratio between these two values gives an estimate of the accessibility of the epitope.

TheD-NTRF differences from a series of normal samples are used to calculate a negative cut-off

value. All the samples producing a D-N figure higher than this cut-off are regarded as TSE-positive.

The protocol of a recently published [112] conformation-dependent immunoassay, developed

for CJD diagnosis in association with the sodium phosphotungstate PrPTSE extraction method, is

described below.

Conformation Dependent Immunoassay of Human Brain Tissue
Brain samples are homogenized in 4% sarkosyl/PBS and then dilutedwith 2 volumes of

PBS. Proteinase K treatment (2.5–10 mg/mL for 60 min at 378C) is performed to
remove PrPc. As this treatment removes protease-sensitive PrPTSE as well, to

improve the analytical sensitivity, the proteinase K may be omitted, and endogenous

proteases should be inhibited. After microfuge clarification (500 ! g for 5 min at room

temperature) sodium phosphotungstate is added to 0.32% and MgCl2 to 2.7 mM, the

samples are incubated for one hour at 378C and precipitated with a microfuge at

14000! g for 30 min. The pellets are suspended in water with protease inhibitors

(0.5 mM PMSF, 2 mg/mL aprotinin, 2 mg/mL leupeptin) and divided in two aliquots.
One aliquot is not treated and analyzed as such (native, N), and the other is subjected to

guanidinium hydrochloride (GdnHCl) denaturation (D) treatment.

GdnHCl is added to the resuspended pellet to a final concentration of 4 M and heated

at 808C for 5 min. The native and the denatured samples are loaded into a 96-well

plastic plate either coated by overnight incubation with a capture anti-PrP monoclonal

antibody (MAR 1, 10 mg/mL in sodium bicarbonate pH 8.6) in the indirect CDI, or

simply activated with 0.2% glutaraldheyde for direct CDI. After a 2 h incubation and

extensive washing with Tris buffered saline pH 7.8/0.05% Tween-20 (TBS-T), the

wells are saturated by 1-hour incubation in 0.5% bovine serum albumin/6% sorbitol

in TBS. The plates are then washed and incubated for 2 h with an europium-conjugated

anti-PrP monoclonal antibody (3F4). After washing, the enhancement solution

(Wallac Inc, Turku, Finland) is added, and the fluorescence signal of each well is

analyzed in a time-resolved fluorescence reader. The difference in fluorescence

between denatured and native samples is calculated to give an estimate of the concen-

tration of PrPTSEwith reference to a cut-off D-N value obtained from negative samples.
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13.8.4 APPLICATIONS

The CDI was the first application of the DELFIA system in the field of TSEs [100]. This original

assay was developed to demonstrate that different TSE strains propagated in the golden Syrian

hamster (a widely used experimental host for TSEs) associate with strain-specific conformations of

the pathological PrP as deduced by the different accessibilities of the epitope recognized by 3F4 Ab

(hamster PrP residues) [109–112].

In addition to the possibility to discriminate differently misfolded PrPTSEs and to detect PrPTSE

in the presence of excess PrPc (the assay allows to detect PrPTSE traces mixed with a 3000 fold

excess of PrPc), the CDI provides an outstanding analytical sensitivity, comparable with that of

transgenic mice bioassays of BSE or CJD for the detection of TSE infection [107,112]. In the latter

study [112], the CDI showed a diagnostic sensitivity significantly higher than the immunohisto-

chemistry, and it was proposed to take the place of this technique for routine histological human

TSE diagnosis. The CDI is a high throughput technique. It is almost fully automated and can

provide results in a handful of hours; therefore, its application in human diagnosis should be

taken into serious consideration, but more extensive studies are required before IHC dismissal.

Caution is also suggested by a recent study completed on sheep experimentally infected

with scrapie [111] showing that the CDI may miss a significant portion of western blot

positive animals of a particular PrP genotype. This result is apparently in contrast with the

results of a WHO validation study that suggested that the CDI has a 100% diagnostic sensitivity

(percentage of affected people who tested positive) and a 50–100-fold larger analytical sensitivity

in comparison with the western blot in sporadic and variant CJD samples [58]. These discrepancies

could be explained coming back to the principle of this technique. The array of exposed epitopes in

non-denatured PrPc and PrPTSE containing samples is strictly dependent both on the strain under

examination and host genotype [100, 111]. In some conditions, like the scrapie model mentioned

above [111], the relevant epitope may have similar accessibility both in native and denaturated

PrPTSE, thus reducing the distinction between infected and non-infected samples. Such a limitation

could have been already foreseen from the data reported in the first CDI paper [100] where it is

shown that different hamster-adapted scrapie strains produce different D/N ratios. In other words,

one of the strong points of the CDI (i.e., the possibility to discriminate between strains) turns out to

be a weakness and the CDI may reveal poor sensitivity for the diagnostic screening of some TSEs.

These difficulties may be overcome by preventive validation studies on a large number of samples

of the different TSE forms involved and by the adoption of a panel of different antibodies, each

recognizing different epitopes. However, even these strategies may not allow the identification of

emerging mutant strains associated with novel PrPTSE conformations that may arise in the field.

In conclusion, the CDI stands as one of the most powerful tools that may contribute to

improving the diagnosis and the basic knowledge of TSEs, but as is recommended for other

rapid screening tests, it should be used in combination with other confirmatory assays in

diagnostic campaigns.

13.9 SIFT (SCANNING FOR INTENSELY FLUORESCENT TARGET)

13.9.1 BASIC PRINCIPLES

This advanced technique is based on fluorescence correlation spectroscopy (FCS) [113,114]. FCS

recognizes single fluorescent molecules in solution as they pass between an exciting laser beam and

the objective of a confocal microscope equipped with a single-photon counter. If the fluorochrome

is coupled to an antibody raised against a given molecule, the FCS can be applied to the immuno-

logical detection of this molecule in solution. The distinction between free and bound fluorophores

is generally achieved by the measurement of the diffusion time of the target. Once optimized, the

analysis is quickly performed and requires only a small volume of sample.
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In this classical format, the FCS is of poor utility when the concentration of the analyte is scant

in comparison with the fluorophore (fluorochrome plus antibody), a situation that may occur when

the diagnostic method is applied to preclinical samples. To improve the analytical sensitivity of the

assay for TSE diagnosis, a particular setting has been developed in consideration of the aggregated

chemical state of PrPTSE and the rarity of the target. In this setting, the large, heavy labeled PrPTSE

aggregates are actively searched by fast and continuous scanning of the sample under the focus of

the microscope (scanning for intensely fluorescent targets, SIFT).

13.9.2 SAMPLING AND STORAGE OF SPECIMENS

The sample analyzed in the original and, thus far, the only report was cerebrospinal fluids collected

according to the protocols adopted by the German National CJD Surveillance Unit [115]. In

principle, suspensions or extracts properly prepared from other kinds of unfixed tissues may be

analysed by this technique, provided that the tissues have been collected and stored to avoid

proteolysis by following the principles detailed in the western blot section.

13.9.3 PROCEDURE

The procedure has been developed on control (non-CJD) human cerebrospinal fluid spiked with

purified hamster PrPTSE and applied to the detection of human PrPTSE in the cerebrospinal fluid of

sporadic CJD patients.

13.9.4 APPLICATIONS

The analytical sensitivity and the specificity of dual color SIFT were experimentally measured with

human cerebrospinal fluid mixed with purified amyloid PrPTSE, yielding a detection limit of 2 pM

that translates into a 20-fold higher sensitivity than the western blot. In this reported experimental

setting, the SIFT allowed the detection, for the first time, of PrPTSE in the cerebrospinal fluid of CJD

patients, [114] and although not yet validated in other laboratories (the instrument is highly

expensive), it remains one of the most promising diagnostic tools for TSEs.

Scanning for Intensely Fluorescent Target in TSE Cerebrospinal Fluid

Two monoclonal antibodies 3F4 and 12F10 [116] that recognize distinct epitopes of

the PrPTSE are labeled with fluorescent green (Alexa 488, Molecular Probes) and red

(Cy-5, Amersham) dyes, according to the manufacturer’s instructions. Fluorescent

antibodies are then added to 20 ml of the sample under examination (final concentration
of antibodies 6 nM). This mixture is used to fill a 0.2! 2 mm glass capillary that is

sealed onto a glass support and analyzed for the presence of highly fluorescent particles

by a confocal, dual color fluorescence microscope (Dual Color ConfoCor, Zeiss)

equipped with a mobile positioning table that allows the scanning of the capillary at

a speed of 1 mm/s. Fluorescent targets are identified by laser enlightenment of the

sample solution at 633 nm (for Cy 5) and 488 nm (Alexa 488) and detected by a red

and a green detector photocounter. The measurement time is 600 s, and the temperature

of the sample is kept at 228C. PrPTSE aggregates are detected as intensely red-green
fluorescent particles that peak above the background of free fluorescent antibodies. The

photons registered by the detectors during a definite period of time (bin) can be plotted

versus the number of bins to produce an intensity distribution graph that allows

measuring of the signal derived from the target molecules.
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13.10 CONCLUSIONS AND PERSPECTIVES

Diagnosis of TSE diseases in affected subjects does not pose major problems, particularly in

humans where the sum of clinical signs, clinical records, strumental (EEG, MRI), biochemical

(presence of 14-3-3 and tau proteins in cerebrospinal fluid), and genetic tests are usually sufficient

to obtain a reliable diagnosis of possible sporadic, possible variant, or definite familial CJD.

Post-mortem examination of the brain supplies the definite diagnosis of human TSE on the

basis of the histological lesions, the immunohistochemical morphology of PrP deposits, and the

biochemical definition of PrPTSE glycotype.

However, when it comes to either preclinical diagnosis of healthy but at risk subjects or the

evaluation of possibly infected materials such as blood or tissues intended for transplantation or

therapy, prion diseases confront researchers with unprecedented difficulties that are tightly linked

with basic research topics. These topics include the detailed definition of the structure of the

infectious agent and the relationship between PrPTSE and infectivity. Both, concern for public

health and economic consequences deriving from the outbreak of bovine spongiform encephalo-

pathy as well as the outrising of its human counterpart, that might spread horizontally through blood

donations, have boosted the interest in the development of improved analytical methods to detect

the marker protein. Although a highly sensitive screening test for the identification of TSE infec-

tivity on easily available tissues (like blood or urine) [117,118] and in other relevant substrates (like

food or biopharmaceuticals)[119] is not yet available, researchers have recently witnessed a

number of significant advancements involving the development of immunological and non

immunological detection systems [120–123] as well as original signal amplification strategies

[124–126]. It is simple, therefore, to forecast that the combination of the most efficient systems

from these areas will soon bring a new generation of bioanalytical diagnostic tests with an unpre-

cedented sensitivity for measuring prions that hold promises for the realization of large screening

surveys for the prevention and control of human and animal TSEs.
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14.1 INTRODUCTION

As awareness of the effects of even ultra-trace contamination in the environment grows, there is an

increasing demand for better analytical methods in studying environmental samples. For instance,

new regulations by agencies in North America [1] and Europe [2] have forced laboratories to adopt

methods with lower limits of detection, greater specificity, and higher precision for environmental

agents. The analysis of environmental samples is complicated by the fact that the selected technique

must deal with a wide range of analytes and matrices. Immunoaffinity chromatography (IAC) is one

method that has recently been used for this purpose.

IAC is a type of affinity chromatography where the stationary phase is an antibody or related

binding agent. IAC has several features that make it attractive for the study of pollutants and

environmental agents. For instance, the ability to couple IAC with other methods can lead to the

development of multidimensional methods that are easily automated, sensitive, and specific with

excellent reproducibility [3]. In addition, the use of antibodies allows affinity chromatography to be

employed for the analysis of either a specific analyte or closely-related group of analytes [4].
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Environmental samples can range from simple matrices like drinking water to more complex

mixtures such as soil extracts or foods. The analytes in these samples range from small molecules

(e.g., organic pesticides) to large pharmaceuticals and even proteins. In many of these samples, the

analyte is present at trace or ultra-trace levels and in the presence of several interfering agents. As

an example, pesticides found in ground and surface water can occur as either the parent compound

or as degradation products [5–7]. In a recent study performed by the U.S. Geological Survey, it was

shown that more than 95% of sampled streams and almost 50% of wells had at least one pesticide

with low-level mixtures of several pesticides being the most common form of contamination [8].

These mixtures present a real challenge in the analysis of water samples because the substances

they contain may have similar properties when examined by traditional analytical techniques.

The most common methods used for environmental testing are gas chromatography (GC), gas

chromatography/mass spectrometry (GC/MS) [9–12], high performance liquid chromatography

(HPLC) [13–17], and enzyme-linked immunosorbent assays (ELISAs) [18–21]. However, over

the last decade, there has also been growing interest in the use of IAC for such work [22–28].

This has paralleled the increased use of ELISAs in environmental testing [29–31]. The use of IAC

in this manner is often referred to as a chromatographic immunoassay or flow injection immunoa-

nalysis (FIIA). Several authors have reviewed the use of such assays for environmental samples

[32–34]. This chapter will discuss the various formats where antibodies have been employed for

chromatographic immunoassays as well as the use of IAC in combination with other

analytical methods.

The basic operation of IAC is relatively simple (see Figure 14.1). First, a column is prepared

that contains antibodies or related ligands that are immobilized or adsorbed onto a solid support.

Next, a sample containing solutes that can bind to these ligands is applied to the column under

= Analyte , = Nonretained sample components

Elute
analyte

Apply
sample

Regenerate
column

Wash away
undesired

solutes

Detect or
collect analyte

FIGURE 14.1 Basic operation of IAC. A sample is applied to an antibody column under physiological

conditions and compounds with an affinity for the immobilized antibodies bind. Elution is performed

by disruption of the noncovalent forces that hold the analytes on the antibody column. After elution, the

column is regenerated by reapplying the application buffer to renature the antibodies. If necessary, an

additional step to separate the analytes may be performed after their elution from the antibody column.
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conditions where strong association is obtained. This is typically done by using an application

buffer that is at or near a physiological pH (i.e., pH 7–7.4). As a sample is applied to the column, the

desired solutes are bound while other chemicals wash through non-retained. Later, a second buffer

is applied to the column that causes the retained solutes to elute. These compounds are then

collected for further analysis or monitored directly by an on-line detector. If desired, the IAC

column can be placed back into the initial application buffer, allowing the antibody-based

ligands to regenerate. Another sample can then be applied and the process repeated. In the

following sections, the various components of this scheme will be examined in more detail (e.g.,

the antibodies, supports, and solvent conditions). Following this, the various formats where IAC has

been used for environmental testing will be considered.

14.1.1 ANTIBODY STRUCTURE AND PRODUCTION

The item that gives IAC its selectivity is the antibody or related ligand that is used as the stationary

phase. An antibody, also known as an immunoglobulin, is simply a type of glycoprotein that is

produced by the body’s immune system in response to a foreign agent, or antigen. It has been

estimated that the human body can produce antibodies for a million to a billion different foreign

agents. As shown in Figure 14.2, the basic structure of a typical antibody (i.e., immunoglobulin G)

consists of four polypeptides linked by disulfide bonds to form a Y- or T-shaped structure. The

amino acids in the lower stem region (or Fc region) generally have the same sequence, but they

show high variability at the two identical binding sites located at the upper ends of the antibody (the

Fab regions). In fact, it is this difference in amino acid composition at or near the binding sites that

allows the production of antibodies with a variety of specificities and affinities to different chemical

or biological substances that might enter the body.

One way to produce antibodies for a given agent is to inject a solution of the substance (or a

conjugate of this agent and a large carrier) into an animal such as a rabbit or mouse. Samples of the

animal’s blood are then collected at specified intervals (typically a few weeks or months after

injection) to obtain antibodies that have been produced against the foreign agent. This approach

results in a heterogeneous mixture of antibodies that bind with a range of strengths and to various

sites on the original injected agent or conjugate. These are known as polyclonal antibodies because

they are produced by different cell lines within the body. Another approach for making antibodies is

to isolate single antibody-producing cells and combine these with carcinoma cells to produce new

Binding site Binding site

Fc region

Fab region

FIGURE 14.2 General structure of an antibody.
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hybrid cells that can be grown in culture. These new cells are referred to as hybridomas, and their

product is a single type of well-defined antibody known as a monoclonal antibody.

14.1.2 IAC SUPPORTS AND SOLVENTS

It can be seen from Figure 14.1 that several components are needed along with antibodies for IAC to

work. These other items include a support to hold antibodies within the column, a means for

attaching antibodies to this support, and solvents to apply and elute analytes from the column.

Either low or high performance supports can be used in IAC methods. Examples of low per-

formance materials used for this purpose include carbohydrate-related matrices and synthetic

organic supports such as agarose, cellulose, acrylamide polymers, and polymethacrylate deriva-

tives. High performance supports used in IAC include diol-bonded silica or glass beads, azalactone

supports, and glycol-coated perfusion media.

In practice, both low and high performance methods have found use in environmental testing.

Antibodies immobilized to low performance supports are mainly used for analyte concentration or

extraction from a sample. This is due to the low cost and relative ease with which a low per-

formance IAC column can be created and operated. The use of high performance IAC materials,

giving rise to a method known as high performance immunoaffinity chromatography (HPIAC), is

more common when producing automated systems for analyte detection. This is due to the

increased stability of these latter supports as well as the greater precision inherent in

HPLC methods.

There are numerous techniques for immobilizing antibodies and related ligands to low or high

performance supports. For instance, antibodies can be directly coupled to many supports by

reacting their free amine groups with materials activated by agents such as N,N 0-carbonyl diimi-
dazole, cyanogen bromide, and N-hydroxysuccinimide. A similar result is accomplished by using

materials that have been treated to produce reactive epoxide or aldehyde groups on their surfaces.

Antibodies and antibody fragments can also be immobilized through more site-selective methods.

For example, the free sulfhydryl groups generated during the production of antibody Fab fragments

can be used to couple these fragments to surfaces activated by the divinylsulfone, epoxy, iodoa-

cetyl/bromoacetyl, maleimide, TNB-thiol, or tresyl chloride/tosyl chloride methods. Intact

antibodies can undergo site-selective immobilization by oxidizing the carbohydrate residues in

their stem region with periodate to produce aldehyde groups that can then react with a hydrazide

or amine-containing support [35].

Antibodies can also be placed onto IAC supports through non-covalent adsorption. One

example is the conjugation of antibodies with biotin that can be used to bind these to a support

containing immobilized streptavidin. Another approach for indirect immobilization involves

adsorbing the antibody to a secondary ligand such as protein A or protein G. This makes use of

the ability of both protein A and G to bind the stem region of many antibodies at a neutral pH, along

with the ability of these ligands to later release the adsorbed antibodies when there is a decrease in

pH. This method is attractive when high antibody activity is needed and/or when it is desirable to

have frequent replacement of the antibodies on an IAC column. This allows good long-term

reproducibility for the column binding capacity, but it does require the use of much larger

amounts of antibody than direct immobilization methods.

Although the selection of an application buffer for an IAC column is usually straightforward

(i.e., often being a neutral pH buffer), the choice of an appropriate elution solvent is not as simple. It

is possible to use isocratic elution for some weak affinity antibodies [36], but this does not work for

the high or moderate affinity antibodies used in the majority of IAC columns. Instead, the retained

solutes must be eluted by changing the column conditions to lower the effective binding constant of

the antibodies for the retained compound. This is often accomplished by using an acidic buffer (i.e.,

pH 1–3) in a step elution scheme. Another approach is to perform a gradient elution by gradually

increasing the amount of a chaotropic agent, organic modifier, or denaturing agent in the mobile
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phase [37]. The proper choice of elution conditions is critical in analytical applications of IAC to

provide rapid release of analyte from the column without causing permanent harm to the immobi-

lized antibodies or support. This concern must currently be addressed on a case-by-case basis and is

particularly important to consider when the same immunoaffinity column is to be employed for a

large number of samples.

14.2 DIRECT DETECTION AND IMMUNOEXTRACTION

There are a variety of formats that can be used with IAC to analyze samples. The simplest approach

is to use the scheme shown in Figure 14.1 to capture and elute an analyte, followed by either

on-line or off-line detection. This is known as immunoextraction or immunoaffinity extraction.

Other terms used to describe such a format are direct detection or the on/off mode of IAC.

Immunoextraction is based on the injection of a sample onto an affinity column under conditions

that promote specific binding between the analytes and immobilized ligand. As described in the

previous section, if the ligand has strong binding (i.e., an association equilibrium constant greater

than 105–106MK1), a change in column conditions will probably be needed to release analytes for

detection. If the ligand has weaker binding, then analyte elution and detection may be possible

under isocratic conditions [36]. Because of the high affinity and selectivity of antibody

interactions, a high degree of molecular selectivity is obtained with IAC. This means that

complex environmental samples can often be cleaned up or analyzed in a single step with

antibody columns.

Combining IAC with other analytical techniques typically increases the selectivity of sample

preparation while providing a means for discriminating between several chemicals captured by the

same antibody column. There are two basic approaches used for this purpose. The first is off-line

extraction where IAC is followed by fraction collection and subsequent analysis of the isolated

substances by separate methods like GC, HPLC, or ELISA. The second approach is on-line extrac-

tion where the analyte is removed from a sample by an IAC column and passed directly onto a

second method for measurement or detection. This latter approach generally involves coupling IAC

to reversed-phase liquid chromatography (RPLC). However, there have been additional reports

using IAC for on-line extraction with GC [38,39].

The choice of off-line or on-line extraction will depend on the overall goal of the analysis and

the compatibility of this extraction with the second analysis method. For example, when IAC is

combined with GC, an off-line mode is often used to go from the aqueous buffers used on the IAC

column to a more volatile matrix that is compatible with GC. In this sense, the IAC column acts as a

solid-phase extraction cartridge. However, when IAC extraction is used with RPLC, an on-line

method might be preferred because of its higher precision and greater ease of automation. In either

situation, the use of immunoextraction gives higher selectivity and less interference than traditional

solid-phase extraction [39]. This occurs because most common solid-phase extraction cartridges

retain analytes based on their polarity [40], a relatively non-specific property.

In addition to its simplicity, there are several other advantages to immunoextraction. For

instance, the use of a high specificity antibody can allow direct detection for a particular analyte,

whereas a more general group-specific antibody could be employed for the analysis of a broader

class of compounds. Furthermore, when this approach is used as part of an HPLC system, measure-

ments with precisions in the range of 1%–5% can generally be produced in as little as a few

minutes. Good limits of detection can also be obtained through this technique, but will vary with

the analyte and type of detection being used [41].

Immunoextraction is popular for sample pretreatment because it eliminates many of the extrac-

tion and derivatization steps required by traditional methods of sample preparation [5,42]. For

instance, Figure 14.3 shows chromatograms obtained for groundwater samples with and without
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immunoextraction. Without immunoextraction, the peak resulting from atrazine is masked by other

sample components. However, the use of IAC for atrazine gives a well-defined peak [43].

Although the simplicity of immunoextraction makes it attractive for environmental analysis, it

does have some limitations. When used for direct detection, one limitation is the need for a

reasonably high analyte concentration to allow the measurement of the compound as it exits the

IAC column. The main challenge here is to discriminate between the eluting analyte and the change

in background signal that often occurs when the elution buffer is applied to the IAC column. For

ultraviolet or visible absorbance detection, this requires that the analyte have a high molar absorp-

tivity. Alternatively, fluorescent detection can be used with analytes that contain natural

fluorophores or that have been derivatized with fluorescent tags through either pre-column or

post-column methods [3]. Another limitation is that some antibodies are slow to release analytes,

meaning a reconcentration step may be necessary prior to detection. This can be accomplished by

coupling immunoextraction with another method such as RPLC, as discussed later in this chapter.

14.2.1 OFF-LINE IMMUNOEXTRACTION

Off-line immunoextraction is the easiest approach for combining IAC with another method. This

typically involves the use of antibodies that are immobilized onto a low performance support and

packed into a small disposable syringe or solid-phase extraction cartridge. After this column has

been conditioned with the necessary application buffer or other solvents, the sample is applied,

and any undesired sample components are washed away. An elution buffer is then passed through

the support, and analyte fractions are collected. In some cases, these eluted fractions are analyzed
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FIGURE 14.3 The analysis of atrazine in a groundwater sample using immunoextraction coupled with on-line

RPLC. Without immunoextraction, a high sample background was observed on the RPLC column. However,

when immunoextraction is used with RPLC, atrazine and related compounds could easily be detected at levels

down to the low parts-per-billion range. (Adapted from Nelson, M. A., Gates, A., Dodlinger, M., and

Hage, D. S., Anal. Chem., 76, 805–813, 2004. With permission.)
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directly, but they may also be dried down and reconstituted in a solvent that is more compatible

with the method to be used for analyte quantitation. If needed, the collected solute fraction may

be derivatized before it is examined by another technique. For instance, this last step can be used

to improve a compound’s detectability and/or volatility prior to separation and analysis by HPLC

or GC [3].

As with any IAC method, off-line immunoextraction requires the availability of an antibody

preparation that is selective for the desired analyte or group of analytes. If such antibodies are

available, then immunoextraction offers the potential of a much greater specificity than traditional

liquid–liquid or solid-phase extraction methods. However, it should be kept in mind that most

antibodies will show some binding with compounds close to the desired analyte in structure.

Ideally, this cross-reactivity should be evaluated for each immunoextraction support by performing

binding and interference studies with any solutes or metabolites that are related to the analyte and

that may be present in the samples of interest. However, even if several solutes do bind to the same

IAC column, this will not present a problem as long as the analyte can be resolved or discriminated

from these other compounds by the method used for quantitation. In fact, this cross-reactivity can

be used as an advantage in that it may allow several structurally-related compounds to be examined

simultaneously by a single method.

An important limitation of off-line immunoextraction is the need to transfer the extract to a

second method. Because manual steps are generally used for both this transfer and the off-line

extraction, the precision and recovery of the measurement may suffer. In addition, other steps (e.g.,

extraction into an organic solvent and evaporation of this solvent) may be needed before the IAC

extract can be analyzed by HPLC, GC, or ELISA. This not only increases the analysis time, but it

increases the cost of the assay and amount of reagents needed for sample pretreatment.

Off-line immunoextraction has been used in many environmental studies, including work with

ochratoxins in baby food [44], deoxynivalenol in wheat [45], triazine biocides in seawater [46], and

fumonisins in corn [47]. Typical limits of detection for these methods are in the ng/L range. One

example of off-line immunoextraction has been its use in determining estrogens in wastewater [48].

In this method, wastewater was first treated by filtration and traditional solid-phase extraction.

Next, the collected extracts were evaporated to dryness under nitrogen and reconstituted in a 5%

solution of methanol in water. The reconstituted samples was then applied to an immobilized

antibody column. Estrogens from the sample were bound to this column and later eluted with a

70% solution of methanol in water. This eluent was collected and evaporated to dryness, followed

by reconstitution in 25% acetonitrile in water. The reconstituted analytes were analyzed by HPLC

and detected by electrospray ionization mass spectrometry (ESI–MS) [48].

Off-line immunoextraction can also be used for solid samples. For example, polycyclic

aromatic hydrocarbons in coral were extracted using supercritical fluid extraction followed by

immunoaffinity column cleanup. The collected analytes were then separated and identified using

GC/MS [49]. Using this method, a detection limit of 25 ng/g coral was obtained.

14.2.2 ON-LINE IMMUNOEXTRACTION

If immunoextraction is coupled directly with another method, this gives rise to a hyphenated

technique such as immunoaffinity/reversed-phase liquid chromatography (IA–RPLC) or immu-

noaffinity/gas chromatography (IA–GC) [3]. This section will consider both these techniques.

14.2.2.1 Immunoaffinity Extraction Coupled with RPLC

The direct coupling of IAC columns to other analytical systems is an area that has seen rapid growth

during the past decade. The most popular coupling scheme incorporating immunoextraction is

IA–RPLC [3,50]. There are several reasons for this. One is that the elution buffer for an immu-

noaffinity column is a solvent which contains little or no organic modifier acts as a weak mobile
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phase for RPLC. This means that as a solute elutes from an IAC column to a RPLC column, it will

tend to have strong retention on the reversed-phase support, leading to analyte reconcentration.

This is valuable in dealing with analytes that have slow desorption from immunoaffinity columns

that might make them too dilute to directly analyze.

The ease of incorporating immunoaffinity columns into an HPLC system makes this appealing

as a means for automating immunoextraction methods and for reducing the amount of time required

for sample pretreatment. In addition, the increased precision for on-line immunoextraction that

comes with using high precision HPLC pumps and injection systems (giving more tightly

controlled sample application and elution conditions) makes this combination an attractive alterna-

tive to off-line immunoextraction. In HPLC-based methods, the easiest approach for detecting

analytes as they elute from immunoaffinity columns is to use on-line absorbance measurements.

This works well for compounds present at moderate concentrations with relatively good chromo-

phores in their structures.

In environmental testing, the on-line coupling of immunoextraction with RPLC has been used

to create several methods with excellent reproducibility and fast analysis times. For instance, this

approach has been used for the measurement of triazine herbicides and their degradation products at

the parts-per-billion level in 6–12 min [42]. This same approach has been used with carbofuran [51]

and carbendazim [52]. Low limits of detection are possible with this method because the IAC

column is mass sensitive and responds to the moles rather than the concentration of a substance

applied to the column. Thus, these columns can be optimized for work even at low parts-per-billion

or parts-per-trillion levels [5].

A typical system used to perform on-line immunoextraction with RPLC is shown in

Figure 14.4. Three solvents are often used in such a system: (1) an application buffer for the

IAC column, (2) an elution buffer for this column, and (3) a mobile phase for the reversed-phase

column. In this approach, the sample is first applied to the IAC column in the application buffer.

Once binding of the analyte has occurred and non-retained components have been washed away,

the IAC column is switched on-line with a reversed-phase precolumn, and the elution buffer is

applied. This causes the analytes to dissociate from the IAC column; however, because this buffer

also acts as a weak mobile phase for the reversed-phase precolumn, the analytes are trapped in this

precolumn. This precolumn is later switched on-line with a second larger RPLC column and a

mobile phase containing some organic modifier is applied, causing the elution and separation of the

analytes based on their polarities.

A modified version of this system has been used for determining carbendazim in soil and lake

water [52]. This was accomplished by using a high performance protein G column coupled to a

reversed-phase analytical column through the use of a restricted access media trapping column.

Prior to analysis, 20 mg of antibodies were loaded onto the protein G column to form an immu-

noaffinity support. A sample was then applied to this column, and the carbendazim was extracted. A

stripping buffer containing 2% acetic acid was next pumped through the affinity column, causing

elution of the adsorbed antibodies and carbendazim. The trapping column retained the carbendazim

while the antibodies were washed through the system. The trapping column was then switched

on-line with an analytical column and mass spectrometer. The limit of detection was 25 ng/L for

carbendazim and the throughput was three samples per hour [52]. Other reports of on-line affinity

columns in HPLC have been described for estrogens [53]; polycyclic aromatic hydrocarbons

[54,55]; isoproturon [56]; phenylurea pesticides [56–59]; triazines [59]; aflatoxins [60]; E. coli

[61]; and benzidene, dichlorobenzidene, aminobenzene, and azo dyes [62].

A unique application of immunoextraction has been its use to examine both a parent compound

and its degradation products in environmental samples. Pathways for the degradation of herbicides

can be of a chemical nature (e.g., hydrolysis or photodegradation) [6,7,63,64] or of biological origin

(e.g., because of microbial action) [65–67]. The analysis of degradation products for environmental

contaminants is complicated by several factors. First, these products generally occur at lower

concentrations than the parent compound. Also, degradation of the parent compound often leads
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to a product that has a different polarity, activity, and ecological lifetime. Degradation analysis has

been performed with on-line immunoextraction and RPLC in studies of atrazine in the environment.

This has been demonstrated in the detection of primary degradation products for atrazine at levels

extending down to the low parts-per-trillion range [5]. This same method has been used to

determine the adsorption isotherms for these degradation products on adsorbents used for water

treatment [68,69] and to examine the breakdown of atrazine by zero-valent iron (Fe0) [70]. In this

latter study, IA–RPLC was found to be a useful alternative to radiotracer studies.

Another application reported for on-line immunoextraction has been its use in the development

of field-portable systems for herbicide detection. This approach has been used in the creation of a

system for measuring triazine herbicides in water (see Figure 14.5) [43]. This same system has been

adapted for use with other classes of herbicides such as 2,4-dichlorophenoxyacetic acid and related

compounds. One advantage of this device is its ability to analyze a small amount of sample with

only limited pretreatment. For instance, ground and surface water samples can be examined by

simply filtering them through a 0.2 mm syringe filter before injection. The speed of this method is

also quite good with an overall analysis time of 10 min or less per sample and a throughput of 5 min

per sample. The lower limit of detection reported for atrazine with a 2 mL sample was 0.3 mg/L
with a linear range extending up to 25 mg/L. However, this limit of detection and linear range can be
adjusted by altering the amount of sample applied to the antibody column [43].

14.2.2.2 Immunoaffinity Extraction Coupled with GC

As noted earlier for immunoextraction and RPLC, the use of only traditional solid-phase extraction

allows many sample components to proceed to a GC column where they can mask the peaks of

interest. But immunoextraction provides more efficient sample cleanup and allows the analytes of

interest to be more easily detected. Though it is not as common as on-line extraction with RPLC,

there have been some studies investigating the use of on-line immunoextraction with GC.
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FIGURE 14.5 Results obtained by a field-portable device based on immunoextraction and RPLC for the

triplicate analysis of triazines in river water at various times of the year. (Adapted from Nelson, M. A., Gates,

A., Dodlinger, M., and Hage, D. S., Anal. Chem., 76, 805–813, 2004. With permission.)

DK9421—CHAPTER 14—14/11/2006—12:41—JEBA—15343—XML MODEL C – pp. 337–356

Immunoassay and Other Bioanalytical Techniques346



For example, immunoextraction was coupled with GC for the measurement of atrazine in river

water, wastewater, and orange juice [39]. Samples were first injected onto an immunoaffinity

column and the retained solutes desorbed and collected by an on-line cartridge containing a

styrene-divinyl benzene copolymer (PLRP-S). This cartridge helped to reconcentrate the analytes

into a narrow band. Next, these compounds were desorbed from the PLRP-S cartridge with ethyl

acetate and fed directly into a GC system where they were monitored by flame ionization or

nitrogen phosphorus detectors. Prior to use on this system, all solvents were treated with a

PLRP-S column to remove trace contaminants.

The recovery of triazines by this method was compared to that obtained using traditional solid-

phase extraction. A spiked water sample containing 1 mg/L atrazine gave a recovery of 68% with

traditional solid-phase extraction and 88% when using immunoextraction. At 100 ng/L atrazine,

immunoextraction gave 96% recovery. The lower limit of detection for atrazine in this system was

170 pg when using a flame ionization detector and 15 pg when using a nitrogen phosphorous

detector [39].

14.3 INDIRECT DETECTION METHODS

Chromatographic immunoassays can be created for the indirect detection of an analyte by observ-

ing how it reacts with a labeled binding agent or prevents a labeled analog of the analyte (sometimes

referred to as the label) from interacting with an antibody [35]. In environmental testing, detection

for these assays is usually accomplished by using an analyte analog that is labeled with a fluorescent

group or enzymatic tag. This label is then monitored as the analog and analyte compete for antibody

binding sites within a column or flow chamber. This approach is particularly useful for trace

analytes that do not themselves produce a signal that can be directly detected.

One IAC method that uses indirect detection is a competitive binding immunoassay. This is the

most common type of chromatographic immunoassay. It is based on the competition between the

analyte in the sample and a fixed amount of a labeled analog of the analyte for binding sites on the

immobilized antibodies. Other IAC formats using indirect detection are noncompetitive binding

immunoassays. These include the homogeneous immunoassay, the one-site immunometric assay,

and sandwich immunoassays. Although the sandwich immunoassay has not yet been used in

environmental testing, it could potentially be used for looking at protein- and peptide-

based herbicides.

14.3.1 COMPETITIVE BINDING IMMUNOASSAYS

A competitive binding immunoassay can be conducted using either an immobilized analog of the

analyte or immobilized antibodies [32]. The first of these two approaches makes use of a small

amount of labeled antibodies in solution for which the analyte and immobilized analog compete.

The second method makes use of a labeled analog in solution that competes with the analyte for a

limited number of immobilized antibodies on a support. This latter format is more cost-effective

with regards to the antibodies (generally, the most expensive component of the assay) because these

can often be reused for multiple assays. This section will consider three possible types of competi-

tive binding immunoassays in flow-based systems: the simultaneous injection, sequential injection,

and displacement methods.

14.3.1.1 Simultaneous Injection Assays

When using an immobilized antibody, there are two ways in which the sample and labeled analog

can be applied to the column. The first of these formats is the simultaneous injection assay. In this

approach, the analyte and labeled analog are mixed off-line and injected together onto the column

where they compete for a small number of antibody binding sites. The amount of analyte in the
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sample is then determined by using a calibration curve that plots the amount of label that binds to or

passes through the column versus the known concentration of analyte in injected standards.

The simultaneous injection assay has been used in several environmental studies, including a

method developed for detecting the herbicide isoproturon. This made use of a column that

contained immobilized antibodies able to bind this herbicide and an analog of isoproturon conju-

gated with the enzyme horseradish peroxidase. In this assay, samples were combined off-line with a

fixed concentration of labeled isoproturon, and this mixture was injected onto the antibody column.

After non-retained agents had been washed from the system, a substrate for the enzyme label was

applied for detection. The limit of detection reported for isoproturon was 0.12 g/L, and the total run

time was approximately 25 min [71].

A similar assay has been described for atrazine. In this method, the sample or standard was

combined with an atrazine analog labeled with horseradish peroxidase. After injecting this mixture

into a flow cell that contained immobilized antibodies for atrazine, the non-retained species were

washed from the column and a substrate for the enzyme label was applied. The resulting fluorescent

product was excited at 320 nm and detected at 405 nm, giving a measure of the labeled analog that

was bound to the column. The run time was 20 min per sample, and the detection limit was 75 ng/L

(see Figure 14.6) [72]. Other simultaneous injection chromatographic immunoassays have also

been developed for atrazine [73,74].

An interesting variation of the flow-based competitive binding immunoassay involves the use

of liposomes for detection [75–77]. This has given rise to a method known as flow-injection

liposome immunoanalysis (FILIA). In this technique, a liposome containing a large amount of a

fluorescent dye or other detectable marker is used to tag an analyte analog. This labeled analog is

then allowed to compete with the analyte for immobilized antibodies in a flow cell. A detergent is

later passed through the flow cell to lyse the retained liposomes and release their internal dye

molecules or markers. These markers are measured downstream by an on-line detector and provide

a signal inversely related to the amount of analyte in the original sample. When used to determine

the concentration of alachlor, this technique had an analysis time of 6 min when operated at a flow

rate of 450 mL/min and gave a limit of detection for alachlor of 5 mg/L when 25 mg of antibody were
used to prepare the immunoaffinity column [75].
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FIGURE 14.6 Simultaneous injection assay for the determination of atrazine in water. (From Gascon, J.,

Oubina, A., Ballesteros, B., Barcelo, D., Camps, F., Marco, M-P., Angel Gonzalez-Martinez, M., Morais, S.,

Puchades, R., and Maquieira, A., Anal. Chim. Acta., 347, 149–162, 1997. With permission.)
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A simultaneous injection assay can also be used in capillary electrophoresis or capillary elec-

trochromatography [78]. For instance, anti-atrazine antibodies have been adsorbed within a

C8-modified capillary followed by injection of a mixture of fluorescent labeled atrazine and

sample. A dissociation buffer was used to disrupt binding between the analyte and antibodies

with the fluorescent analog then being detected.

14.3.1.2 Sequential Injection Assays

The second possible format for a competitive binding immunoassay in a chromatographic system is

the sequential injection method. This technique differs from the simultaneous injection method in

that the sample and label are now applied separately to the IAC column. The sample is injected first,

followed by the label that now must bind to any sites that remain on the column. The bound analyte

and label are then eluted together from the column, and the system is regenerated prior to injection

of the next sample. One advantage of this format over the simultaneous injection method is that the

label is not subject to matrix interferences because it is never in contact with the actual sample [79].

This is particularly important if a fluorescent tag is used for the label because it eliminates any

quenching by sample components.

Sequential injection has been used to develop an automated immunoassay for atrazine in water

and soil samples. In this approach, a flow cell containing immobilized antibodies was first rinsed

with an equilibration buffer. A standard or sample was next pumped into this flow cell, followed by

injection of a fixed amount of horseradish peroxidase-labeled atrazine. After a short rinsing step, a

substrate for the enzyme label was added to the flow cell and allowed to react. The fluorescence of

the generated product was then detected downstream using an excitation wavelength of 320 nm and

an emission wavelength of 404 nm [80]. Other sequential injection assays for atrazine have also

been published [81,82].

Another example of this approach has been reported for imazethapyr [77]. This assay was

performed using a column that contained immobilized anti-imazethapyr antibodies. The sample

was injected first onto the column, followed by injection of either a liposome conjugate of

imazethapyr or imazethapyr containing a single fluorescein tag. In both cases, the amount of

label bound to the column was determined with a fluorescence detector. When using the liposome

conjugate as a label, a limit of detection of 0.5 ppb was achieved. This was approximately 1000-

fold better than the results obtained when using the label that contained a single fluorescein tag.

Other examples of the sequential injection assay for imazethapyr have also been reported [83,84].

Both the simultaneous and sequential injection formats can be used for either large or small

analytes [80,85]. However, they differ in their analytical characteristics. For instance, the sequential

injection assay provides a lower limit of detection and larger change in response than the simul-

taneous injection assay at low analyte concentrations. However, the simultaneous injection format

is slightly easier to perform and has a calibration curve that covers a broader dynamic range.

14.3.1.3 Displacement Assays

The third possible format for a competitive binding immunoassay in chromatography is the displa-

cement method [86]. This employs an immobilized antibody column that is first saturated with a

labeled analog of the analyte. As a sample is applied to this column, any of the labeled analog that is

momentarily free in solution will be displaced and eluted from the column. The amount of this

displaced label is then detected, giving a response proportional to the amount of analyte in the

sample. In many cases, several samples can be injected onto the column before regeneration

provided that enough label remains for the production of a consistent, measurable signal.

The ability to use a single application of label for the injection of multiple samples is one

advantage of this approach. Another is its speed because the displacement peak appears at or near

the non-retained peak for the column. The fact that the signal increases with analyte concentration
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is also an advantage when compared to other competitive binding formats. However, care must be

taken in selecting the optimal conditions for this approach to work properly. This includes the

choice of an appropriate labeled analog, column size, and flow rate for this method.

One example of this format is an assay that was developed for detection of polychlorinated

biphenyls (PCBs). In this study, an anti-PCB antibody was immobilized onto Emphaze beads and

placed into a column. This column was then loaded with a fluorescent derivative of a PCB ((i.e.,

2,3,5-trichlorophenoxy)propyl-Cy5). Any weakly bound label was then washed from the column.

Samples were next injected onto the column, resulting in displacement of some of the remaining

label. This label was then measured with a fluorescence detector using an excitation wavelength of

635 nm and an emission wavelength of 661 nm. The resulting calibration curve showed an increase

in signal as the amount of PCBs in the sample was increased. The limit of detection was 4 ppb, and

the linear range extended up to 20 mg/mL [87].

14.3.2 NONCOMPETITIVE CHROMATOGRAPHIC IMMUNOASSAYS

There are two types of noncompetitive binding immunoassays for environmental agents that have

been performed in flow-based systems: the homogenous immunoassay and the one-site

immunometric immunoassay.

14.3.2.1 Homogeneous Immunoassays

A homogeneous immunoassay is a method where the reaction between the antibody, analyte, and

label occurs in solution. One way this can be performed by chromatography is to use a restricted

access assay. This employs a random access media column that can separate a small, labeled analog

from larger antibody-analog complexes based on their differences in size [88]. Such an assay has

been used to screen plasma and water samples for atrazine, related s-triazines, and atrazine

degradation products. This method used a fluorescein-labeled analog of atrazine and off-line incu-

bation of the sample with the labeled analog and a small amount of anti-atrazine antibodies. This

mixture was then introduced onto a restricted access media column. This column contained a

support with a reversed-phase stationary phase within its pores that retained the labeled analog

but not the excluded antibody-analog complexes. The amount of antibody-bound analog in the non-

retained peak was then used as an indirect measure of analyte in the sample. This gave a detection

limit of 20 pg/mL for atrazine and a throughput of 80 samples per hour [89,90].

A similar technique called immuno-supported liquid membrane extraction (immuno-SLM) has

been reported [91]. In this technique, sample matrix effects are minimized by allowing the analyte

to diffuse across a membrane to form antibody-analyte complexes (see Figure 14.7). Because the

antibody is present in excess, both the free analyte and antibody-analyte complexes are present.

Excess labeled analyte is then added to the mixture and complexes with the remaining antibodies

are allowed to form. Free analyte (both labeled and unlabeled) is then separated from the complexes

using a restricted access column. The labeled antibody-analyte complexes can then be detected and

the amount of analyte in the sample measured. Using this method, atrazine in tap water, river water,

and orange juice was determined in the range of 5–100 mg/L.

14.3.2.2 One-Site Immunometric Assays

A second type of non-competitive immunoassay is a one-site immunometric assay. Here, the

sample is incubated with a known excess of labeled antibodies or Fab fragments that can bind to

the analyte. This mixture, now containing analytes bound to the labeled Fab fragments or antibodies

as well as excess labeled fragments and antibodies, is injected onto a column where an analog of the

analyte has been immobilized. This column is used to extract the excess antibodies or Fab frag-

ments, allowing those that are bound to analyte to pass through non-retained. The labeled

antibodies or Fab fragments in this non-retained peak give a signal that is proportional to the
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amount of analyte in the original sample. Alternatively, the remaining amount of excess antibodies

or Fab fragments can be determined as they elute from the column.

Although the one-site immunometric assay has been used in only a few studies, it has several

potential advantages over other chromatographic immunoassays. For instance, like a competitive

binding immunoassay, this method is able to detect both small and large solutes. However, it gives a

signal directly proportional to the amount of analyte in a sample. In addition, the fact that an

immobilized analyte analog is used rather than an antibody in the column creates the possibility

of employing a fairly wide range of elution conditions for column regeneration.

One disadvantage of this approach is that a different immobilized analog column must be used

for each analyte of interest. In addition, highly active and pure labeled antibodies or Fab fragments

are needed when monitoring the non-retained fraction to provide a low background signal for label

detection. This means that special precautions need to be taken when purifying these labeled agents

to ensure that they do not lose a significant amount of their activity. It is also necessary to carefully

monitor the stability of these binding agents during storage or use.

A one-site immunometric assay was developed to determine the concentration of terbutryn in

drinking water [92]. In this method, unlabeled antibodies were incubated with the sample, and this

solution applied to a surface containing immobilized terbutryn. The antibody complexes were

detected by monitoring the change in refractive index on this surface. The surface was later

regenerated by washing it with a 10 mg/L proteinase solution. The detection range for this assay

was 15–200 mg/L [92].
One-site immunometric assays can be used to monitor the elution of specific analytes from

other chromatographic columns. Using antibodies for this purpose is referred to as postcolumn

immunodetection [3,93]. This technique involves taking the eluent from an HPLC column and

combining it with a solution of labeled antibodies or Fab fragments specific for the analyte of

interest. This mixture is then allowed to react in a mixing coil and passed through a column that

contains an immobilized analog of the analyte. The antibodies or Fab fragments that are already

complexed with the analyte will pass through this column and into a detector, yielding a signal

proportional to the amount of analyte in the sample. The immunodetection column can later be

washed with an elution buffer to dissociate the retained antibodies or Fab fragments.

This type of post-column method was used to detect 2,4-dichlorophenoxyacetic acid (2,4-D) in

water (see Figure 14.8) [94]. In this scheme, polyclonal antibodies conjugated with alkaline

phosphatase were mixed with the sample and applied to a column containing immobilized 2,4-D.
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FIGURE 14.7 An immuno-SLM–FFIA system for atrazine. System components: (1) SLM unit, (2, 5, 6)

automatic syringe pumps, (3) peristaltic pump, (4) manual injection valve, (7) mixing coil, (8) restricted

access column, and (9) fluorescence detector. Solutions of anti-atrazine antibody (Ab) and labeled analog

(Ag*) are injected using syringe pumps. The restricted access column allows the antibody-bound fractions of

the analyte and labeled analog to pass through non-retained while the column binds to the free analyte or

analog that remains in solution. (From Tudorache, M., Rak, M., Wieczorek, P. P., Jonsson, J. A., and

Emneus, J., J. Immunol. Meth., 284, 2004. With permission.)
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Low detection limits were achieved by using p-aminophenylphosphate as a substrate for the

enzyme label. The dephosphorylated product, p-aminophenol, was detected at C350 mV versus

an Ag/AgCl reference electrode. The subsequent detection limit for 2,4-D was 0.1 mg/L.

14.4 FUTURE TRENDS AND DEVELOPMENTS

Although IAC is a relatively new technique in the environmental area, there are many possible

advantages of using this method for such work. These advantages include the specificity of IAC and

its ability to be directly used with a wide variety of samples. Other potential benefits include the

simplicity of this approach for sample pretreatment and its ability to be used for either selective

measurements or the study of a group of related compounds.

IAC in its present form clearly has the potential for widespread use in environmental testing.

However, there is also a need for the improvement of IAC supports and development of new

applications for these supports. For example, work is now being performed in the creation of

improved supports for IAC such as porous glass beads or monolithic supports, elements that

might increase sample throughput [95]. In addition, efforts continue in the coupling of immunoex-

traction with methods such as CE, mass spectrometry, and biosensors [96]. Another development

expected to impact the use of IAC is the creation of micromachined analytical systems. This later

area may open the possibility of using arrays of antibodies for the determination of a large panel of

analytes. As these and other applications continue to be developed, IAC and related techniques

should find even greater use in the analysis of environmental compounds.
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15.1 INTRODUCTION

The sol–gel process and its use in the encapsulation of biomolecules of various kinds have recently

seen important developments. Since its first introduction over two decades ago, sol–gel encapsula-

tion has opened intriguing new ways to immobilize biological materials that offer an immense

potential for the design of a large variety of applications. A great number of biomolecules,

including enzymes, antibodies (Abs) (monoclonal, polyclonal, recombinant, and catalytic),

DNA, RNA, and live animal, plant, bacterial, and fungal cells as well as whole protozoa have

been encapsulated and then tested and implemented as optical and electrochemical sensors as well

as core components of diagnostic, chromatographic, and catalytic devices.

In the past decade, several comprehensive reviews have been written on the sol–gel process,

especially on the encapsulation of the above biomolecules and living cells [1–7]. The main topics

covered include detailed explanations of the sol–gel process itself, information on the entrapment

of proteins via the sol–gel process and on various types of sol–gel-derived biocomposites, a

description of the behavior of sol–gel-entrapped biomolecules (distribution, conformation,
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dynamics, accessibility, activity, kinetics, etc.), details of the applications of sol–gel based biocom-

posites (analytical, biomedical, biophysical, biosynthetic), and conjectures regarding the future

development of sol–gel bio-immobilization.

Despite the large number and diverse nature of the biomolecules that have been, so far,

entrapped in the sol–gel matrix, most of the recent reviews focus on the entrapment of enzymes,

which represent the largest and most studied group of entrapped biomolecules [1,2,4,5]. Other

biomolecules, including Abs, have drawn less attention, although the number of studies that have

been carried out and the progress the field has achieved in the past decade as well as their potential

for practical applications is immense. The present review focuses on entrapment of Abs and various

antigens (Ags) in sol–gel matrices and their applications for immunoassay (IA) and immunoaffinity

chromatography (IAC). For the convenience of the reader, a brief introduction to the sol–gel

process, biomolecule entrapment, and the recent innovations in the field of biomolecule encapsula-

tion in this matrix is presented. Detailed reviews covering the above issues as well as topics related

to the properties of sol–gel encapsulated biomolecules, their conformation, dynamics, accessibility,

reaction kinetics, stability, and the recent developments in their application are available [1,2,4,5],

and the reader is referred to them for further information.

15.1.1 THE SOL–GEL PROCESS

The term sol–gel refers to a chemical process where metallic or semi-metallic alkoxide precursors

or their derivatives form composites at moderate temperatures through a chemical reaction that

involves hydrolysis followed by condensation–polymerization (Figure 15.1). Most sol–gels are

silicon-based oxides, although other oxides such as aluminum silicates, titanium dioxide, zirconium

dioxide, and many other oxide compositions are also employed [8–11]. Silica oxides (SiO2) sol–gel

matrices can be composed in a wide range of physical properties (e.g., porous texture, network

structures, surface functionalities) and under a wide variety of processing conditions (e.g., ambient

temperatures, moderate pH values, and short gelation time), making silica alkoxides the most

favorable group of sol–gel precursors. These matrices may take the form of porous wet gels,

ambigels, aerogels, xerogels, or organically modified sol–gels (termed ormosils). The resulting

matrix has high surface area and porosity, inertness and stability to chemical and physical agents,

and optical clarity in the visible and UV ranges.

15.1.2 ENTRAPMENT OF BIOMOLECULES IN SOL–GEL MATRICES

Inorganic gels have been studied for over a century. In the past two decades, however, the sol–gel

process underwent a significant development when it turned into a generic methodology for the

incorporation of bioactive molecules. Although the first report on the entrapment of enzymes

appeared in the mid-1950s [12], it was only three decades later that the importance of this

finding was realized by Avnir et al. who entrapped a series of enzymes in a silica-based matrix

[13]. Since then, a large body of work has emerged that encompasses the entrapment of a wide

variety of biological molecules and even whole cells [1,2,4,5,14–16].

To achieve successful entrapment in sol–gel matrices, it is necessary to maintain the active

conformation of the biomolecule within the matrix, to optimize the configuration of the doped sol–

gel to provide the utmost performance, and to ensure that the entrapped biomolecule gains access to

substrates, ligands, or analytes. The preparation of biologically doped materials via the sol–gel

process fulfills the above requirements because the encapsulation is based on the growth of the

polymer chains around the biomolecule, thus minimizing its denaturation. The sol–gel process can

be carried out in aqueous solutions where hydrolysis and condensation–polymerization conditions

occur at room temperature and at ranges of pH and ionic strength that are favorable for the

biomolecule. Moreover, unlike the process in other polymers, the formation of the polymer back-

bone (e.g., Si–O–Si in the polysiloxane-based polymers) does not involve intermediates that could
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interact via a stable covalent bond with the protein being entrapped and potentially lead to its

denaturation. Also, the pore size of the matrix can be controlled so that it is possible to obtain pores

large enough to allow analytes, ligands, and substrates to reach the biomolecules, and the matrix

can be modified to include residues and additives that modify the internal environment so as to

improve bioactivity.

Entrapment of biomolecules is usually carried out according to the scheme shown in

Figure 15.2. The precursor is first hydrolyzed (usually under acidic conditions that minimize the

rate of siloxane condensation in the case of silicon oxides) to form an aqueous sol, then the

hydrolyzed precursor is mixed with an aqueous solution of the biomolecules (in an appropriate

buffer and at a pH that is suitable for bioactivity). The process results in condensation–

polymerization of the hydrolyzed precursor followed by gelation of the aqueous sol to form a

wet gel within which the biomolecules are entrapped. The initial gels have high water content

and large pores, but over a period of time (days to weeks), further condensation occurs, strength-

ening the network. Further dehydration of the wet gel results in shrinkage of the polymer, collapse

of its porous structure, and formation of a dry gel designated xerogel (Figure 15.2). As indicated

above, most sol–gels are silica alkoxides, mainly because the hydrolysis and condensation rates of

silica alkoxides are slow, enabling each step to be controlled independently and the kinetics to be

optimized for specific needs.

Sol–gel biocomposites can be prepared from inorganic (silica or other metal or semi-metal)

alkoxide precursors of the general formula X(OR)4 where X is a metal or a semi-metal residue or

OHOH

OHOH

OH

OH OH

HOHO

HO

RORO

RO

RO

RO
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FIGURE 15.1 General scheme of the sol–gel process. TMOS: Tetramethoxysilane.
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from combined organic and inorganic materials of the general formula YX(OR)3 where Y is an

organic group such as ethyl or methyl, giving tetraethylorthosilicate (TEOS) or tetramethylsilane

(TMOS). In addition, it is possible to encapsulate, together with the entrapped biomolecules,

additives that can be beneficial for the stability and activity of the molecule. Such additives may

be hydrophobic moieties, polymers (e.g., polyethylene glycol, glycerol, polyvinylimidazole, etc.),

surfactants, liposomes, polysaccharides (dextran, cellulose, and chitosan), cofactors (e.g., redox

modifiers), or even biological or synthetic additives. These compounds can be directly mixed with

the sol–gel precursors before gelation to form hybrid organic–inorganic gels. The additives may

affect the physical properties of the gel by changing its rigidity, mechanical stability, pore size, and

optical or electrochemical clarity, and they may also affect the interactions of the gel with the

entrapped biomolecules, thus providing higher overall activity. The nature of such gels and their

effects on the entrapped biomolecules are discussed in detail in several reviews [1,4,5].

15.1.3 CHARACTERISTICS OF ENTRAPPED BIOMOLECULES

Progress in the encapsulation of biomolecules resulted in entrapment of a large variety of molecules

such as enzymes, Abs, regulatory proteins, transport proteins, membrane-bound proteins, and

nucleic acids [1,4,5]. Overall, these studies revealed that the entrapped biomolecules are

surrounded by the porous gel network in a capsule- or cage-like manner. Depending on the

nature and concentration of the entrapped molecule, the specific precursor and the additives used

to form it may be homogenously dispersed in the pore solvent or adsorbed onto the silica in a

variety of orientations, groups, or aggregates. A detailed review is presented by Jin and Brennan

[1]. Entrapped biomolecules are not physically adsorbed or attached to the polymer texture

although such interactions may occur naturally and could affect the activity. The interactions

between the biomolecule and the inorganic, organic, or hybrid composite material and the additives

in the gel determine the degree to which the biomolecule retains its native properties.

A variety of methods were employed to determine and characterize the bioactivity of entrapped

biomolecules. They included measurements of activity by electrochemical and spectrophotometric

methods, measurement of the absorbance changes that accompany ligand/substrate/Ag/Ab binding,

use of fluorescence methods to probe ligand binding by regulatory proteins, and detailed studies of

Precursor

Precursor

Hydrolysis

Wet gel

Doped
wet gel

Doped
xerogel

Xerogel

Dehydration

Aqueous sol

Doped
aqueous sol

Condensation-Polymerization

FIGURE 15.2 Scheme of the gelation process (upper panel) and biomolecule entrapment (lower panel).
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the interactions of Abs with their respective Ags. These studies revealed that the biomolecules are

strongly encapsulated within the matrix and cannot diffuse out; the molecules retain their activity;

their stability is enhanced; and they can react with compounds that diffuse into the highly porous

matrix. Although the moderate temperatures and the mild hydrolysis and condensation–

polymerization conditions that characterize the entrapment process allow the biomolecules to be

entrapped without being denatured, conformational studies of entrapped molecules have revealed

that conformational changes do occur in the course of the sol–gel entrapment. The enhanced

stability of the entrapped biomolecules and the physical and chemical properties of the matrix

are among the reasons for the attractiveness of the sol–gel approach to immobilization in

general and to that of proteins in particular. Detailed information on the conformational stability

of sol–gel-entrapped molecules and their dynamics, protein–gel interactions, response times for

entrapped proteins, and their influence on the gelation process are all described by Jin and Brennan

and by Pierre [1,5].

15.1.4 APPLICATIONS OF ENTRAPPED BIOMOLECULES

Doped silicate materials have been applied in a variety of fields. The activity in this field has been

quite intense in recent years and has resulted in many biomaterials with diverse applications. Some

of the applications of sol–gel-derived biomaterials include the successful immobilization of numer-

ous biotechnologically important enzymes, the construction of optical and electrochemical

biosensors for clinical, industrial, environmental and domestic use, enzymatic electrodes, stationary

phases for affinity chromatography, generation of immunosorbents, solid-phase extraction (SPE)

materials, controlled-release agents and solid-phase biosynthesis, construction of bioactive optical

components, biocatalytic paints and films, preparation of biomatrices that can be applied for

environmental studies and functional proteins, DNA and RNA biochips, etc. The ability to shape

gels in a variety of formats (blocks, thin films, microarrays, columns, fibers, and powders) that are

compatible with a variety of applications has turned out to be very important for industrial use, and

a number of original designs based on these formats have extended the applicability of these

encapsulated materials. Further details on some of the above applications are presented in

[1,2,5] and in the references therein.

This review focuses on one group of biologically important molecules that have drawn the

attention of many research groups: sol–gel-entrapped Abs and Ags for use in the development of

IAs and IAC devices. The studies that have been performed in this connection and the applications

of this approach are described below.

15.2 SOL–GEL IMMUNOASSAYS AND IMMUNOCHROMATOGRAPHY

15.2.1 SOLID PHASE IMMUNOASSAYS—GENERAL ASPECTS

Solid phase IAs are well-established methods in many fields. This powerful assay technology

crosses discipline boundaries and is applied extensively as a research and diagnostic tool in both

applied research and basic science as well as in medical, agricultural, and environmental studies.

Solid-phase IAs are based on the fact that Abs or Ags can be immobilized on solid-phase matrices,

thus enabling a simple and quick separation of free (unbound) analytes from the complexes

immobilized on the solid surface. This simple feature made it possible to develop the method

for quantitative detection of analytes and was, apparently, the most important reason for the

rapid increase in its popularity and its wide application. Since the development of the first IA in

the mid-1960s, hundreds of assays have been developed for native and synthetic molecules, and

currently, they form one of the most generic diagnostic methods. The rapidity, sensitivity, simpli-

city, and cost-effectiveness of the method have made it an attractive tool, and it has been optimized
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for a large number of analytes. It also has been automated, and it now serves as a routine procedure

in monitoring a wide variety of analytes in the fields of medical, environmental, and food sciences.

As indicated above, solid phase IAs are based, first and foremost, on the successful immobili-

zation of Abs or Ags onto or within a suitable solid surface. The requirements for useful

immobilization include high density of the immobilized molecule (high surface-to-volume ratio),

high activity, good orientation of the adsorbed molecule, long-term stability under potentially

adverse reaction conditions, good accessibility for analytes, rapid response time, and resistance

to leaching or desorption. Several methods of immobilizing molecules on inorganic, organic, and

polymeric surfaces have been reported; they include physical adsorption, covalent binding to the

surface, entrapment in semi-permeable membranes, and micro-encapsulation in polymer micro-

spheres or hydrogels (for a detailed review see [17]). Although some of the techniques have been

successful, none of them are generic; namely, they could not be applied to a wide variety of

molecules and had to be carefully optimized based on the chemical and physical properties of

the entrapped molecule and the entrapping matrix. As a result, those techniques could be used, in

most cases, for only a limited number of molecules and applications. Problems related to low

surface loading, long preparation procedures, leaching and desorption of molecules, difficulties

in controlling molecule orientation, and instability of the immobilized molecule resulted in the need

to invest substantial efforts in the optimization of the immobilization protocol for each molecule,

and this limited the applicability of IAs The emergence of the sol–gel technology, with all its

advantages, and the reports on successful entrapment of biomolecules in such matrices opened the

road to implementation of the method for the development of IAs in general and for those employed

for food and environmental monitoring, in particular.

Immunochemical methods such as enzyme IA have become increasingly important during

recent years for the determination of pesticides and other xenobiotics [18–23]. Many commercial

kits for assaying pesticides are available, and several hundred assays have been described in the

literature [24]. A major problem associated with the use of Abs in immunochemical assays for

environmental or agricultural monitoring is their limited stability that can be a source of variation or

deterioration in the test performance quality. Fruit and vegetable extracts as well as soil samples

contain organic and inorganic substances that may directly interfere with Ab–Ag binding or impair

it indirectly by denaturing the Ab or complexing with it, thus decreasing the efficiency of the assay

and its monitoring capability. On top of the problems associated with matrix interference, some of

the assays suffer from low reproducibility, slow reaction times, and high costs, and for many cases,

they need to be used in on-site monitoring (in the field, packing houses, contaminated sites, etc.).

Introduction of the sol–gel method for biomolecule entrapment, the unique nature of alkoxides

polymer chemistry, and the advantages that are introduced by this method have opened up new

possibilities for such applications and have enabled the development of simple, highly sensitive,

highly reproducible, and cost-effective assays for off-line, on-line, and on-site use (that, in some

cases, have proved to be significantly better than the standard existing ones).

A summary of the sol–gel based IAs developed in the course of the past two decades for

environmental, agricultural, and medical applications is presented below.

15.2.2 SOL–GEL BASED SOLID PHASE IMMUNOASSAYS

Encapsulation of Abs and Ags in sol–gels has been well documented in the literature (see lists of

references in Table 15.1 and Table 15.2), although less than a dozen IAs (assays that can be applied

for monitoring real samples) have been developed in over a decade. Key issues in the development

of a functional sol–gel based IA focused on optimization of the configuration of the doped sol–gel

to provide the utmost performance, immobilization of biomolecules at a high density in a manner

that will render them high activity, long term stability, good accessibility to analytes, rapid response

time, and resistance to leaching. Indeed, those were the main issues that were addressed in most of

the studies as indicated below. Early studies focused mainly on demonstrating the ability of
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entrapped molecules to function within gels; later studies extended the scope of their analysis to

more detailed characterization of the properties of entrapped biomolecules and even whole cells

(such studies are referred to in the tables as proof of concept, POC IAs). More recently, studies have

begun to focus on the implementation of sol–gel entrapment of molecules and whole cells for

generation of sol–gel based IA devices for monitoring real samples (real IA).

A quick overview of the main issues that were addressed by the POC-IA studies reveals that they

focused on the optimization of assay conditions (pH, sample volume, flow rate, effect of additives),

kinetic parameters and thermodynamic analysis of Ab–Ag interactions (binding affinity, time

kinetics), non-specific binding, cross reactivity and selectivity, reproducibility, regenerability,

leaching, effects of gel drying and storage time on bioactivity (aging and stability), interaction of

dopant and/or analyte with the matrix, effects of the dopants on pore size and of the pore size on

bioactivity, conformation of the entrapped molecule and its mobility, and comparison of the sol–gel

activity with that of other IA formats (e.g., enzyme linked immunosorbent assay, ELISA). The more

applied studies extended their focus beyond the above to the examination of issues such as assay

capacity, detection range, and detection limits relative to those of other IAs, ability to use sol–gel based

IA for monitoring analytes in real samples, recovery, and validation against other analytical methods.

Regardless of their final purpose, whether POC or real IA, all of the above studies revealed that

the entrapped biomolecules were active within the biogels and obeyed basic binding and kinetic

rules (all Abs listed in Table 15.1), retained their specificity (e.g., [25]), were very stable after

exposure to denaturing factors such as extreme pH values, high temperatures, organic solvents, etc.

and retained their binding activity for several months (e.g., [25,26]). The biomolecules did not

exhibit any detectable rotational reorientation (e.g., [26,27]), and their binding affinity was lower

than that in solution (e.g., [26,28]) although, in some cases, the affinity did resemble that in solution

(e.g., [29,30]). The non-specific binding of the assay could be reduced to a minimum by appropriate

choice of matrix (e.g., [27]), the detection limit was within the necessary range for analytical or

diagnostic purposes (e.g., [27,30–34]), and in most of the studies, aging did not affect the binding

properties of the Abs (e.g., [26,31,35]).

Two main formats of sol–gel based IA were developed: those where Abs were immobilized/

entrapped (Ab format, Table 15.1) and those where Ags were immobilized/entrapped (Ag format,

Table 15.2). In each format, competitive and non-competitive assays were designed. In the first

format, Abs were entrapped, and Ags that either exhibited self-fluorescence or were labeled with an

enzyme, a fluorescent tag, or a radioactive isotope were tested for their binding to the entrapped Ab

in the absence (non-competitive assay [26,28,31,34,35]) or the presence (competitive assay,

[25,27,29,30,32,33,36]) of a free Ag. In the non-competitive assay, the decay of fluorescence

was monitored; in the competitive assay, the decrease in enzymatic activity, fluorescence, or

radioactivity (that resulted from an increase in the amount of free Ag that competed on binding

to the entrapped Ab) was measured. In the second format, Ags were entrapped in the sol–gel matrix,

and Abs of unknown samples (usually patient sera) were detected by a tagged secondary Ab

conjugated either to an enzyme or to a fluorescent tag (non-competitive assay [16,37–39]), or by

competition with a tagged primary Ab (competitive assay [40–42]).

Both IA formats employed a wide variety of entrapping matrices. Most assays were

based just on silica alkoxides (TMOS or TEOS). Others used modified or derivatized alkoxides

(3-aminopropyl trimethoxysilane, semicarbazide 3-aminopropyl trimethoxysilane, methyltri-

methoxysilane) or silica alkoxides in combination with other additives (polyethylene glycol,

PEG, hydroxypropyl cellulose, polyvinyl alcohol). Composites based on Al (aluminum isoprop-

oxide) or Ti (titanium isopropoxide) were also employed. Graphite was added for generation of

electrochemical electrodes. Both IA formats used a wide variety of sol–gel forms: slurry suspen-

sion, monoliths, aerosol-derived thin films, xerogels, gels cast in microplates, and a variety of

electrochemical electrodes (thin-film capacitive electrodes, thick-film and fiber-like electro-

chemical electrodes, and amperometric electrodes). A whole array of immunosensors (optical,

amperometric, and continuous flow) was generated as well as magnetite-containing spherical
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silica nano-particles and slide microarrays. The Ab format IA has been used to monitor environ-

mental as well as medically related analytes, whereas the Ag format IA has been used only for

medical applications. Examples of the different formats and their applications are presented below,

and summarized in Table 15.1 and Table 15.2.

15.2.2.1 Sol–Gel Entrapped Ab Immunoassays (Ab Format)

The first study on entrapped Abs was reported in 1984 by Venton et al. [29]. It demonstrated the

successful entrapment of anti-progesterone Abs in a polysiloxane copolymer prepared from a 3:1

mixture of TEOS and 3-aminopropyl trimethoxysilane. The study revealed that entrapped Abs

retained their ability to bind Ag molecules with an apparent Ka equal to that of free antiserum

(although only 50% of the entrapped Abs retained their activity). The study also revealed that the

Abs did not leach out of the matrix, and they were stable at a wide range of pH values.

This study was followed almost a decade later by the work of Wang et al. [28] who entrapped

anti-fluorescein Abs in a monolithic format and also confirmed the concept that sol–gel entrapped

Abs retain their binding activity and affinity to their analytes (in this case, fluorescein). The group

carried out a detailed quantitative examination of the influence of the encapsulation method and

also of the aging, drying, and storage of the gel on the affinity constant of the Ab-analyte

interaction. The study revealed that storage time and conditions affected the affinity of the

sol–gel encapsulated Abs if the gel was kept dry, but the affinity could be retained if the

samples were stored wet in the cold. Contrary to the findings of Venton et al. [29], encapsulation

of antifluorescein resulted in a decrease in binding affinity by about two orders of magnitude

compared with that obtained in solution.

Two other Abs were entrapped in a monolith sol–gel format: anti-TNT [25] and anti-dansyl

[26]. The anti-TNT Abs were able to detect analytes at a ppm level, and they retained their ability

to differentiate between TNT and other trinitroaromatic analogues. The sol–gel entrapped Abs

exhibited better relative stability than Abs immobilized by means of surface attachment, and

they proved to be highly stable upon exposure to denaturing conditions. Satisfactory activity and

enhanced stability of the entrapped Abs was also demonstrated with the anti-dansyl Abs [26].

Despite the successful development of monolith-based IAs, such assays suffer from a limitation

that could affect measurements of real samples because of the inherently long response time

associated with the slow diffusion of the analyte. In order to overcome the above limitation and

to improve the response time and accessibility of the analytes to the entrapped sensing molecule,

thin film IAs were developed [27]. Zhou et al. entrapped anti-cortisol Abs in thin films and

compared their activity with that of monolith-entrapped Abs, finding that both formats could be

used as optical-sensing IAs. The data also indicated that the Abs retained their activity in both

formats in a dose responsive manner, that the sensitivity of the assay was satisfactory (within the

physiologically relevant range), and that the entrapped Abs showed only small changes in their

secondary structure. A comparison between the sensing properties of the monolith and thin-film

forms revealed that the thin films were more effective and gave improved accessibility of Ags to the

encapsulated Abs, leading to a significant reduction in the required assay time. However, these

advantages were gained at the expense of a decrease in signal intensity (although not a major one)

and wider variability between assays. Another study was carried out by Jordan et al. [35] who

applied the thin-film approach to the entrapment of anti-fluorescein Abs, and they quantified their

response as a function of storage time. Although the study did not compare the time kinetics of thin-

film reactions with those of monolith assays, it revealed that the Ab retained affinity for its hapten,

that the binding was retained for over three months, and that the response time increased as a

function of storage time (because of the particular structure of the device that was used, selecting

Ab subpopulations whose behavior changed as a function of time). Partial regeneration of the

device was possible for several cycles using a mild chaotropic reagent.
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The thin-film sol–gel method was also applied to the development of capacitive label-free IAs

with g-alumina sol–gel entrapped Abs [34]. Capacitive immunosensors have been extensively
studied as novel label-free IAs that offer high sensitivity and rapid testing that are used with

ordinary instrumentation. Successful implementation of this method required formation of an

electrically insulated film in order to allow the capacitive measurements and the formation of

thin (nanometer size) films of the embedded Ab layer. In their study [34], Jiang et al. described

the use of g-alumina-based sol–gel (that is especially suitable for the formation of thin films
because of the inherently high surface area of the matrix that enables significant reduction of the

thickness of the formed films) for the development of a capacitive immunosensor. A multi-channel

capacitive sol–gel-derived anti-human immunoglobulin (IgG) and anti-laminin IA was constructed

on the basis of this system to illustrate the application. The device was able to measure Ags (human

IgG and laminin) with the accuracy required for diagnostic analysis, it showed a low detection limit

(lower than those of SiO2 sol–gel-derived capacitive immunosensors or conventional ELISAs),

demonstrated reproducible linear responses to the respective Ags, and was found to be selective and

specific. This is the only example of a sol–gel matrix based on alumina alkoxide in this format.

Biosensors offer considerable advantages, especially when on-site monitoring is necessary.

There are several formats of biosensors; the most common based on sol–gel technology are electro-

chemical immunosensors. Electrochemical immunosensors combine simple, portable, low-cost

electrochemical systems with specific and sensitive IA procedures, representing a promising

approach to clinical, biochemical, and environmental analyses. An example of a sol–gel ampero-

metric immunosensor is presented in the study of Liu et al. [32]. The authors describe the

generation of an amperometric immunosensor based on anti-complement C3 Ab entrapped in a

mixture of sol–gel-BSA-graphite composite. The doped sol–gel paste (that was squeezed into a

polyvinyl chloride tube) formed an amperometric immunosensor that was used in a competitive

binding assay to detect C3 in human serum (with the aid of a C3-horse-radish peroxidase (HRP)

labeled conjugate). The immunosensor was found to be sensitive in the range required for clinical

analysis, stable, highly reproducible, and renewable.

Another application of sol–gel entrapped Abs is in the formation of immunosensors that can

monitor analytes in real time. Flow-injection IAs or electrochemical immunoelectrodes offer many

advantages for real time monitoring. Analysis can be performed under continuous flow and auto-

mated on-line performance in the laboratory or on-site without the need to use costly and complex

instrumentation. This is especially important for environmental and forensic monitoring. Two

studies address the implementation of sol–gel entrapped Abs for the formation of continuous-

flow displacement immunosensors. In the first study [36], anti-isoproturon Abs were entrapped

in TMOS that was crushed into a powder and applied in a flow-through spectrofluorimeter to

monitor the herbicide isoproturon in spiked sea water and potato extracts. The method was

found to be effective, rapid, and more sensitive than HPLC; matrix effects were minimized, the

overall analysis was simple, and the immunosensor could be used for up to two months without

changes in sensitivity. It is interesting to note that this assay is the only sol–gel based IA that was

developed for environmental monitoring of real samples, highlighting the fact that although IAs are

currently quite widely employed in environmental, forensic, and food-exposure studies [18–24],

introduction and implementation of sol-gel based IAs to these fields is somewhat slow and lags

behind that in the pharmaceutical and biomedical fields. This is very well reflected in view of the

fact that, out of all the sol–gel IAs that have been developed, only two (the above study and the

POC-IA on TNT [25]) are for environmental diagnostics. One possible explanation may lie in the

need to develop Abs to diverse and sometimes lipophylic analytes that is not always a straightfor-

ward matter and to monitor diverse and complex matrices such as sediments, fatty foods, and crude

acetonic extracts of fruits and vegetables, etc. that are much more complicated than body fluids.

A flow-injection IA was also introduced by Yang et al. [33] who used anti-gentamicin in a

silicon sol–gel based matrix that contained PEG in the form of a slurry column. The IA was based

on the competition between gentamicin and fluorescence-labeled gentamicin that competed for the
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entrapped Ab. The method was found to be efficient, the columns could be reused many times, non-

specific binding was low, and it was possible to determine analytes in patients’ serum in amounts

close to those obtained with the commonly used IAs. A further verification of sol–gel entrapped

anti-gentamicin Abs was presented by the same group [30] where the Abs were entrapped in

magnetite-containing spherical nanoparticles and were used in a magnetic-separation IA system.

The mechanically stable particles that are nanometer in size and magnetically separable were tested

for their ability to bind fluorescent gentamicin in solution. The data revealed that the entrapped Abs

retained their ability to bind gentamicin and that the magnetite-based IA was quantitative and

behaved in a manner similar to that of IAs that used Abs in solution. The assay was also employed

to analyze the recovery of spiked serum samples, and the method showed satisfactory recovery and

reproducibility, thus indicating the high potential for the use of magnetite-containing spherical

silica nanoparticles as improved biosensor devices in a micro-scale fluid system or in vivo for

biomedical monitoring (e.g., drug release, drug metabolism, intake, etc.).

A very interesting application of the sol–gel method was reported by Grant and Glass [31] who

entrapped fluorescent anti-D dimer Abs (a fibrin product resulting from the degradation of fibrin

clots) at the tip of an optical fiber and used the device for monitoring the D-dimer analyte in spiked

human plasma and whole blood. The study demonstrated the feasibility of application of the

method in spiked PBS, human plasma, and whole blood. The sensor showed clinically relevant

sensitivity, low leachability, some regenerability, and stability for about a month. Although several

features (such as lifetime and regenerability) still need to be improved, the method offers an

intriguing diagnostic application in monitoring thrombolysis in stroke patients undergoing throm-

bolytic therapy and the possibility of additional new intracatheter applications.

The sol–gel method was also used for the development of IAs and immunosensors where the

Abs were not encapsulated in the matrix itself but rather adsorbed or covalently bound to the solid-

phase surface. Although this topic is beyond the scope of this review, a few examples are listed. In

two studies [43,44], the sol–gel method was employed to form a novel potentiometric immuno-

sensor that comprised a two-dimensional sol–gel layer onto which nanoparticles and Abs (anti-

diphtheria and anti-cortical hormone Abs) were adsorbed. In another study [45], a continuous-flow

displacement immunosensor was formed from anti-RDX (hexahydro-1,3,5-trinitro-1,3,5-triazine)

Abs covalently immobilized on TEOS. In other studies, a hybrid inorganic–organic composite

based on polyvinyl alcohol and polysiloxane was used to covalently immobilize Ags obtained

from the bacterium Yersinia pestis [46] and anti-2,4-D monoclonal Abs (MAbs) adsorbed via

anti-mouse IgG onto a sol–gel treated glass capillary surface was used in a competitive chemi-

luminescent reaction to develop a highly sensitive IA for the detection of the herbicide [47].

15.2.2.2 Sol–Gel Entrapped Ag Immunoassays (Ag Format)

The first study on the development of an IA of the Ag format was reported by Livage et al. in 1996

[16,38] (Table 15.2). An Echinococcus granulosus cyst fluid Ag was entrapped in a sol–gel matrix,

cast in a 96-well microplate, and used for the detection of anti-Echinococcus granulosusAbs in sera

of infected patients. The study proved the ability of the assay to detect relatively large molecules

(Abs) with a sensitivity that did not significantly differ from that of the classical ELISA.

In another study [16], whole protozoa cells (Leishmania) were entrapped in a sol–gel matrix in

a microplate format and were used to detect Leishamnia Abs in infected patients. The study

revealed that the entrapment of whole-cell organisms within sol–gel matrices did not destroy

their cellular organization and that the gelation process could be controled to ensure that the

pores were large enough to accommodate a whole cell and to allow diffusion of large molecules

such as IgGs in a manner that enabled detection of Abs in infected human patients.

A similar study was performed by Coelho et al. [37] with a Toxocara canis Ag entrapped in a

hybrid sol–gel composite consisting of TEOS and polyvinyl alcohol (that enabled the Ag to be

retained more strongly in the matrix by its covalent binding via glutaraldehyde). Detection of
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Toxocara canis Abs in unknown samples was determined with a secondary anti-human IgG conju-

gated to HRP by means of a chromogenic substrate. The study revealed that the assay could detect

Abs in infected patients and that the sensitivity of the assay was significantly better than that of

conventional ELISA.

The first report on the formation of a disposable thick-film electrochemical immunosensor

based on sol–gel technology was published by Wang et al. in 1998 [40]. The group entrapped an

Ag (rabbit IgG) that competed with an analyte in solution for binding of Abs (anti-rabbit IgG)

conjugated to a reporting enzyme. The study demonstrated that the Abs could readily access the

embedded Ag despite the thick gel film, the immobilized Ag could still be recognized by the Ab, the

sol–gel based immunoelectrode could be used in a competitive assay to detect Abs in solution, and

the measurement range and detection limits of these electrodes compared favorably with those of

other electrochemical immunosensors and of ELISAs.

Another example of a thick-film electrochemical electrode where the Ag was entrapped in a

sol–gel matrix is described by Du et al. [41]. An electrochemical graphite electrode was developed,

onto which a carbohydrate Ag (CA) 19-9 (a carbohydrate tumor marker) was immobilized with

titanium sol–gel membranes. Detection of CA19-9 in unknown samples was determined on the

basis of competition between the free and the entrapped Ags on an HRP-labeled CA19-9 Ab present

in the sample solution. The immunosensor demonstrated good accuracy and acceptable selectivity,

sensitivity, reproducibility, storage stability, and precision.

Another example of an electrochemical electrode is described by Zhong and Liu [42]. An

electrochemical biosensor based on sol–gel was used to entrap an Ag of a human parasite, Schis-

tosoma japonicum, for the detection of anti-Schistosoma japonicum Abs. Detection of Abs in

unknown samples was determined on the basis of competition between an HRP-labeled anti-

Schistosoma japonicum Ab and the Ab present in the sample solution. As in the entrapped Ab

IA, the sensor exhibited excellent physical and electrochemical stability with a renewable external

surface, low background, a wide range of working potentials, and a relatively long lifetime. The

method also proved successful in providing a useful sensing device for directly monitoring the

concentration of Schistosoma japonicum Abs in serum samples.

Sol–gel entrapped peptides were also used to make peptide arrays for highly sensitive and

specific Ab-binding, high-throughput screening (HTS) IAs. Currently, the miniaturization of bio-

logical assays is gaining a lot of attention for advances in biological and medical research. The

design of miniaturized devices for highly sensitive, specific, and simultaneous detection of multiple

Abs from complex biological samples is of high importance. Over the past decade, the trends

toward the development of miniaturized HTS assays have generated a great deal of interest in

the scientific community. Microarrays have been employed for a variety of applications, especially

in genomic studies, but their application to diagnostics has not yet been fully explored. In a study by

Melnyk et al. [39], two hepatitis C virus (HCV)-derived peptides and an Epstein-Barr virus (EBV)-

derived peptide were printed on a semicarbazide sol–gel layer for the detection of HCV and EBV

Abs in human sera, and the amount of serum Ab was determined with a fluorescent secondary

anti-human Ab. The assay displayed very high sensitivities and specificities for Abs directed

toward several peptidic epitopes; it enabled detection in very small blood samples from infected

individuals, and a comparison with standard ELISA demonstrated large gains in sensitivity

and specificity.

15.2.3 IMMUNOAFFINITY CHROMATOGRAPHY—GENERAL ASPECTS

Immunoaffinity chromatography is one of the most powerful techniques for single-step isolation

and purification of individual compounds or classes of compounds from liquid matrices. IAC is

based on the highly selective interaction between Abs and their Ags. Because of the high affinity

and high selectivity of the Ag–Ab interaction, the method provides a high degree of molecular

selectivity. IAC involves three steps: (a) preparation of the Ab matrix, followed by packing the
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sorbent as a column where the adsorption/desorption chromatography will be carried out; (b)

binding the Ag to the Ab matrix; and (c) elution of the Ag. In the first step, Abs are immobilized

onto a solid-phase matrix. After the preparation of the Abs-containing matrix, the Ag is bound

and the contaminating macromolecules are removed by washing. In the last step, the Ab–Ag

interaction is dissociated, and the Ag is released into the eluate. IAC can be performed off-line

or on-line, and it can be coupled to a wide variety of separation techniques and analytical methods

such as liquid chromatography (LC), gas chromatography (GC), and immunochemical analysis

(e.g., ELISA).

IAC has been widely applied for over four decades for pharmaceutical and biomedical trace

analysis and, in the more recent decades, for analysis of environmental contaminants and pesticide

residues in occupational and environmental health monitoring, in forensic examinations, and in

food safety analysis. The varied and complex matrices that serve as sources for analyte monitoring,

the low concentrations of the analytes within the matrix, and the presence of compounds that

interfere with the analytical method raised the need for a highly specific, quick, and cost-effective

method of clean-up and concentration of the tested materials. This, together with the intensive

research in the area of SPE that has led to the development of new formats and new sorbents and the

drastic decrease in the use of traditional liquid–liquid extractions because of restrictions on some of

the solvents (e.g., chlorinated organic compounds), has resulted in the emergence of IAC as a

preferred method in trace analysis. To date, IAC has been successfully utilized for monitoring

pesticides and other trace organics in environmental and food samples as well as for detecting drug

metabolites and endogenous compounds in biological fluids in occupational exposure and

clinical trials. Interestingly, the applications where the high potential of IAC for class-selective

extractions, has been clearly shown, belong to the environmental field of analysis (see below item

Section 15.2.4.1). The basic principles of IAC approaches, the new developments in this field, and

their applications in clinical and environmental analysis have recently been reviewed in detail

[21,22,48–51].

Successful employment of IAC requires special supports for immobilization of Abs. The

supports must be (a) porous—to allow Ag penetration and to provide high-capacity support; (b)

chemically and biologically inert—to minimize non-specific adsorption; (c) stable—to allow the

use of denaturing reagents in the elution process; and (d) easily activated. To date, the usual

approach to the production of bioaffinity chromatography devices has been based on covalent or

affinity coupling of Abs (via streptavidin, protein A, or protein G) to solid supports, and the supports

traditionally used in IAC include agarose, silica, cellulose, and synthetic polymers. This approach

suffers from limitations such as loss of Ab activity upon coupling (because of poor control over

protein orientation and conformation), low surface loading, potentially low mechanical stability

(that prevents the on-line coupling of IAC columns with separation methods), difficulties in the

loading of beads into narrow columns, difficulties in miniaturizing to very narrow columns, poor

flexibility with certain proteins, long preparation time, low regenerability, and—most impor-

tantly—high cost. The recent advances in the development of monolithic columns have not been

widely adapted to IAC as the method involves harsh chemical processes that are not compatible

with biomolecules. The successful application of the sol–gel doping methodology to a wide variety

of biomolecules, the ability to tailor the porosity of the sol–gel matrix, as well as all of the other

above-mentioned long list of potential advantages of the sol–gel technique have stimulated the

extension of the sol–gel studies to IAC applications for clinical, environmental, forensic, and food

safety residue monitoring. A summary of the sol–gel based IAC applications of the past decade is

presented below and in Table 15.3.

15.2.4 SOL–GEL BASED IMMUNOAFFINITY CHROMATOGRAPHY

Although entrapment of Abs in sol–gels has been widely studied (see above), only a few IAC

applications (less than 20) have been reported in the literature, and even fewer studies have been
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reported that describe the use of sol–gel based IAC for group-selective enrichment and recovery of

small analytes from real samples (Table 15.3). As with sol–gel based IAs, some of the studies were

designed as IAC-POC experiments, i.e., studies where the ability to use sol–gel entrapped Abs for

IAC has been proven by using standard analytes [52–60]; other studies [61–69] employed the

devices for clean-up and concentration of real samples. Most of the IAC experiments differed

from those of the sol–gel based IAs described above by being focused on environmental analytes;

only two [61,67] were concerned with compounds of clinical interest.

Several approaches have been used so far in the development of sol–gel based IAC devices.

Most of the studies used crushed Ab-doped silica monoliths that were loaded into a column in the

form of a slurry. Only one study [61] used a different format where glass fibers covered with

Ab-doped sol–gel, as a support, were used for the affinity separation. Almost all studies used

silica based composites (TEOS or TMOS) with or without PEG or glycine as the entrapping

matrix; one study [61] used a mixture of TMOS, PEG, 3-aminopropyl trimethoxysilane, and

polyvinylpyrrolidone (PVP). Almost all the columns were used as off-line devices. Only one

study [64] used a slurry IAC column coupled to on-line HPLC via a reverse-phase pre-column.

Eluted analytes from the on-line and off-line columns were monitored by ELISA, HPLC, or GC.

A general scheme of a sol–gel based IAC process is depicted in Figure 15.3.

The development of a sol–gel based robust analytical device for IAC relies on having the

entrapped Ab mimic or even be enhanced relative to its behavior in solution (with respect to its

activity or stability to denaturation). In order to achieve this goal, it is important to optimize

entrapping conditions, check binding, capacity and, most important, to compare the activity of

the entrapped Abs with those in solution and with other IAC methods. These topics were indeed the

main objective of most of the IAC-POC studies as indicated below. A quick overview of the main

issues that were addressed by these studies reveals that they focused on: (a) optimization of gel

formats and additives (wet gel, xerogels, presence of PEG, etc.) and mechanical stability of gel; (b)

Crushed
wet gel

Sample
application &

washing Elution

Unbound
material

Bound
analyte

ELISA
HPLC

ELISA
HPLC

GC
MS

Doped
wet gel

FIGURE 15.3 General scheme of sol–gel based IAC process. ELISA: Enzyme linked immunosorbent assay;

GC: Gas chromatography; HPLC: High pressure liquid chromatography; MS: Mass spectrometry.
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proof of binding; (c) optimal loading conditions; (d) non-specific binding and effect of surfactants

on its reduction; (e) binding capacity; (f) cross reactivity/specificity (mainly in comparison with

ELISA); (g) tolerance of entrapped Abs toward organic solvents; (h) elution conditions; (i)

recovery; (j) leaching; (k) stability during storage and aging; (l) reproducibility; (m) reusability;

and (n) comparison with other IAC methods and SPE. The applied studies extended their focus

beyond the above and examined the ability of the IAC columns to clean up and concentrate analytes

from complex food, environmental, and clinical samples. All of the studies proved, without doubt,

that sol–gel entrapped Abs could serve as highly efficient, reproducible, stable, and reusable IAC

devices as detailed below.

15.2.4.1 Sol–Gel Immunoaffinity Chromatography for Environmental, Forensic,
and Occupational Monitoring

The first use of sol–gel entrapped Abs for IAC purposes was reported over a decade ago in 1994 by

the group of Altstein et al. [52,58] who entrapped anti-dinitrobenzene (DNB) IgGs in a TMOS

based sol–gel matrix. The study revealed that the entrapped Abs, in the form of a slurry column,

retain their ability to bind analytes from solution. That study was followed by entrapment of anti-

DNB antiserum in a TMOS/PEG sol–gel matrix [58], entrapment of anti-atrazine monoclonal Abs

(MAbs) [54,57], and later of anti-trinitrotoluene (TNT) MAbs [59] and anti-pyrethroid MAbs [69]

with the latter study focusing on employment of the sol–gel columns for IAC of the pyrethroid

bioallethrin from food (crude acetonic extracts of tomatoes, cucumbers, and strawberries). Regard-

less of the entrapped Ab or tested analyte, the above studies revealed that the hydrophilic wet gel (in

the form of a slurry column) with a TMOS:aqueous ratio of 1:8, enriched with 10% PEG, was the

preferred working format, the entrapped Abs retained their ability to bind analytes from solution in

a dose-dependent manner within a time frame that did not greatly differ from that in solution, the

analytes could be eluted at high recoveries (86%–100%) with either organic solvents (ethanol,

acetone, acetonitrile) or highly basic or acidic buffers, and the analytes did not adhere non-speci-

fically to the matrix. The studies also revealed that the Abs did not leach from the column even

under extreme elution conditions, the column could be stored for several months without losing

activity, and the assays were highly reproducible. The assays were equally effective with either

polyclonal Abs (PAbs) or protein A-purified IgGs (that eliminated the need to purify IgGs from the

whole antiserum), and they could be carried out with PAbs, MAbs, or even hybridoma culture fluid

(without the need to purify the MAbs from the tissue culture medium). Interestingly, the sol–gel

IAC columns exhibited binding capacities that were either significantly higher than or equal to

those obtained with protein A-agarose coupled Abs.

Almost in parallel to the above studies, Zhulke et al. [53] reported in 1995 the successful entrap-

ment of anti-1-nitropyrene Abs in a TMOS-based sol–gel matrix. The study addressed similar

questions to those listed above and further proved the feasibility of the concept, namely, that

sol–gel entrapped Abs could serve as successful IAC devices. Zhulke’s study was followed by

additional reports from the same group who examined the properties of sol–gel entrapped anti-pyrene

Abs [55,56]. These studies revealed, once again, that entrapped Abs bound analytes, that the Abs did

not leach from the matrix, the columns could be regenerated and reused, aging did not affect the

binding properties, and the method was highly efficient and yielded excellent analyte recoveries.

Unlike the analytes that were tested byAltstein et al. (e.g., [57,59]) that did not adsorb non-specifically

to the matrix, members of the polycyclic aromatic hydrocarbons (e.g., pyrene and related compounds

[56]) did adsorb to thematrix and non-specific binding to the columns slowly increased during storage.

A variety of approaches (e.g., modification of the sol–gel composite with PEG, addition of nonionic

surfactants, or combination of a high-molecular-weight blocking agent with a surfactant) were found

to markedly reduce non-specific adsorption and reduce cross reactivity [56].

From the late 1990s, the POC-IAC reports showed increasing attention to applied studies where

the method was employed for monitoring real environmental, occupational, and food samples.
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Several such reports were published, most of them from the group of Niessner and coworkers [62–

66,68]. Application of the sol–gel based IAC method for recovery of analytes from real samples

included entrapment of the following Abs: (a) anti-s-triazine for detection of triazine herbicides in

water and soil samples [66]; (b) anti-1-nitropyrene for detection of the analyte from herb samples

[63]; (c) anti-bisphenol A for clean-up of the analyte from canned beverages, fruits, and vegetables

[68]; and (d) anti-pyrene for detection of polycyclic aromatic hydrocarbons (e.g., pyrene) and their

metabolites in spiked and real urine [65], river water [64], and rain water [62] samples. The study

described by Scharnweber, et al. [62] employed a device that was used outdoors and was intended

to calculate the penetration of chemical compounds deposited from the atmosphere into the soil.

Beyond the successful application of monitoring analytes from real samples, the study demon-

strated the ability of the IAC device to withstand the harsh conditions that are met outdoors in

on-site field experiments. All of the above studies revealed that the columns could effectively

cleanup analytes from complex, spiked samples, and they could significantly reduce the matrix

interference that could affect downstream chemical or immunochemical analyses.

Although most of the above studies confirmed what had already been reported and proven with

regard to the successful entrapment of Abs in sol–gel matrices, several of them revealed drawbacks

and problems with the method. For example, in the study of Braunrath and Cichna [68], the cross-

reactivity pattern of the IAC columns was significantly higher than that obtained in ELISA. In

another study [70], a few compounds that could be detected by Abs in solution could not interact

with the sol–gel entrapped Abs. Furthermore, in a study by Cichna et al. [64], it was shown that the

selectivity of the sol–gel IAC column was comparable with that of a conventional reverse-phase

(RP-8) column, i.e., the sol–gel IAC approach did not show any advantage over the RP-8. In most

cases, however, sol–gel IAC resulted in higher analyte recovery compared with that obtained with

other SPE methods (e.g., [65–67]). Also, in some studies, the IAC column did not remove all

interfering matrix components. This was obvious, especially when the samples were monitored by

standard chemical analytical methods (rather than ELISA or electrochemical methods), and there

was a need for further optimization of the purification procedure [63]. In some studies, the binding

capacity of the entrapped Ab was lower than that obtained in solution (e.g., [66]), but in most cases,

it was high enough to retain the analyte on the IAC support for further analysis.

15.2.4.2 Sol–Gel-Based Immunoaffinity Chromatography for Clinical Monitoring

Although immunological assays and IAC have been in regular use for many years in pharma-

ceutical, biomedical, and clinical research, sol–gel based IAC has not been widely implemented,

and the method has been employed in only two cases: for monitoring morphine and its phase II

metabolites in blood samples taken from heroin victims and heroin consumers [67] and for moni-

toring anti-tumor IgGs from patient sera [61]. In the first study, anti-morphine, anti-morphine-3-b-
D-glucuronide (M3G), and anti-morphine-6-b-D-glucuronide (M6G) Abs were entrapped in TMOS
and were used in combination with laser-induced fluorescence coupled to HPLC to monitor the

above compounds in blood samples. The method enabled the detection of low analyte concen-

trations, and it could be applied without interference to complex matrices such as post-mortem

blood samples.

The second study, by Zusman and Zusman [61], introduced a new IAC format, i.e., gel

fiberglass membranes. The membranes were comprised of glass fibers covered with oxysilane to

provide a sol–gel-glass matrix. A thin-layer of Abs trapped in the gel glass during its preparation

was deposited on the surface of a glass lattice to form a sol–gel membrane with the entrapped Abs.

The gel-fiberglass (GFG) membranes were used to form GFG columns that were assembled from

a series of 20–30 membranes. The columns, containing anti-tumor IgGs, were used to isolate a

variety of proteins. The IAC application involved the isolation of tumor-associated Ags from sera

of cancer patients. As in all other cases, the sol–gel entrapped Abs were very stable and could be

stored for several months at room temperature, and the columns were found to be highly effective in
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enabling the isolation of large quantities of proteins, mainly as a result of the large active area of

the membranes.

15.3 FUTURE PROSPECTS AND CONCLUDING REMARKS

As described above, sol–gel derived biocomposites offer a series of significant advantages over

other immobilization matrices or methods for the development of advanced analytical devices.

Sol–gel derived materials can be based on a wide range of compositions and can be used to entrap a

large number of different biomolecules. No other immobilization method provides such a generic

and flexible approach where both the nature of the matrix and its interactions with the entrapped

molecule can be so well controlled. The physical and chemical properties of the sol–gel, its

amenability to modifications of the properties of the composite, the high biomolecule content

that can be loaded onto the gel, and the improved properties of the entrapped biomolecules (e.g.,

high stability) present a unique combination with an immense application potential. The ability to

use sol–gel biocomposites for the applications discussed above has emerged from a huge number of

studies in this field, most of which were performed in the past 10–15 years. Overall, these studied

have yielded useful insights into the fundamental factors that control the behavior of entrapped

biomolecules and have thereby provided guidance in the development of improved materials and

processing methods that enable the activity of entrapped Abs to be maintained for the above-

mentioned applications.

Although sol–gel derived biocomposites have been shown to be useful in many analytical

applications, some issues are still unresolved and need to be further studied. For example, material

properties still need to be improved to reduce cracking, age-linked shrinkage, pore collapse, and

phase separation. There is still ample space for significant improvement in the physical and

chemical parameters of precursors and reaction conditions (e.g., nature of precursors and of addi-

tives hydrolysis ratio, nature and presence of solvents, condensation kinetics, etc.), and there is a

need to improve organic–inorganic composite materials to gain a better bioactivity of the entrapped

molecules. There is a need for better understanding of the protein (or any other entrapped

molecule)-silica and analyte-silica interactions (caused by electrostatic, hydrogen, or hydrophobic

interactions). Studies clearly indicate that polymer-protein interactions can be used advantageously

to maximize the stability and function of some proteins. However, at present, there is very limited

information available on the mechanisms by which other proteins may be stabilized. Studies along

these lines should be extended, aiming at the improvement of bioactivity and stability of the

entrapped molecules. Such interactions are also disadvantageous because they cause analytes to

adsorb non-specifically to the matrix. The nature of such interactions should be further studied in

order to find simple ways to minimize or overcome the problem. Furthermore, there is still a need to

be able to optimize the physical properties of entrapped sol–gels (with respect to size, shape, pore

size, etc.) so as to achieve better performance (e.g., faster diffusion of analyte) without losing

activity, especially in the case of on-line biosensors. In addition, it is necessary to find ways to

scale up the entrapment process and, most important, to find entrapment conditions under which the

biomolecules will be compatible with prolonged use.

Some aspects of these needs are currently being addressed. Measures being examined to

improve the bioactivity of entrapped molecules include changes in the physical and chemical

parameters of precursors and reaction conditions (e.g., the nature of the precursor and of additives,

hydrolysis ratio, the presence or absence of various solvents, condensation kinetics, etc.) and the

use of different combinations of these factors and an introduction of improved organic–inorganic

composites. Development of novel advanced materials is also underway. Adoption of combina-

torial approaches in combination with high-throughput material characterization may enable the

discovery of optimal biocomposites in a rapid screening process to select the most suitable matrices

for a given application. Integration of molecular imprinting methods, controlled pore architectures,
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micro fabrication, nanotechnology and other novel methods (for review see [4]) may also lead to

the development of new sol–gel based tools applicable for IAC, immunosensing, and a wide variety

of other applications.

In the current review, we focused on two applications of sol–gel entrapped biomolecules: solid

phase IAs and IAC. The entrapment of Abs in a sol–gel matrix in a simple one-step procedure that

maintains their binding capacity, enhances their stability, enables dissociation of the analyte from

the Ab at high recoveries, and allows no leaching, offers many advantages and opens the way for the

development of highly selective biosensors/immunosensors for applications in immunochemical

detection methods and in IAC. It is envisioned that the next decade will see much faster progress in

sol–gel applications in the above and many other fields of research, and this will lead to the

emergence of new and improved devices that will integrate the above-mentioned new approaches

and will help to facilitate simple, highly reproducible, environmentally friendly, and cost-effective

environmental, forensic, agricultural, and clinical monitoring.
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16.1 INTRODUCTION

Modern society releases numerous man-made chemicals into the environment every day. The

emissions, from agriculture, industry, and municipalities, end up in the air, soil, surface, and

ground water. Streams and rivers transport herbicides, insecticides, fungicides, halogenated

aromatic hydrocarbons, and other trace contaminants into the oceans and large lakes where

they cause widespread environmental damage and possible public health problems. Humans

are usually exposed to pollutants by consuming contaminated water [1], but they can ingest

them at any point in the food chain. Regulatory agencies have created guidelines to minimize

public exposure to harmful pollutants and to protect public health [2,3]. The European Union

Drinking Water Directive regulates the maximum admissible concentration of pesticides to
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0.1 mg/L (0.1 ppb) for an individual pesticide and 0.5 mg/L (0.5 ppb) for total pesticides [4]. The

maximum allowed concentration of any member for the s-triazine class of pesticides in drinking

water is 3 mg/L in the United States [5]. A result of these low limits is that sensitive analytical

methods are required to routinely monitor pollutant levels in the environment. Immunoassays

(IAs) are one of the more promising techniques for sensitively and inexpensively monitoring

pollutants in the environment. Some environmental IA kits are commercially available products

such as Millipore and Ohmicron [6,7].

The electrochemical immunoassays (ECIAs) that depend upon voltammetric or amperometric

detection have an important place among modern analytical methods in such areas as clinical

analysis, process analysis, agriculture, and food control [8]. However, the full potential and wide

use of environmental ECIAs has not yet been realized. Most applications of ECIA have come from

research laboratories [6] because the difficulty and high initial cost of developing a new, widely

accepted IA has impeded the use of IAs in environmental laboratories. However, once developed,

many IA formats permit the simultaneous analysis of multiple samples that improve efficiency and

make the assays relatively fast and cost-effective. In the past, the limited availability of antibodies

(Abs), mainly produced by university and corporate laboratories, to common pollutants has slowed

the development of IAs for environmental applications. The production of Abs against low

molecular weight analytes of environmental interest with molecular weights below 1000 g/mol

is more challenging and often requires coupling the analyte to a carrier protein via a spacer

molecule before an immune response is provoked in the host animal [9]. More recently, several

manufacturers of agrochemicals have started producing Abs to their products in case of chemical

pollution [6,7].

The advantages of IAs such as high specificity, small required sample volumes, high sample

throughput with simultaneous analysis of multiple samples, reduced sample preparation, reduction

in the use of chemicals and production of waste, and ease of automation, far outweigh their

limitations, making the IAs an attractive alternative to the more conventional analytical methods

like gas chromatography (GC) and liquid chromatography (LC) [8]. IAs and biosensors are rela-

tively easy to use once fully developed and optimized, and the overall cost of analysis is reduced by

a decrease in waste disposal, chemical use, expensive instruments, and maintenance. Environ-

mental IAs are well suited to mapping out contaminated sites and for on-site monitoring [9], and

they can be used as a rapid, qualitative screening technique to complement other analytical methods

in environmental laboratories [6]. IAs can be used to rapidly determine the absence of a certain

analyte on-site, helping to reduce the number of environmental samples that require more detailed

analysis in a laboratory. For example, enzyme-linked immunosorbent assay (ELISA) IA kits have

been used to complement the analysis by high performance liquid chromatography (HPLC) of

imazapyr and triclopyr herbicides in water samples from forest watersheds [10]. Water, perhaps the

most common environmental sample matrix, is well suited to analysis by IA [11,12]. On-site

sample screening decreases the time between sampling and measurement results for harmful

analytes and, therefore, enables faster decision making about the future actions to be taken.

The four key factors involved in the design of a sensitive IA are the format of the assay, the type

of label used, the method of detection, and the minimization of nonspecific binding (NSB) [13]. The

key limitation that must be overcome is the NSB of the label to surfaces, which significantly erodes

the sensitivity of the IA. NSB blockers such as the nonionic surfactant Tween 20 and proteins such

as bovine serum albumin (BSA), gelatin, or casein are commonly used to minimize NSB, but

tailored surfaces, chemically designed and constructed to minimize NSB, are being explored.

This chapter focuses on the applications of ECIA in environmental monitoring. In addition to

traditional IAs, immunosensors with Ab or antigen (Ag) directly immobilized at the electrode

surface seem promising for on-site environmental analysis. A competitive IA for the widely

used pesticide 2,4-dichlorophenoxyacetic acid (2,4-D) in a bienzyme substrate-recycling biosensor

will be described [14]. A sensitive electrochemical IA for the determination of a common herbicide,

atrazine, will be used as an example of the application of the capillary enzyme IA with
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electrochemical detection to water monitoring [12]. A separation-free bienzyme IA with ampero-

metric detection has been developed to measure the herbicide chlorsulfuron [15]. The successful

application of electrochemical immunosensors to the detection of polycyclic aromatic hydrocar-

bons (PAHs) will also be described [9,16,17,18].

16.2 ENZYME IMMUNOASSAYS

Enzyme immunoassays (EIAs) were first introduced by Engvall and Perlmann [19] and van

Weeman and Schuurs [20] as an alternative to radioimmunoassays (RIAs) in 1971. EIAs

measure the activity of the enzyme label in generating an electroactive product rather than the

radioactive label used in RIA. EIAs are safer than RIAs, though their sensitivity and cost are often

comparable [21,22]. Enzymes can be highly selective for their given substrate and provide a large

signal amplification as a result of a high turn-over rate that allows the detection of very low

concentrations of the analyte. However, the activity of the enzyme labels is affected by reaction

conditions that have to be controlled during the detection step [23].

The most commonly used enzyme labels in EIAs are alkaline phosphatase (ALP), b-galacto-
sidase (b-Gal), horseradish peroxidase (HRP), and glucose oxidase (GOx) [8,23–26]. GOx has a
lower activity than the other enzyme labels and is typically used in amperometric IAs where the

product is directly detected [27,28].

There are two main EIA formats: homogeneous and heterogeneous [8,29,30,31]. Homo-

geneous assays that have no separation step benefit from speed and procedural simplicity, but

have poorer limits of detection. They are also more susceptible to interference by other species in

the sample than are RIAs or EIAs of other formats [22]. Heterogeneous assays include a physical

separation step to isolate the Ab–Ag complex from the unbound constituents, followed by a wash

step to remove any unbound materials. The separation step in a heterogeneous assay complicates

the procedure, but it enables a substantially better limit of detection. Homogeneous and hetero-

geneous EIAs can be done competitively or noncompetitively. Competitive heterogeneous and

sandwich EIAs are often referred to as ELISA because the Ab or the Ag is immobilized on a

solid surface.

16.3 ELECTROCHEMICAL DETECTION

Electrochemistry is a surface technique that offers certain advantages for detection in IAs. There-

fore, it is not strongly dependent on the reaction volume, and very small volumes can be used for

detection. Electrochemical detection can be used to achieve low detection limits with little or no

sample preparation, and atto- and zeptomole-detecting ECIAs have been constructed [14,32]. In

homogeneous assays that have no separation step to isolate the Ab–Ag complex from the unbound

assay constituents, electrochemical detection is not affected by sample components such as

chromophores, fluorophores, and particles that often interfere with spectroscopic detection. There-

fore, electrochemical measurements can be made on colored or turbid samples such as whole blood

without interference from fat globules, red blood cells, hemoglobin, and bilirubin [33,34]. The

nonspecific oxidation or reduction of other compounds that may be in the sample can usually be

prevented by carefully selecting the potential for the detection step.

A typical electrochemical detection cell consists of a working electrode made of solid, conduc-

tive materials such as platinum, gold, or carbon; a reference electrode made of silver, coated with a

layer of silver chloride (Ag/AgCl); and a platinum wire auxiliary electrode. These electrodes can

easily be miniaturized, so diameters on the order of micrometers are common, and nanometer sizes

have been demonstrated [35,36,37]. Very small sample volumes (on the order of microliters) are

required for detection with such small electrodes because of their small surface areas, which is a

significant advantage when the sample sizes are limited [25,38]. In contrast, most conventional

DK9421—CHAPTER 16—14/11/2006—11:15—NRAJARAM—15345—XML MODEL C – pp. 385–402

Electrochemical Immunoassays and Immunosensors 387



methods used to monitor chemical pollutants in the environment such as HPLC and GC require

several milliliters of the sample. Furthermore, electrochemical detectors and their required control

instrumentation can be easily miniaturized at a relatively low cost by micromachining, making

possible the manufacture of field-portable instruments for ECIA. Because the limiting current in

voltammetry is temperature-dependent, the detection cell should be maintained at a constant

temperature for analyzing calibrants and samples in order to obtain accurate and precise results [39].

Screen-printed electrodes (SPEs) have gained popularity as the working electrode in electro-

chemical biosensors and IAs because of their low cost and the ease and speed of mass production

using thick film technology. These advantages allow disposable SPEs to be used in immunochemi-

cal sensors [15,40,41,42].

Regenerating the sensing surface for a subsequent measurement in a biosensor is typically very

time-consuming and not reproducible [43]. This is a problem particularly in immunosensors where

dissociating an Ab–Ag complex is difficult because of the high affinity constant of the immuno-

complex. The regeneration conditions can also damage and release the immunoreagent bound to the

surface of the transducer [43].

Electrochemical immunosensors can be grouped into those with amperometric, potentiometric,

and conductiometric transducers. In amperometry, a fixed potential is applied to the sample and the

current, due to the resulting redox processes, is measured with time [44]. Voltammetry is like

amperometry except that the potential is scanned over a range as the current is measured. In

potentiometry, the potential is measured at zero current. Amperometric detection often yields the

lowest detection limit [31].

Various types of amperometric detection have been used with IAs [8,33]. Advantageously, the

fixed potential during amperometric detection results in a negligible charging current, minimizing

the background signal, and, in turn, affecting the limit of detection. In addition, hydrodynamic

amperometric techniques can provide significantly enhanced mass transport to the electrode surface

[44,45], for example, when the electrode moves with respect to the solution by rotating or vibrating

[46,47] or in flow conditions where the sample solution passes the stationary electrodes [12,45,48].

Electrochemical detection in flow conditions can be applied to environmental monitoring and

industrial processes more easily than steady-state batch systems because the flow conditions

allow easier solution changes in multi-step assay procedures, and they are ideal for

on-line monitoring.

16.4 ENZYME LABELS AND SUBSTRATES FOR ECIAS

The enzyme label chosen for the ECIA should have a high catalytic activity for the corresponding

substrate. The redox active product that is formed by the enzyme catalysis should have a low redox

potential to minimize interference from other components in the sample matrix, and the substrate

should be electroinactive at the measuring potential to keep the background signal low [49]. It is

not necessary to remove oxygen from the sample if the observed reaction is an oxidation occurring

between C200 and C900 mV [31]. The lower end of the range is more desirable because the

more positive values may result in solvent breakdown [31]. Several enzyme/substrate/product

combinations satisfy the above requirements and are used in ECIAs and immunosensors

(Table 16.1).

16.4.1 ALKALINE PHOSPHATASE (ALP)

ALP is a commonly used enzyme label that hydrolyzes orthophosphate from a wide variety of

phosphate esters under alkaline conditions [50] with an optimum activity around pH 10. ALP has a

high turnover number.
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16.4.1.1 Phenyl Phosphate

The substrate-product system used in early ECIA development was phenyl phosphate/phenol

[32,33,44]. Phenol is detected by oxidation at about C870 mV vs. Ag/AgCl, a potential where

the substrate is not oxidized. Although this system has been used successfully, detecting phenol has

three disadvantages. First, at concentrations of phenol above 40 mM, the oxidation product poly-
merizes at the electrode surface, fouling the electrode, so assay conditions must be carefully

controlled to limit phenol production [8,33]. Second, the high detection potential required for

phenol may compromise the detection limits for certain detection methods as a result of the high

background current. The noise in electrochemical detection typically increases with applied

potential. Finally, the chemical irreversibility prevents phenol detection with interdigitated array

electrodes for redox cycling. To circumvent these limitations, researchers have developed p-amino-

phenyl phosphate (PAPP)/p-aminophenol (PAP) as a substrate-product pair [25,46,51].

16.4.1.2 p-Aminophenyl Phosphate

ALP hydrolyses PAPP to an electrochemically active product, PAP, that can be oxidized at a low

potential of C290 mV vs. Ag/AgCl to p-quinone imine (PQI) [8,33] (Reaction 16.1). The

conversion of PAP to PQI is electrochemically reversible. However, PAPP is less stable than

other substrates such as p-aminophenyl-b-D-galactopyranoside, and PAP is susceptible to air

oxidation and is unstable at pH 10 in all commonly used buffer systems, reducing the sensitivity

of the assay under alkaline buffer conditions [52]. In addition, using ALP with PAPP inconveni-

ently requires two buffers for most IA types: a pH 7.4 assay buffer and pH 9.0 detection buffer for

high ALP activity. Finally, PAPP is only available from a few commercial sources and with

variable quality.

TABLE 16.1
Some Commonly Used Enzyme Labels and Substrates for Electrochemical Immunoassays

and Immunosensors

Enzyme Substrate Electroactive Product Oxidation Potentiala Reference

Alkaline phosphatase

(ALP)

Phenyl phosphate Phenol C870 mV with C paste [32, 33, 44]

Alkaline phosphatase

(ALP)

p-aminophenyl

phosphate (PAPP)

p-aminophenol (PAP) C290 mV with Au [8, 33, 52]

Alkaline phosphatase

(ALP)

a-naphthyl phosphate a-naphthol C400 mV with C based [53–55]

Alkaline phosphatase

(ALP)

Hydroquinone

diphosphate (HQDP)

Hydroquinone (HQ) C63 mV with C based [56]

C135 mV with Pt

C21 mV with Au

b-galactosidase (b-Gal) p-aminophenyl-b-D-

galactopyranoside

(PAPG)

p-aminophenol (PAP) C290 mV with Au RDE [49, 57]

Glucose oxidase (GOx) b-D-Glucose H2O2 C50 mV with C ink

SPE

[15]

RDE, rotating disk electrode; SPE, screen-printed electrode.

a All oxidation potentials are vs. Ag/AgCl reference electrode.
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16.4.1.3 a-Naphthyl Phosphate

ALP has been used as an enzyme label with a-naphthyl phosphate as the substrate. ALP catalyzes
the dephosphorylation of a-naphthyl phosphate producing a-naphthol that can be oxidized at
carbon-based electrodes (graphite-based SPEs and glassy carbon) atC400 mV vs. Ag/AgCl refer-

ence electrode [53,54,55]. The enzyme-substrate pair has been used in ECIAs combined with flow

injection analysis [53], chronoamperometry [54], and SPEs [55] (Reaction 16.2).

16.4.1.4 [[(4-Hydroxyphenyl)Amino]Carbonyl]Cobaltocenium Hexafluorophosphate

The phosphoric acid ester of [[(4-hydroxyphenyl)amino]carbonyl]cobaltocenium hexafluoropho-

sphate has also been used as the substrate for ALP in ECIAs [43]. The anionic substrate (SK) is

converted enzymatically into a cationic phenol derivative (PC) by hydrolysis at pH 9.0 near the

electrode surface [43]. The positively charged PC can be easily accumulated in a polyanionic

Nafion coating on a SPE and determined by cyclic voltammetry (Reaction 16.3).

16.4.1.5 Hydroquinone Diphosphate (HQDP)

HQDP is another recently published alternative substrate for ALP that does not produce electrode

fouling in ECIAs, even with repeated biosensor use [56]. HQDP also shows high hydrolytic

stability and produces significantly larger amperometric responses than a-naphthyl phosphate

O OH

OH

Electrode
at +290 mV
vs. Ag/AgCl

HN O + 2e− + 2H+

H2N H2N

H2N

O

P

PAPP PAP

PAP PQI

O−
ALP

O−

REACTION 16.1 Alkaline phosphatase (ALP) catalyzes the conversion of p-aminophenyl phosphate (PAPP)

to p-aminophenol (PAP) and phosphate (not shown). The catalytic conversion is followed by the oxidation of

PAP to p-quinone imine (PQI) at C290 mV at the working electrode.

O

P

O

O−−O

ALP

OH

Alpha-naphthyl phosphate Alpha-naphthol

REACTION 16.2 Alkaline phosphatase (ALP)-catalyzed cleavage of a-naphthyl phosphate to form

a-naphthol and phosphate (not shown).
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and phenyl phosphate with ECIA [56]. ALP hydrolyzes HQDP to hydroquinone (HQ) and two

phosphates. HQ undergoes reversible oxidation that involves a two-electron transfer and deproto-

nation to produce benzoquinone (BQ) (Reaction 16.4).

The optimal potential for the reversible oxidation of HQ is C63 mV when using carbon,

C135 mV with Pt, and C21 mV with a gold working electrode [56]. The oxidation potential of

HQ is so low that interference from the oxidation of biological non-target analytes such as

ascorbate is very unlikely. Cyclic voltammetry (CV) has shown that HQ does not passivate

electrodes in the neutral or alkaline solutions that are optimal for ALP. Furthermore, the ampero-

metric signal due to HQ oxidation can be amplified by recycling the quinone with GOx. The only

major limitation of using HQDP as a substrate for ALP is that HQDP cannot be purchased from

commercial sources. However, HQDP can be prepared from HQ in relatively few steps and in

high yield.

16.4.2 b-GALACTOSIDASE (b-GAL)

PAPG, p-aminophenyl-b-D-galactopyranoside, has been used as a substrate in ECIA [49]. The

enzyme, b-Gal, cleaves PAPG, yielding galactose and PAP, the same electrochemically active
product as with ALP and PAPP [57] (Reaction 16.5).

b-Gal works optimally at pH 7.0–7.25 [49] and is, therefore, more suitable for homogeneous

assays than ALP. Overall, PAPG is more stable than PAPP. For example, the amperometric

response of 5 mM PAPG did not change in four hours at pH 7 [49]. The product, PAP, is also

more stable at near neutral pH, and a less than 12% decrease in amperometric response was seen

after four hours when PAP was measured at pH 7 [49]. Finally, PAPG is commercially available

from several suppliers in the United States and is less expensive than PAPP.

Co+

NH

O O

OPO3
2−

S-

NH OH

P+

ALPPF6
−

Co+PF6
−

REACTION 16.3 Alkaline phosphatase (ALP)-hydrolyzed cleavage of a phosphate from anionic substrate

(SK) to form a cationic phenol derivative (PC) and phosphate (not shown).

OPO3
2-

OPO3
2-

HQDP

ALP

OH

OH

HQ

O

O

BQ

-2H+ -2e-

REACTION 16.4 Alkaline phosphatase (ALP)-hydrolyzed cleavage of two phosphates from hydroquinone

diphosphate (HQDP) to produce hydroquinone (HQ) and phosphate (not shown). HQ is oxidized to

benzoquinone (BQ).
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16.5 OVERCOMING NONSPECIFIC BINDING (NSB)

NSB involves the adsorption of conjugated enzyme or other labels used for IA to materials other

than the analyte. This phenomenon that increases the background signal is the major determinant of

the detection limit of the ECIA. However, NSB can be reduced with blockers such as a nonionic

surfactant, Tween 20, or protein blockers such as BSA. Other commonly used NSB blockers

include gelatin [58], casein [59], and proprietary products from Pierce, Molecular Probes, and

others. Much effort can be expended in minimizing NSB in IAs.

NSB has to be considered for the minimum detection limit of a non-competitive assay because

the enzyme-labeled reagent antibody (Ab*) is usually present in excess to drive the Ab*–Ag

binding reaction to completion. As the concentration of Ab* increases, the amount that is non-

specifically bound also increases. In the absence of analyte, this results in a signal that is determined

from a blank or zero dose analysis [8,13]. The blank signal generally determines the concentration

detection limit of an ECIA, and it is important to take steps to minimize it.

With plastic surfaces such as polystyrene, there is a charge-interaction component, but the

adsorption process is usually dominated by hydrophobic interactions [32]. The interactions are

entropically driven and are commonly physically blocked by surface treatments such as a mixture

of BSA and a detergent such as Tween 20 [60]. Sulfonate ion-pairing reagents can reduce NSB on

positively charged surfaces [13,32] and 0.05% Tween-20 and 1.0% BSA have been added to Tris

buffer to curb NSB with bead-based IAs [46,47]. The additives resulted in a 13-fold reduction in the

detection limit in ECIA compared to unblocked assays [60].

NSB blocking agents should be avoided in solutions that are in contact with the electrodes

because the blockers may adsorb onto the electrode surface, fouling it [61,62].

Polyethylene glycol (PEG) immobilized on glass surfaces and present in reaction buffers has

previously been shown to significantly reduce NSB [63]. Competition between the solution and

solid phases was used to reduce NSB of the enzyme label to surfaces. The immobilized PEG was

derivatized with adipic acid dihydrazide that then reacted with oxidized immunoglobulin G,

creating the immobilized primary Ab layer. The NSB decreased as the concentration of PEG

increased in the reaction buffer to 4% v/v, beyond which the NSB began to increase. More recently,

self-assembling monolayers of oligo(ethyleneglycol) [64–66] and dextran layers [67] have been

used to great effect in the prevention of NSB on sensor surfaces.

16.6 IMMUNOASSAYS AND BIOSENSORS FOR ENVIRONMENTAL

MONITORING

Representative examples of environmental applications are listed in Table 16.2 and discussed in the

following sections.

H2N H2NO

O
CH2OH

OH OH

OHPAPG PAP

β-Gal

HO

REACTION 16.5 b-galactosidase (b-gal)-catalyzed cleavage of p-aminophenyl-b-D-galactopyranoside
(PAPG) to form p-aminophenol (PAP) and galactose (not shown).
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16.6.1 2,4-DICHLOROPHENOXY ACETIC ACID

A commonly used chlorinated phenoxyacetic acid herbicide, 2,4-dichlorophenoxyacetic acid

(2,4-D), is typically detected in the environment by either HPLC or GC. The analyte has to be

derivatized prior to the GC detection step. This procedure requires large sample volumes and has

long analysis times per sample. The structure of 2,4-D is shown below.

Cl

Cl

OCH2COOH

2,4-D

A bienzyme substrate-recycling biosensor coupled to flow injection analysis (FIA) was

developed to detect 2,4-dichlorophenoxyacetic acid based on ECIA [14]. The low-cost IA detected

0.1–10 mg/L of 2,4-D. The amperometric biosensor consisted of Clark-type electrodes covered with
a poly(vinyl alcohol) membrane that co-entrapped tyrosinase and the quinoprotein glucose

dehydrogenase. Tyrosinase and glucose dehydrogenase convert catechol to o-quinone, and

o-quinone to catechol, respectively (Figure 16.1). ALP dephosphorylates phenyl phosphate to

phenol outside the flow cell, and the phenol is then oxidized in the sensor membrane inside the

flow system via catechol to o-quinone by tyrosinase. Oxygen consumption associated with the

tyrosinase reaction was monitored electrochemically, and the signal was amplified up to 350-fold as

a result of the continuous substrate cycling.

A competitive EIA format was chosen for this assay because the 2,4-D analyte is too small to

accommodate two antibodies simultaneously as required by the more sensitive sandwich IA. Small

analytes (less than 1000 Daltons or so) such as 2,4-D typically only have one binding site (antigenic

determinant) for the Ab. An IA using competitive binding is characterized by noncovalent, revers-

ible binding of the analyte (2,4-D) to an immobilized antibody (mouse monoclonal Ab against 2,4-

D) during incubation in a microtiter plate.

TABLE 16.2
Selected Environmental Applications of Electrochemical Immunoassays and Immunosensors

Analyte Label/Substrate Detection Scheme
Limit of Detection
and/or Range Reference

Aroclor 1260 (PCB) ALP/a-naphthyl

phosphate

SPE 0.01–10 mg/mL [55]

Atrazine ALP/PAPP Capillary-FIA–EC 0.10–10.0 mg/L [12]

Benzo[a]pyrene (BaP) Label free Capacitance

immunosensor

0.1–5 mM [17]

Chlorsulfuron HRP, GOx/glucose SPE 0.01–1 ng/mL [15]

2,4 Dichlorophenoxy-

acetic acid (2,4-D)

ALP/ PP Bi-enzymatic recycling

biosensor

0.001–1000 mg/L [14]

2,4 Dichlorophenoxy-

acetic acid (2,4-D)

ALP Nafion film coated SPE 0.01 mg/L, 1–100 mg [43]

Phenanthrene ALP/PAPP SPE 0.8 ng/mL, 5–45 ng/mL [16]

Polychlorinated

biphenyls (PCB)

HRP/ferrocene acetic

acid

FIA–EC 0.1 mg/mL,

0.1–50 mg/mL

[81]

ALP, alkaline phosphatase; FIA–EC, flow-injection analysis with electrochemical detection; GOx, glucose oxidase; HRP,

horseradish peroxidase; PAPP, p-aminophenyl phosphate; PP, phenyl phosphate; SPE, screen printed electrode.
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The analyte, 2,4-D, competes with the labeled analyte 2,4-D-ALP conjugate for a limited

number of Ab binding sites on the surface of wells in a microtiter plate.

The bienzyme substrate-recycling biosensor was operated in a flow injection analysis (FIA)

system, providing hydrodynamic conditions for detection. FIA involves injecting sample into a

mobile phase that carries the sample through the biosensor (convection is the main method of mass

transport) to the working electrode. FIA has advantages that include short detection times, simple

and inexpensive instrumentation, and the ability to analyze microliter sample volumes. However,

data acquisition is not continuous, but occurs at discrete time periods during the enzyme substrate

incubation step.

The biosensor had two enzyme membrane-covered Clark-type electrodes where the tyrosinase

and glucose dehydrogenase-containing enzyme membranes were sandwiched between a dialysis

membrane and a polypropylene membrane (Figure 16.1). Both modified electrodes were in

contact with a flow channel between them. The signal was measured at K600 mV vs. Ag/

AgCl by two potentiostats. As the amount of analyte increased, more oxygen was consumed

by the tyrosinase-catalyzed reaction in the biosensor membrane, and the electrode response

decreased.

Dequaire et al. have developed an immunomagnetic electrochemical sensor for 2,4-D based on

a Nafion film-coated SPE in a microwell that uses a competitive IA format [43]. A limited number

of anti-2,4-D Ab-coated magnetic beads were used as the capture surface for which 2,4-D and 2,4-D

labeled with ALP competed. The bead-bound ALP activity was electrochemically determined by

the amount of cationic product that accumulated in the polyanionic Nafion film during 30 min prior

to performing CV between 0 and 0.65 V vs. Ag/AgCl. The biosensor had a detection limit of

0.01 mg/L of 2,4-D. The sensor also worked with untreated river water samples from three locations

in central France spiked with 1 or 100 mg of 2,4-D. No significant matrix effects were observed in
the river water.

PhenolPhenyl
phosphate

Phenol

Tyrosinase

o-QuinoneCatechol

Glucose dehydrogenase

Glucose

O2 O2

Tyrosinase

Electrode
(measure O2 consumption)

Substrate
reaction

Alkaline
phosphatase

Clark-type biosensor

FIGURE 16.1 A bienzyme substrate-recycling biosensor coupled to flow injection analysis for 2,4-dichloro-

phenoxyacetic acid (2,4-D).
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16.6.2 ATRAZINE

Atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine) is a popular selective herbicide

in the triazine family, and is used to control broadleaf and grassy weeds in various crops, including

corn, sugarcane, pineapple, sorghum, and Christmas trees. It is one of the most commonly used

pesticides in the world and is often considered as an indicator of the level of pesticide pollution in

water systems. The molecular structure of atrazine is shown below:

N N

NCl NHCH2CH3

NHCH(CH3)2

The standard analytical techniques used by environmental laboratories for detecting atrazine in

soil and water samples are GC using nitrogen–phosphorus detectors [68] or GC-MS [69], HPLC

with UV-vis detection [70] or HPLC-MS [71], and capillary zone electrophoresis [72]. These

techniques usually require extensive pretreatment of the samples to achieve the required sensi-

tivities, and they must be performed by skilled technicians. They can also require long analysis

times and solvents that require disposal, increasing the operating costs. Therefore, ECIA and

electrochemical immunosensors can be portable, sensitive, and inexpensive alternatives to standard

laboratory analytical methods for detecting atrazine.

Some of the Abs against atrazine were found to cross-react with other triazine herbicides [73].

This is an advantage when samples are screened for the triazines as a class of herbicide. However,

cross-reactivity is a serious limitation in an IA where specificity for one analyte is required.

Goodrow et al. have produced more selective Abs against atrazine and other triazines, making

possible the specific identification and quantitation of these potential pollutants [74].

16.6.3 CHLORSULFURON

Chlorsulfuron (1-(2-chlorophenylsulfonyl)-3-(4-methoxy-6-methyl-1,3,5-triazin-2-yl)urea) is a

compound from the sulfonylurea class of herbicides that are widely used in agriculture. The

molecular structure of chlorsulfuron is shown below.

N

N

N

CH3

O

N
H

H3C

C
N
H

O

S

O

O

Cl

Chlorsulfuron

Clorsulfuron is usually detected off-site using GC or HPLC with appropriately prepared

samples. Combining IAs with electrochemical detection can provide a simple and relatively

rapid method for on-site chlorsulfuron determination.

Screen printing technology is versatile, and it can be used to produce electrodes containing

various types of modifiers, catalysts, ligands, and biological molecules that are included in the base

ink being deposited in a film of controlled pattern and thickness on an inert substrate. The electro-

chemical properties of the SPE can be adjusted by altering the ink formulation. SPEs have become

popular in IAs for herbicides because the label or receptor molecules can be coated on the working

electrode surface, thereby enhancing the catalytic signal produced by the reaction products [15].

Dzantiev et al. used SPEs containing HRP in the carbon ink of the working electrode as the

detector in a competitive IA with a GOx label to determine chlorsulfuron [15]. A nylon membrane
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with immobilized anti-chlorsulfuron Abs was clamped to the electrode using a spring-loaded clip.

Free chlorsulfuron in the sample and chlorsulfuron-GOx conjugates competed for available binding

sites on the membrane. Hydrogen peroxide was produced by the GOx-conjugate when glucose was

added. The hydrogen peroxide was reduced by the peroxidase, causing an electrical current change

at the electrode that was measured to determine chlorsulfuron in the sample. A potential of

C50 mV vs. Ag/AgCl was applied to the SPE during detection. Catalase was added to the buffered

glucose solution to scavenge H2O2 formed by any unbound chlorsulfuron-GOx conjugate, thereby

reducing the background and eliminating the need for a washing step. The nylon membranes where

the assay steps were performed were discarded after each measurement while using the same SPE

for all measurements. Reusing the electrode resulted in a high reproducibility for the measurements.

The clever assay design helped to overcome the inter-electrode variation in geometry and thickness

of the HRP-containing graphite layer that results in poor inter-electrode precision, a common

problem with SPEs.

The total assay time was only 15 minutes (using previously prepared membranes) with the

electrochemical measurements requiring less than 2 minutes [15]. The authors prepared a multi-

well holder for ten electrodes that decreased the total assay time because complete testing of ten

chlorsulfuron samples could be completed in under 35 minutes. The speed and relatively low cost

make the assay an attractive alternative to traditional methods. Chlorsulfuron was detected at levels

between 0.01 and 1 ng/mL.

16.6.4 POLYCYCLIC AROMATIC HYDROCARBONS (PAHS)

PAHs are a class of compounds consisting of two or more fused aromatic rings. PAHs are always

found as a mixture of individual compounds that include over 100 chemicals. The majority of PAHs

enter the environment through the incomplete combustion of fossil fuels such as crude oil or coal,

and they can be found in many matrices including the air, water, soil, and food. The standard

laboratory methods for the detection of PAHs include liquid/liquid extraction, solid phase extrac-

tion, and supercritical fluid extraction in combination with HPLC, LC, or GC separation. The

common detection methods in PAH determination include ultraviolet absorbance or fluorescence

for HPLC and mass spectrometry with GC [9]. All of these extraction, separation, and detection

methods are labor-intensive, time-consuming, and costly.

Benzo[a]pyrene (BaP) is a PAH often found in cigarette smoke, heavily polluted air, soil,

charbroiled meat, and water. It is highly toxic and carcinogenic; therefore, it is important in

environmental monitoring [9,16,75] and clinical analysis [76]. The molecular structure of BaP is

shown below.

BaP is only one of the over 100 PAHs that are formed by burning fossil fuels and organic

substances in garbage, food, or cigarettes. The U.S. Environmental Protection Agency (EPA) has

identified 17 harmful PAHs that are of interest in water, and it has established limits of detection for

them. PAH levels in drinking water range from 1 ng/L to 11 mg/L [9]. The standard allowed value
of PAHs in drinking water released by the EU is 0.2 mg/L.

Many PAHs are very similar in their molecular structure, molecular weight, lack of side chain

groups, and electron density, making the production of Abs that are specific for only one PAH

compound impossible [16]. All Abs raised against PAHs show cross-reactivity toward other PAHs,

and they are usually characterized by cross reactivity patterns. Therefore, it is common to develop
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IAs for the determination of the overall PAH concentration or use one compound, often BaP, as a

representative marker for the presence of PAHs.

Liu et al. have developed a capacitance immunosensor for BaP that is easy to prepare and has a

rapid detection response [17]. These capacitance immunosensors use Abs against the analyte as the

bio-recognition element to directly monitor the Ab–Ag binding if the analyte is present in the

sample. Metals [77,78] and semiconductors [79] have been used for capacitive immunosensors. The

main advantage of using capacitance measurements to monitor the Ab–Ag interaction is the

opportunity for direct, label-free electrochemical monitoring. The capacitance of electrolytic

capacitors depends on the thickness of a dielectric layer on the metal surface of the working

electrode and the dielectric properties of the Ag. The authors modified a gold electrode surface

with a self-assembled monolayer (SAM) of cystamine to allow a monoclonal Ab to be easily

immobilized on the electrode surface [17]. They also used a second format where the Ag was

immobilized on the modified electrode surface. The capacitance change that occurred during

protein binding or release was monitored using linear sweep voltammetry. The charging current

decreased with increasing layers on the electrode surface.

Liu et al. have also developed a label-free electrochemical immunosensor for PAHs that is based

on the CV of ferricyanide, Fe(CN)6
3K/4K[18]. The authors modified a gold electrode surface with an

organic SAM of a thioctic acid-pyrene conjugate to which they bound monoclonal Abs (mAb10c10)

in concentrations between 2 and 96 ppm. The hydrophilicity of the electrode surface decreased upon

modification of the sensor surface with the PAH antigen, resulting in a measurable decrease in the

Faradaic current of the Fe(CN)6
3K/4K redox couple caused by decreased redox kinetics. The pre-

liminary results for a nonoptimized sensor gave a detection range from 0.1 to 5 mM for BaP using a

competitive inhibition of the Ab-hapten association.

Disposable biosensors have many advantages such as avoiding the effects of contamination by

the sample components and eliminating the loss of signal as a result of fouling of the electrode with

repeated use. Fähnrich et al. have developed a disposable amperometric immunosensor for phenan-

threne on SPEs [16]. The molecular structure of phenanthrene is shown below.

The working surfaces of disposable carbon SPEs were coated with the antigen as a conjugate of

phenanthrene-9-carboxaldehyde coupled to BSA via adipic acid dihydrazide [16]. Monoclonal

mouse anti-phenanthrene Abs conjugated with ALP were used to capture possible PAHs. Then

amperometric detection atC300 mV (vs. Ag/AgCl) was used to observe the PAP generated from

PAPP substrate by the ALP enzyme labels. The linear detection range of phenanthrene was from 5

to 45 ng/mL [16]. The limit of detection (LOD) of phenanthrene was 0.8 ng/ml (800 ppt) with the

most sensitive indirect co-exposure competition assay format whereas indirect competition and

indirect displacement assays had a LOD of 2 ng/mL. Anthracene and chrysene showed strong

cross-reactivity when the cross-reactivities of 16 PAHs were tested [16]. A slight loss in sensitivity

was observed when the immunosensor performance was tested in tap water and river water.

Phenanthrene could be detected with a LOD of 5.0 ng/mL and 6.3 ng/mL in river water and tap

water, respectively.

The biosensor was further improved by changing the sample cell design so that only a single

drop of sample (100 mL) is required [80]. The model system gave a LOD of 1.4 ng/mL for

phenanthrene and a linear range of 2–100 ng/mL. The single drop analysis format of the PAH

biosensor was also applied to samples of sea, river, and tap water spiked with phenanthrene.
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16.6.5 POLYCHLORINATED BIPHENYLS

PCBs are complex mixtures of up to 209 variably chlorinated biphenyls that are often referred to as

Aroclors, followed by a number (i.e., Aroclor 1260: 12 carbon atoms and 60% chlorination). PCBs

are solids or oily liquids, and some may be found as a vapor in the air.

PCBs have been classified as serious environmental pollutants, and the congeners are moder-

ately to highly toxic and represent a serious health risk. Exposure to PCBs can result in acne-like

skin conditions in adults as well as neurobehavioral and immunological changes in children. PCBs

also cause cancer in animals. Although their production has been banned in the United States since

1977, PCBs are still found throughout the environment, and they are still used as coolants or

lubricants in certain capacitors and transformers because of their insulating properties. Therefore,

the environmental PCB burden may increase with time, and strict monitoring is required. Environ-

mental agencies have placed much effort into monitoring and cleaning up PCB-contaminated sites.

Gas chromatographs equipped with an electron capture detector or a mass spectrometer have been

commonly used to determine PCBs, but this method is costly and not portable. Millipore, Ensys,

and Ohmicron market portable PCB test kits that are based on immunochemistry with spectro-

photometric determination of the enzymatic product.

Del Carlo et al. have reported an enzyme IA with amperometric FIA for determining PCBs [81],

also using disposable SPEs to immunochemically detect PCBs [55]. The competitive microtitre

plate-based ELISA for Aroclor 1260 was coupled with amperometric detection [81]. The assay uses

HRP as a label with ferrocene acetic acid substrate. A PCB-gelatin conjugate was used to immobi-

lize the antigen on the solid surface of the microtiter wells. Bound and free analyte competed for the

anti-PCB IgG upon introduction of the sample into the wells. Finally, a HRP-labeled 28 Ab was
added to complete the assay, and the enzymatically-produced ferricinium ion was determined by

measuring the peak currents using amperometric FIA hydrodynamic voltammetry. The authors

used 1% milk and 0.05% Tween 20 as NSB blockers in carbonate buffer [81]. The overall assay

time was 2.5 hours because of the lengthy incubation steps. The calibration curve for the IA lay

between 0.1 and 50 mg/mL. The LOD was estimated to be 0.1 mg/mL with a signal about 10%

below the blank. The within-assay reproducibility between six measurements at each concentration

was less than 10% for the entire range [81].

Del Carlo et al. extended the above work for immunochemical PCB determination with dispo-

sable SPEs [55] as the basis for field use with electrochemical detection. Disposing of the electrodes

after each sample analysis rules out electrode fouling over time. The detection system for SPEs is

also much simpler and cheaper to acquire than a FIA apparatus. ALP was used as the enzyme label

with a-naphthyl phosphate as the substrate in the competitive IA, and the a-naphthol was oxidized
at a graphite-based SPE at C400 mV vs. Ag pseudo-reference electrode.

Enzyme-linked immunofiltration assay (ELIFATM), a membrane-based ELISA, was performed

in 96 flow-through wells containing the membrane using a commercial ELIFATM system [55]. The

IA reagents were forced through the membrane by suction. When large amounts of BSA–PCB

conjugate were immobilized in the membrane and the ELIFA performed the format compared well

to the polystyrene surface of microtiter plates. This device also helped to overcome the limited

diffusion of the reagent to the solid phase.

Aroclor 1260 was measured in the range of 0.01–10 mg/mL [55]. The main limitation of the

assay was a high background signal that was likely due to a cross reaction of the anti-PCB IgG with

the BSA molecule in the BSA–PCB conjugate. As suggested by the authors, this may be minimized

by changing the conjugating molecule used in the immobilization step.

16.7 CONCLUSION

The presence of pesticides, herbicides, PCBs, and PAH compounds in the environment can cause

widespread environmental damage and possible public health problems. This has led to the
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development of sensitive screening methods such as electrochemical IAs and biosensors for these

harmful pollutants. The advantages of IAs, such as their high specificity, use of small sample

volumes, high sample throughput with simultaneous analysis of multiple samples, reduced

sample preparation, reduction in the use of chemicals and production of waste, and ease of auto-

mation, far outweigh their limitations, making IAs an attractive alternative to the more

conventional analytical methods in environmental monitoring. The commercial availability of

inexpensive IA kits and antibodies to common pollutants is likely to increase the use of IAs in

the future. Electrochemical detection can be used to achieve low detection limits in very small

samples with little or no sample preparation. The assay format, the type of enzyme substrate pair

used, and the ability to minimize NSB are important factors in the optimization of ECIA methods.

Advances in electrochemical detection methods will continue to improve the limits of detection for

ECIAs and immunosensors.
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17.1 INTRODUCTION

Organophosphorus compounds (OPs) are widely used as pesticides, insecticides, and chemical

warfare agents (CWAs) [1–3]. These neurotoxic compounds irreversibly inhibit the enzyme acetyl-

cholinesterase (AChE), essential for central nervous system function in humans and insects,

resulting in the buildup of the neurotransmitter acetylcholine that interferes with muscular

responses, produces serious symptoms in vital organs, and eventually causes death [1–5].

Approximately 91 million pounds of organophosphate insecticides were used in the United

States in 1999, the last year for which data are available [6]. The extensive use of these pesticides

has resulted in the widespread presence of trace amounts in surface and ground waters across the

United States [7]. Therefore, rapid, sensitive, selective, and reliable determination of OPs is

necessary in order to take immediate action. The recent increase in terrorist activities and homeland

security concerns has further aggravated this need. Additionally, any process that may be adopted to

treat the large volume of wastewater generated at both the producer and consumer levels and the

mandated destruction of the stockpile of CWAs that belong to the OP group requires analytical

tools to properly monitor and control the process.

Current analytical techniques such as gas and liquid chromatography [8,9] are very sensitive

and reliable, but they cannot be easily performed in the field. These techniques are time consuming

and expensive, and must to be performed by highly-trained technicians. Bioanalytical methods such

as immunoassays and inhibition of cholinesterase activity for OP determination have also been
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reported [8]. Despite the advantages of immunoassay techniques, these methods may require long

analysis time (1–2 h) and extensive sample handling (a large number of washing steps); therefore,

they are unsuitable for online monitoring of detoxification processes. Biosensing analytical devices

based on the AChE inhibition have been reported [10–28]. Although sensitive, AChE inhibition-

based biosensors have limitations of poor selectivity, tedious and time-consuming protocol, and

single use.

Organophosphorus hydrolase (OPH) is an organophosphotriester hydrolyzing enzyme first

discovered in soil microorganisms Pseudomonas diminuta MG and Flavobacterium sp. The

enzyme has broad substrate specificity and is able to hydrolyze a number of OP pesticides such

as paraoxon, parathion, coumaphos, diazinon, dursban, methyl parathion, and the CWAs sarin and

soman [29–32]. As shown in Figure 17.1, OPH-catalyzed hydrolysis of the P–O, P–F, P–S, or P–CN

bonds of OP compounds generates an acid and an alcohol that, in many cases, is chromophoric and/

or electroactive. This enzyme reaction can be combined with a variety of transduction schemes to

construct simple biosensors for the direct and rapid determination of OPs. For example, OPH can be

combined with potentiometric transducers such as a pH electrode or a field effect transistor or a

pH-indicator dye to quantify protons produced that can be then correlated to the OP concentration.

Similarly, OPH can be combined with an optical transducer to monitor the production of chromo-

phoric products such as p-nitrophenol (PNP) produced during the hydrolysis of OPs such as

paraoxon, parathion, methyl parathion, or chlorferon from the hydrolysis product of coumaphos.

OPH can be integrated with an amperometric transducer to monitor the oxidation current of

hydrolysis products such as PNP and thiols. The amperometric transduction systems include

thick-film screen printed carbon, carbon paste, and multiwalled carbon nanotubes electrodes.

Organophosphorus hydrolase purification requires a costly and time-consuming effort. To

alleviate this, this team genetically engineered microorganisms such as Escherichia coli and

Moraxella sp. to express OPH on their cell surface, and combined the new biological sensing

element with potentiometric, optical, and amperometric transducers to make microbial biose-

nsors. The surface expression of the enzyme considerably improved the sensitivity, stability,

and response time of the biosensors. Additionally, this group combined purified OPH with

microorganisms that degrade/metabolize/oxidize PNP, and genetically engineered the OPH

activity in these PNP degraders for construction of highly sensitive and selective biosensors

for PNP-substituted OPs such as parathion, methyl parathion, paraoxon, fenitrothion, and

O-ethyl-O-para-nitrophenyl phenylphosphonothioate (EPN).

In order to differentiate/discriminate among OP compounds, this group combined the OPH-

modified potentiometric and amperometric transducers in series of a flow-injection analyzer.

Combining the two transduers differentiated p-nitrophenyl substituted OP from the others.

Furthermore, it combined precolumn enzyme-catalyzed hydrolysis electrophoretic separation in

a microcapillary column of a lab-on-a-chip with a contactless conductivity detector for a complete

fingerprint of the target. The attractive analytical features of these devices make them particularly

well-suited for various environmental and defense scenarios.

The following presents a brief overview of these different biosensor configurations.

R

R'

Z + H2O ROPH P OH + ZH

X

R'

X

P

FIGURE 17.1 Reaction scheme for the OPH-catalyzed hydrolysis of organophosphorus compounds (OPs). X

is oxygen or sulfur; R is an alkoxy group ranging in size from methoxy to butoxy; R 0, is an alkoxy or phenyl
group; and Z is a phenoxy group, a thiol moiety, a cyanide, or a fluorine group. (From Mulchandani, A., Chen,

W., Mulchandani, P., Wang, J., and Rogers, K. R., Biosens. Bioelectron., 16, 225, 2001. With permission.)
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17.2 OPH-BASED POTENTIOMETRIC ENZYME ELECTRODES

A pH electrode, modified with an immobilized purified OPH layer that was created by cross-linking

OPH with bovine serum albumin and glutaraldehyde, formed the basic element of this very simple

enzyme electrode. Other components of the system included a pH meter, a measuring cell placed on

a magnetic stirrer for mixing, and a chart recorder (Figure 17.2). The sensor signal and response

time were optimized with respect to the buffer pH, ionic concentration of buffer, temperature,

and units of OPH immobilized using paraoxon as substrate. The best sensitivity and response

times were obtained using a sensor constructed with 500 IU of OPH and operating in pH 8.5,

1 mM 4-(2-hydroxyethyl-1-piperazineethanesulfonic acid (HEPES) buffer supplemented with

100 mM NaCl and 0.05 mM cobalt chloride at 208C. Operating under these conditions, the biosensor
was able to detect as low as 2 mM of paraoxon, ethyl parathion, methyl parathion, and diazinon in

approximately 2 min with very good accuracy and selectivity against other non-organophosphate

pesticides such as simazine, triazine, atrazine, sevin, and sutan. The biosensor was completely stable

for at least one month when stored in pH 8.5, 1 mM HEPESC100 mM NaCl buffer at 48C. This
biosensor was used to measure paraoxon, parathion, and methyl parathion in simulated samples and

showed a high correlation (r2Z0.998) to a spectrophotometric enzymatic assay [33].

A transducer, consisting of a pH sensitive capacitive electrolyte insulator semiconductor (EIS),

replaced the glass pH electrode in order to firstly miniaturize the potentiometric enzyme biosensor,

and secondly to eliminate mechanical instability of the glass [34]. The EIS transducer was made of

a layer sequence of Al/p-Si/SiO2 with Ta2O5, Al2O3 or Si3N4 as the pH-sensitive layer. To obtain

the enzyme biosensor, OPH was immobilized on top of the pH-sensitive layer structure. Figure 17.3

shows the schematic of the biosensor fabrication. Typical sensor characteristics such as pH sensi-

tivity, sensitivity toward paraoxon, reversibility of the sensor signal, response time, detection limit,

long-term stability, and selectivity to various pesticides were determined to be comparable to the

OPH-modified glass pH electrode.

17.3 OPH-BASED OPTICAL BIOSENSORS

Two different optical-based biosensors were constructed. The first was based on the measured

decrease in the fluorescence intensity of the fluorescein isothiocyanate (FITC) covalently conju-

gated to the enzyme. The method employed poly(methyl methacrylate) beads to which the

Enzyme
electrode

Substrate

Water

Water

pH meter

pH electrode

Recorder

O-ring

Enzyme layer
OPH+BSA+GA

Dialysis membrane
12−14 KDa cut-off

Stirring bar

pHS

S

FIGURE 17.2 Schematic of potentiometric OPH-based biosensor. (From Mulchandani, P., Mulchandani, A.,

Kaneva, I., and Chen, W., Biosens. Bioelectron., 14, 77, 1999. With permission.)
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FITC-labeled enzyme was adsorbed. Analytes were then measured using a commercially available

microbead fluorescence analyzer (KinExA, Sapidyne Inc., Boise, ID, U.S.A.). Figure 17.4 shows

the schematic of the biosensor. This assay was based on a substrate-dependent change in pH at the

local vicinity of the enzyme. Similar to the OPH-modified pH electrode biosensor, the sensitivity of

Electrolyte

V
DC

+V
AC

Enzyme layer

pH-sensitive layer

p-type silicon

Al contact

SiO2

FIGURE 17.3 Schematic of capacitive electrolyte insulator semiconductor (EIS) biosensor with immobilized

enzyme layer on a pH-sensitive transducer structure. (From Schoning, M. J., Mulchandani, P., Chen, W., and

Mulchandani, A., Sens. Actuators, B, 91, 92, 2003. With permission.)
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FIGURE 17.4 Schematic of the organophosphate (OP) assay in the KinExA fluorescence analyzer. (From

Roger, K. R., Wang, Y., Mulchandani, A., Mulchandani, P., and Chen, W., Biotechnol. Prog., 15, 517, 1999.

With permission.)
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this biosensor was an inverse function of the ionic strength of the assay buffer. The dynamic

concentration range for the assay extended from 25 to 400 mM for paraoxon with a detection

limit of 8 mM. Organophosphorus insecticides measured using this technique included parathion,
methyl parathion, dursban, fensulfothion, crotoxyphos, diazinon, mevinphos, dichlorvos, and

coumaphos. The technique was used to measure coumaphos in biodegradation samples of cattle

dip wastes and showed a high correlation (r2Z0.998) to a HPLC method [35].

In the second optic-based biosensor format, the analysis was based on the relationship between

the amount of OP hydrolyzed and the amount of chromophoric product formed (quantified by

measuring the absorbance at the lmax of the product) by enzyme catalyzed hydrolysis.

Figure 17.5 shows the fiber-optic biosensor set-up. Operating at optimized analytical conditions

(pH 9, 308C, and 123 IU of immobilized OPH), the biosensor was able to detect as low as 2 mM of

paraoxon and parathion and 5 mM of coumaphos, selectively, without interference from carbamates

and triazines in less than 2 min. The biosensor response had excellent reproducibility, and the

immobilized enzyme was stable for more than one month when stored at 48C in the analytical

buffer [36].

An advantage of the present sensor over other biosensors based on the pH change is the use of

higher ionic strength buffer used in the analysis. The use of higher ionic strength buffer allows the

enzyme to function at its maximum activity over the complete duration/range of the assay rather

than just at the start. Additionally, the use of higher ionic strength buffer precludes the need to

adjust the sample pH to that of the analytical buffer.

17.4 OPH-BASED AMPEROMETRIC ENZYME ELECTRODES

Hydrolysis of certain OP pesticides such as parathion, methyl parathion, paraoxon, EPN, and

fenitrothion generates PNP that is electroactive. PNP can be electrochemically oxidized at the

anode. The oxidation current, measured at a fixed potential using a potentiostat, is directly pro-

portional to the concentration of PNP formed. This group constructed several amperometric

enzyme electrodes for OP determination. In the first format (Figure 17.6), screen printed thick-

film carbon electrodes were modified by OPH that was deposited on the electrode in a Nafion film.

Hydrodynamic voltammetry investigations identified the oxidation potential of PNP to be 0.85 V

versus Ag/AgCl reference electrode and 1080 IU of OPH to be optimum for the biosensor. The

amperometric signals were linearly proportional to the concentration of the hydrolyzed paraoxon

and methyl parathion substrates up to 40 and 5 mM, showing detection limits of 9!10K8 and

7!10K8 M, respectively. Such detection limits were substantially lower compared to the

h

i

Nylon membrane
with enzyme

Plastic tube

O-ring

Optical fibers

gfe
d

cba

FIGURE 17.5 Schematic of organophosphorus hydrolase (OPH)-modified fiber-optic biosensor. (From

Mulchandani, A., Pan, S., and Chen, W., Biotechnol. Prog., 15, 130, 1999. With permission.)
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(2–5)!10K6M values for OPH-based potentiometric and fiber-optic devices. The high sensitivity

was coupled to a faster and simplified operation with the potential for field-deployment [37].

In another format, an OPH-based amperometric biosensor for remote sensing was constructed.

This remote-electrochemical sensor consisted of a PVC-housing tube connected to a 16-m-long

shielded cable via three-pin, environmentally sealed, rubber connectors. The assembly included

the OPH-modified carbon-paste working electrode, a Ag/AgCl reference electrode (BAS, Model

RE-4), and a platinum wire counter electrode. Two female coupling connectors fixed with epoxy

in the PVC tube served for mounting the working and reference electrodes; brass screws, located

within these connectors, provided the electrical contact. The carbon paste electrode was prepared

by thoroughly hand mixing 120 mg mineral oil and 180 mg graphite powder. The resulting paste

was firmly packed into the electrode cavity (3 mm diameter, 1 mm depth) of a 4-cm-long Teflon

sleeve. Electrical contact (to the inner part of the paste) was established via a stainless steel screw,

contacting the brass screw within the female connector on the PVC housing. The paste surface

was smoothed on a weighing paper. The enzyme OPH was immobilized by casting a 10-ml
droplet, containing 5 ml (of 108 IU/ml) OPH and 5 ml Nafion (in 1% ethanol) onto the carbon

surface, allowing the solvent to evaporate. Operating in chronoamperometric mode (from open

circuit to C0.85 V), the response of the biosensor was linear in the range of 4.6–46 mM for

paraoxon and up to 5 mM for methyl parathion. The lower detection limits of the biosensor for

paraoxon and methyl parathion were 0.9 and 0.4 mM, respectively. An important characteristic of
a remote sensor is its rapid response to sudden concentration changes with no carry over between

samples (Figure 17.7). High stability (Figure 17.8) is another important characteristic of the in situ

sensor [38].

Monitoring and controlling the destruction of CWAs stockpiles and OP insecticides in indus-

trial and agricultural waste waters is important because of the large quantity of these compounds

produced and consumed. A flow-injection amperometric biosensor (FIAB) particularly suitable for

such an application was developed [39]. The schematic drawing is shown in Figure 17.9. The

biosensor incorporated an immobilized enzyme reactor that contained OPH covalently immobi-

lized on activated aminopropyl-controlled pore glass beads and an electrochemical flow-through

detector, containing a carbon paste working electrode, a silver/silver chloride reference electrode,

and a stainless steel counter electrode. The OPH catalyzed the hydrolysis of organophosphate with

nitrophenyl substituent to generate PNP that was then electrochemically detected downstream at

the carbon paste electrode poised at 0.9 V versus the reference electrode. The amperometric

response of the biosensor was linear up to 120 and 140 mM with lower detection limits of 20

and 20 nM for paraoxon and methyl parathion, respectively. The response was very reproducible

(Residual standard deviation (RSD) 2%, nZ35) and stable for over one month when the

Alumina
ceramic support

Insulating layer Carbon electrodes
with
OPH/Nafion layer

Contact ends

FIGURE 17.6 Schematic of organophosphorus hydrolase (OPH)-modified screen printed thick-film electrode.

(From Mulchandani, A., Mulchandani, P., Chen, W., Wang, J., and Chen, L., Anal. Chem., 71, 2246, 1999.

With permission.)
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immobilized enzyme column was stored at 48C. Each assay took about 2 min, giving a sample

throughput of 30 hK1. The applicability of the biosensor to monitor paraoxon and methyl parathion

was demonstrated in distilled water and simulated well water.

Although very sensitive, the selectivity of the above amperometric biosensors, based on

electrochemical oxidation of PNP, was compromised by other phenols [40] and thus not suitable

for most practical environmental applications. To improve the selectivity, this group used a carbon

nanotube-modified (CNT) transducer for electrooxidation of PNP produced from the OPH

catalyzed hydrolysis of PNP-substituted OPs. The ability of CNT-modified electrodes to

promote the oxidation of phenolic compounds (including the PNP product of the OPH reaction)

and to minimize surface fouling associated with such oxidation processes paved the way to the new

OPH-CNT amperometric biosensor. As shown in the cyclic voltammograms in Figure 17.10 and

Figure 17.11, compared to an unmodified electrode, the CNT-modified electrode showed enhance-

ment in current and, consequently in, the sensitivity, and it also showed decreased surface
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FIGURE 17.8 Stability of the organophosphorus hydrolase (OPH)-modified remote electrochemical sensor

response to 7.5 mMmethyl parathion. (FromWang, J., Chen, L., Mulchandani, A., Mulchandani, P., and Chen,

W., Electroanalysis, 11, 866, 1999. With permission.)
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FIGURE 17.7 Response of the remote biosensor to changes in methyl parathion concentration from 4.6 to

23 mM and back to 4.6 mM. (From Wang, J., Chen, L., Mulchandani, A., Mulchandani, P., and Chen, W.,

Electroanalysis, 11, 866, 1999. With permission.)
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passivation for PNP. The optimization and advantages of the CNT-based OPH amperometric

biosensor were reported in Deo et al. [41].

In another approach to improve the OPH-modified amperometric biosensor selectivity, this

group incorporated PNP mineralizing bacterium, Arthrobacter sp., along with purified OPH

to construct a hybrid amperometric biosensor. The biocatalytic layer was prepared by co-immobi-

lizing Arthrobacter sp. JS443 and OPH on a carbon paste electrode. OPH catalyzed the hydrolysis
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WE-Carbon paste
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CE-Steel

Potentiostat

Waste

Chart recorder

Buffer

FIGURE 17.9 Schematic drawing of the flow-injection amperometric biosensor configuration. (From

Mulchandani, P., Chen, W., and Mulchandani, A., Environ. Sci. Technol., 35, 2562, 2001. With permission.)
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FIGURE 17.10 Cyclic voltammograms showing 10 repetitive scans of 1 mM p-nitrophenol at unmodified (a),

chemical vapor deposition produced multi-wall carbon nanotube (MWNT-CVD)-modified (b) glassy carbon

(GC) electrodes. The first scans in (a) and (b) are indicated as 1. Scan rate, 50 mV/s. Electrolyte, phosphate

buffer (0.05 M, pH 7.4). (From Deo, R. P., Wang, J., Block, I., Mulchandani, A., Joshi, K. A., Trojanowicz, M.,

Scholz, F., Chen, W., and Lin, Y., Anal. Chim. Acta, 530, 185, 2005. With permission.)
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of organophosphorus pesticides with a p-nitrophenyl substituent such as paraoxon and methyl

parathion to release the PNP that was oxidized by the enzymatic machinery of Arthrobacter sp.

JS443 to carbon dioxide through electroactive intermediates 4-nitrocatechol and 1,2,4-benzenetriol

as shown in Figure 17.12. The oxidization current of the intermediates was measured and correlated

to the concentration of organophosphates. The best sensitivity and response time were obtained

using a sensor constructed with 0.06 mg dry weight of cell and 965 IU of OPH, operating at 400 mV

applied potential (versus Ag/AgCl reference) in 50 mM citrate-phosphate pH 7.5 buffer at room

temperature. Using these conditions, the biosensor measured as low as 2.8 ppb (10 nM) of paraoxon

and 5.3 ppb (20 nM) of methyl parathion without interference from phenolic compounds, carba-

mate pesticides, triazine herbicides, and organophosphate pesticides that do not have the

p-nitrophenyl substituent. The biosensor had excellent operational lifetime stability with no

decrease in response for more than 40 repeated uses over a 12 h period when stored at room

temperature, whereas its storage life was approximately two days when stored in the operating

buffer at 48C [42].
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FIGURE 17.11 Calibration plots resulting from amperometric measurement of 5 mM successive additions of

p-nitrophenol at various electrodes: (a) bare glassy carbon (GC); (b) ARC produced multi-wall carbon nano-

tube (MWNTARC); (c) chemical vapor deposition produced single-wall carbon nanotube (SWNT-CVD); and

(d) chemical vapor deposition produced multi-wall carbon nanotube (MWNT-CVD)-modified GC electrodes.

Electrolyte, phosphate buffer (0.05 M, pH 7.4); stirring rate, w300 rpm; operating potential, C0.85 V. Data

points are average of duplicate measurements. (From Deo, R. P., Wang, J., Block, I., Mulchandani, A., Joshi,

K. A., Trojanowicz, M., Scholz, F., Chen, W., and Lin, Y., Anal. Chim. Acta, 530, 185, 2005. With

permission.)
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FIGURE 17.12 Proposed pathway for p-nitrophenol (PNP) degradation by Arthrobacter sp. (From Lei, Y.,

Mulchandani, P., Chen, W., Wang, J., and Mulchandani, A., Biotechnol. Bioeng., 85, 706, 2004. With

permission.)
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17.5 OPH-BASED DUAL POTENTIOMETRIC–AMPEROMETRIC BIOSENSOR

Although the potentiometric biosensor favorably responds to all OP compounds, reflecting the pH

changes associated with the OPH activity, the amperometric device displays well-defined signals

only toward OP substrates (pesticides) liberating the oxidizable PNP product. Therefore, simulta-

neous/combined use of the potentiometric and amperometric transducers in connection to the same

OPH enzyme would enhance the information content, and would provide discrimination between

various subclasses of OP compounds. To demonstrate this hypothesis, this group constructed a

miniaturized dual, potentiometric-amperometric, flow-injection OPH-based biosensor. Both trans-

ducers were prepared by a thin-film fabrication technology, and they rapidly and independently

responded to sudden changes in the level of the corresponding OP compound with no apparent

cross-reactivity even when operated in series (Figure 17.13). Typical amperometric and potentio-

metric peaks recorded simultaneously with the combined OPH biosensor system for the injection of

solutions of various OP compounds is shown in Figure 17.14. The effect of relevant experimental

variables like capacitance and applied potential, buffer concentration, and flow rate were evaluated

and optimized. The dual system holds great promise for field screening of OP neurotoxins in

connection to various defense and environmental scenarios [43]. The multiple-transduction

concept could be extended for increasing the information content of other class-enzyme

biosensor systems.
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FIGURE 17.13 (a) Schematic diagram of the potentiometric electrolyte insulator semiconductor (EIS) sensor

system. (b) Design of the thin-film amperometric gold electrode. (c) Schematic diagram of the dual-biosensor

flow-injection system. (From Wang, J., Krause, R., Block, K., Musameh, M., Mulchandani, A., Mulchandani,

P., Chen, W., and Schöning M. J., Anal. Chim. Acta, 469, 197, 2002. With permission.)
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17.6 MICROBIAL BIOSENSORS

The biosensors described above were based on purified OPH. Purifying OPH is a laborious, time

consuming, and costly effort. To avoid this, this group genetically engineered microorganisms

such as E. coli and Moraxella sp. to express OPH on the cell surface. The expression of OPH on

the surface of the cell alleviates the mass transport resistance as a result of the cell walls

experienced when the cells expressing the enzyme in the cytoplasm or periplasm are used. The

targeting of OPH on the cell surface of E. coli was achieved by using the Lpp-OmpA anchor

system, whereas the ice-nucleation protein anchor derived from Pseudomonas syriange was used

to display OPH on the cell surface of Moraxella sp. The targeting of OPH on the cell surface

afforded a seven-fold increase in the parathion hydrolysis rate compared to cells expressing a

similar amount of OPH intracellularly and a significantly improved stability [44,45]. Cells expres-

sing OPH on the cell surface were combined with potentiometric, optical, and amperometric

transducers to construct microbial electrodes [46–48]. When compared to the enzyme-based

biosensors, the microbial biosensors had comparable sensitivity, selectivity, and operational

and storage lifetimes.

Recently, this group genetically engineered a PNP degrader Pseudomonas putida JS444 to

endow it with OPH activity on the cell surface and combined it with the Clark-dissolved oxygen

electrode to build a simple microbial biosensor for sensitive and selective determination of PNP-

substituted OPs [47]. Surface-expressed OPH catalyzed the hydrolysis of organophosphorus pesti-

cides with a p-nitrophenyl substituent such as paraoxon, methyl parathion, and parathion to release

PNP that was oxidized by the enzymatic machinery of Pseudomonas putida JS444 to carbon

dioxide while consuming oxygen. The oxygen consumption was measured and correlated to the

concentration of organophosphates. The sensor signal and response time were optimized with

0.086 mg dry weight of cell and operated in 50 mM pH 7.5 citrate-phosphate buffer with 50 mM
CoCl2 at room temperature. When operated at optimized conditions, the biosensor measured as low

as 55 ppb of paraoxon, 53 ppb of methyl parathion, and 58 ppb of parathion without interference

from most phenolic compounds and other commonly used pesticides such as atrazine, coumaphos,

sutan, sevin, and diazinon. The operational life of the microbial biosensor was approximately five

days when stored in the operating buffer at 48C.
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FIGURE 17.14 Simultaneous amperometric (A) and potentiometric (B) measurements of (a) 50 mM para-

oxon; (b) 100 mM dichlorvos; (c) 200 mM parathion; and (d) 200 mM diazinon. Carrier solution, phosphate

buffer (0.5 mM, pH 9.0)/10 mM KCl; flow rate, 1.8 ml minK1; injection loop, 1000 ml; operating potential
(A), C0.75 V; constant capacitance (B), 22 nF. (From Wang, J., Krause, R., Block, K., Musameh, M.,

Mulchandani, A., Mulchandani, P., Chen, W., and Schöning M. J., Anal. Chim. Acta, 469, 197, 2002. With

permission.)
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17.7 LAB-ON-A-CHIP DEVICES FOR SEPARATION AND DETECTION

OF OP NERVE AGENTS

Miniaturized analytical devices based on microfluidic chips are attracting growing interest as a

result of their enhanced performance, faster response, high degree of integration, and substantial

reduction in the overall weight and size. An on-chip separation/detection microsystem can meet the

requirements of on-site monitoring or rapid field detection of CWAs. A miniaturized analytical

system for separating and detecting toxic organophosphate nerve agent compounds based on the

coupling of a micromachined capillary electrophoresis chip with a thick-film amperometric

detector was developed by Wang et al. [49]. The separation was based on micellar electrokinteic

chromatography (MEKC) followed by sensitive electrochemcial detection of the OP nerve agents.
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FIGURE 17.15 Electropherograms for mixtures containing increasing levels of paraoxon (a), methyl para-

thion (b), and fenitrothion (c) in steps of 7.1!10K5, 7.5!10K5, and 1.4!10K4M, respectively (a–f). Also

shown (as insets) are the resulting calibration plots. Separation buffer, 20 mM MES (pH 5.0) containing

7.5 mM sodium dodecyl sulfate (SDS); separation voltage, C2000 V; injection voltage, C1500 V; injection

time, 3 s; detection potential,K0.5 V (versus Ag/AgCl wire) at bare carbon screen-printed electrode. (From

Wang, J., Chatrathi, M. P., Mulchandani, A., and Chen, W., Anal. Chem., 73, 1804, 2001. With permission.)
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FIGURE 17.16 Layout of the capillary electrophoresis (CE) microchip electrophoretic system with the

contactless conductivity detector for enzymatic assays of organophosphate (OP) nerve agents. Running

buffer reservoir (a), unused reservoir (b), and sample reservoir (c) containing the substrates S1–S3 along

with organophosphorus hydrolase (OPH), separated enzyme reaction products (P1–P3); outlet reservoir (d);

aluminum sensing electrodes (e). (FromWang, J., Chen, G., Muck, A., Chatrathi, M. P., Mulchandani, A., and

Chen, W., Anal. Chim. Acta, 505, 183, 2004. With permission.)
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FIGURE 17.17 Electropherograms for mixtures containing increasing levels of methyl parathion (a) in steps

of 10 ppm (a–e) and in the presence of 20 mg/l paraoxon (b). Also shown (inset) is the resulting calibration plot

based on the reaction of organophosphorus hydrolase (OPH) with the organophosphate (OP) nerve agents in

the conditions of: separation voltage, 1000 V; injection voltage, 1000 V; injection time, 1 s; frequency,

200 kHz; peak-to-peak amplitude, 10 V; sinusoidal waveform; nerve agents concentration, 50 mg/l each;

OPH activity, 80 U/ml; running buffer, MES/HIS (5 mM, pH 6.1). (From Wang, J., Chen, G., Muck, A.,

Chatrathi, M. P., Mulchandani, A., and Chen, W., Anal. Chim. Acta, 505, 183, 2004. With permission.)
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Factors influencing the on-chip separation and detection processes such as applied potential and

composition of the running buffer were optimized. Using a 2-(N-morpholino) ethanesulfonic acid

(MES) buffer (20 mM, pH 5.0) running buffer, a 72-mm long separation channel, and a separation

voltage of 2000 V, baseline resolution was observed for paraoxon, methyl parathion, fenitrothion,

and ethyl parathion in 140 s. A typical electropherogram for sample mixtures containing increasing

levels of OP insecticides is shown in Figure 17.15. The miniaturization and speed advantages were

coupled to submicromolar detection limits and good precision. Applicability of the system for the

detection of river water spiked with OP compounds was demonstrated. Further improvement in the

sensitivity of monitoring for various electroactive OP warfare agents as desired for various defense

and environmental applications can be brought about by on-chip preseparation

and preconcentration.

Combining capillary electrophoresis (CE) with the selectivity and amplification provided by

enzymes can lead to enhanced analytical features and versatility of microchip devices. Recently,

this group developed an on-chip enzymatic assay for screening OP nerve agents based on a

precolumn reaction of OPH, electrophoretic separation by CE of the phosphonic acid products,

and their contactless-conductivity detection [50]. Figure 17.16 shows the layout of the microchip

enzymatic assay. Factors affecting the enzymatic reaction and the separation and detection

processes were assessed and optimized. The complete bioassay required 1 min of the OPH reaction

along with 1–2 min for the separation and detection of the reaction products. Operating under

optimized conditions, the response was linear with detection limits of 5 and 3 ppm for paraoxon

and methyl parathion, respectively (Figure 17.17). Compared to conventional OPH-based biosen-

sors, the OPH-biochip was able to differentiate between the individual OP substrates. The attractive

behavior of the new OPH-based biochip indicates great promise for field screening of OP pesticides

and nerve agents. The study also demonstrated, for the first time, the suitability of the contactless-

conductivity detection for on-chip monitoring of enzymatic reactions.

In conclusion, various biosensor devices have been developed for the selective, sensitive,

direct, fast, and cost-effective detection and screening of OP compounds intermittently or continu-

ously in the field. Such sensors can be extremely important tools for homeland security and

environmental monitoring in order to verify the presence and identity of these dangerous chemicals.

ACKNOWLEDGMENTS

This work was supported by grants from the U.S. Environmental Protection Agency (R8236663-01-

0, R82816001-0), the National Science Foundation (BES 9731513), and the U.S. Department of

Agriculture (99-35102-8600).

REFERENCES

1. Compton, J. A., Military Chemical and Biological Agents, Telford Press, Caldwell, NJ, 1988.

2. Food and Agricultural Organization of the United Nations (FAO), Rome, FAO Product Yearbook, 43,

320, 1989.

3. US Department of Agriculture, Agricutural Statistics, US Government Printing Office, Washington,

DC, p. 395, 1992.

4. Donarski, W. J., Dumas, D. P., Heitmeyer, D. P., Lewis, V. E., and Raushel, F. M., Structure–activity

relationships in the hydrolysis of substrates by the phosphotriesterase from Pseudomonas diminuta,

Biochemistry, 28, 4650, 1989.

5. Chapalamadugu, S. and Chaudhry, G. S., Microbiological and biotechnological aspects of metabolism

of carbamates and organophosphates, Crit. Rev. Biotechnol., 12, 357, 1989.

6. US EPA, Pesticide Market Estimates: Usage. 1998–1999, http://www.epa.gov/oppbead1/pestsales/

99pestsales/usage1999_3.html

DK9421—CHAPTER 17—14/11/2006—15:03—CRCPAG—15346—XML MODEL C – pp. 403–418

Immunoassay and Other Bioanalytical Techniques416



7. Gilliom, R. J., Barbash, J. E., Kolpin, D. W., and Larson, A. J., Testing water quality for pesticide

pollution, Environ. Sci. Technol., l33, 164, 1999.

8. Sherma, J., Pesticides, Anal. Chem., 65, R40, 1993.

9. Yao, S., Meyer, A., Henze, G., and Fresnius, J., Comparison of amperometric and UV-spectrophoto-

metric monitoring in the HPLC analysis of pesticides, Anal. Chem., 339, 207, 1991.

10. Palchetti, I., Cagnini, A., Del Carlo, M., Coppi, C., Mascini, M., and Turner, A. P. F., Determination

of acetylcholinesterase pesticides in real samples using a disposable biosensor, Anal. Chim. Acta, 337,

315, 1997.

11. Diehl-Faxon, J., Ghindilis, A. L., Atanasov, P., and Wilkins, E., Direct electron transfer based tri-

enzyme electrode for monitoring of organophosphorus pesticides, Sens. Actuators, B, 35–36, 448,

1996.

12. La Rosa, C., Pariente, F., Hernandez, L., and Lorenzo, E., Determination of organophosphorus and

carbamic pesticides with an acetylcholinesterase amperometric biosensor using 4-aminophenyl

acetate as substrate, Anal. Chim. Acta, 295, 273, 1994.
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18.1 BACKGROUND OF ARRAY TECHNOLOGY

18.1.1 DEFINING ARRAYS

Assay multiplexing is a means to provide the maximum amount of information about a sample

while conserving reagents, conserving sample, and increasing the speed of analysis. Microarray

technology is assay multiplexing on steroids. Simply put, microarrays are a logical presentation of

biological molecules laid out on a solid planar platform, generally a glass slide [1]. The resulting

presentation is referred to as an array or as it is sometimes called a chip. In this format, individual

molecules are separated from one another, allowing the user to interrogate each molecule inde-

pendently but simultaneously. As a result, it is possible to simultaneously obtain relational
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information about hundreds and thousands of different events. No other technique provides such a

data rich environment in a single test. The types of molecules that may be presented or arrayed are

discussed in more detail below include DNA oligonucleotides, cDNAs, peptides, or sugar

molecules, although each array contains multiples of only one type of molecule.

Microarray technology revolutionized the way that genomic information is used and analyzed.

A full history of microarrays can be found in reviews by Venkatasubbarao [2] and Southern [3].

Microarray technology for the purpose of genetic analysis was conceived about 10 years ago.

Whereas Southern was the first to print microarrays on glass slides, recognizing the potential

value of microarrays for multiple probes in parallel, it was Brown’s group who first reduced to

practice the concept of simultaneously monitoring 1000 genes for alterations in changes of gene

expression using cDNA arrays as capture probes [4,5]. One way of understanding how microarrays

work would be to compare them to older, more well-known technologies from which the concept of

microarrays was conceived. In some sense, microarrays can be related to Southern blot and associ-

ated dot blot technologies (Figure 18.1). Researchers using dot blots or Southern blots use a labeled

probe to determine the presence of a gene or amount of a transcript in a variety of targets arrayed in

columns or in 96 well format. The definition of a target is application dependent. Targets can be

derived from a single subject at various times or conditions or derived from multiple subjects. The

purpose of these types of experiments is to compare a single gene or sequence variant in a variety of

targets. In this way, the targets are arrayed when presented to the probe. The probe is labeled using

fluourescent, radioactive, or enzymatic tags. Probes are used singly or in small groups to interrogate

the target sequence. Detection occurs when the labeled probe is hybridized or captured out of

solution by its complimentary target sequence.

In contrast to the Southern blot technology, microarrays present or array a number of different

probes rather than targets. The target is applied to the array, and in this manner, a single sample is

interrogated by hundreds or thousands of probes. When bound to a microarray, the probes, now

called capture probes, differ from probes used by Southern blots in that they are unlabeled. Instead,

the target molecules are labeled using, in most cases, fluorescent tags although electrochemical

Different targets or
target conditions
presented on solid
support

Single target
labeled for use in
interrogation of
multiple probes

Southern blot strategy Microarray strategy

Labeled probes used to
interrogate the target

Labeled target is captured
by specific probes

FIGURE 18.1 Comparison of microarray technology and southern blots.

DK9421—CHAPTER 18—20/11/2006—09:45—CRCPAG—15347—XML MODEL C – pp. 419–443

Immunoassay and Other Bioanalytical Techniques420



methods exploiting ruthidium chemistry and other methods that generate observable signals have

been used in a few systems. The target is captured by a subset of probes linked to a substrate. The

binding is quantifiable. Detection occurs when the labeled target is retained by the surface-bound

probe. Tens, hundreds, or thousands of probes can be interrogated against a single target at once. As

a result, a more complete picture of a single target organism is obtained by defining the relationship

of gene transcripts to one another or the appearance of specific genetic polymorphisms to one

another. In contrast, Southern blot technology describes the behavior of a single gene in a popu-

lation, a pathway, or an environment. Both approaches are valid, but they reflect different

viewpoints, addressing similiar scientific questions. Microarray technology dramatically improves

the ability of researchers to study genes in functional groups or biochemical pathways rather than

in isolation.

Labeling materials and methods used in microarray technology have been taken directly or

adapted from other methods used to label specific molecules in other technologies such as

ELISA and PCR assays. Many of these have already been described in detail by other

authors in the volume (Heineman, Biagini, Cooper, Dill, Mulchandani, and Nie). As should

be noted from this list of related methods, almost any labeling method can be adapted or applied

to microarray technology.

18.1.2 ARRAY FORMATS

Arrays are generally printed directly onto glass slides and are referred to as planar or two-dimen-

sional arrays (2-D). Three-dimensional (3-D) arrays refer to glass slides modified to contain

hydrogel (protein arrays) or polyacrylamide (gene arrays) layers into which probes are introduced.

Microarrays are grouped by type and density of arrayed molecules: low density contain tens of

individual elements, medium density contain hundreds of elements, and high density arrays contain

thousands of elements. High density arrays such as the GeneChip Human Genome array (Affy-

metrix) contain over 54,000 elements and evaluate over 1 million different binding events on a

single array [6] although high density arrays containing between 10,000 and 25,000 elements are a

more common size (Amersham, Agilent, Combimatrix).

Bead-based microarrays are notable as an alternative array format to the planar array [7,8]. In

one version, the arrayed molecules are placed on polymer bead surfaces that mix in solution [9].

Whereas the beads are a solid surface, the array itself is not fixed in space. The visual array does not

exist in real time, but it can only be visualized in virtual space through the use of a flow cytometer

and computer. It should be noted, therefore, that these types of arrays, although fast and capable of

imaging up to 100 different beads, do not offer the benefit of physical separation of assayed

materials as in the glass slide format. Generally, this type of assay format is limited to about

100 simultaneous tests. In another version of the bead based array, the molecules are attached to

beads, and the beads are then arrayed on the tips of optical fibers or planar surfaces [10–12]. These

bead-based systems are able to simultaneously array thousands of surface bound beads and do offer

the advantage of physical separation of probes.

Tissue microarrays (TMAs) use pieces of various tumor tissues on an array as targets. These

small tissue slices are logically patterned onto glass slides and probed to obtain profiles of gene

expression [13]. Although they are also considered microarrays, tissue arrays and cell arrays are

substantially different in set up and analysis from other types of arrays mentioned here as both these

array types represent arrays of surface captured targets rather than individual probes. Hence, TMAs

are more related to Southern blot technology with the exception that the organ specific architecture

of the target is maintained. Frequently, biochemical pathways (cell-based arrays (CBAs)) or bio-

markers (TMAs) initially described or discovered using DNA or protein arrays can subsequently be

rapidly screened against populations of tumors and metabolic responses. Of concern in this particu-

lar technology is the issue of uniformity and reproducibility. TMAs and CBAs are substantially

different in their set up and handling. Because TMAs and CBAs are derived from complex
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biological materials, organ and tumor microheterogenity or cell population variations occur natu-

rally and present a greater quality control concern than for synthetic arrays. More detailed

discussions of this unique variant of microarray technology are addressed in reviews by Fedor

[14], Wheeler [15], and Kallioniemi [16].

Although it is clear that microarray technology can revolutionize approaches to medicine and

improve understanding of complex biological processes, it is important to note that microarray

technology remains primarily a research tool at this time. The challenges, to date, have been

overcoming the quality control issues in microarray manufacture, simultaneous validation of

multiple probes that might be present on a single microarray, and understanding and distinguishing

the important features from among a background of hundreds or thousands of datapoints. In January

of 2005, the first microarray to be considered for U.S. Food and Drug Administration (U.S. FDA)

approval as a diagnostic test was introduced by Roche Molecular Systems [17]. Whereas techni-

cally this is a microarray, it is limited in size and scope. The AmpliChip CYP450 genotyping test

evaluates subjects for the presence of variation in only two P450 genes, CYP2D6 and CYP2C19,

accounting for 33 distinct allelic patterns [18]. Although limited in the number of polymorphisms

that can be simultaneously assessed, the impact of advancing microarray technology into the

treatment and diagnosis of patients is notable. Microarrays have been recognized to be a key

technology for the practical application of pharmocogenomics and toxicogenomics and have

enabled the concept of individualized medicine as a practicable idea [19,20].

18.2 MICROARRAY ADVANTAGES AND DISADVANTAGES

18.2.1 ADVANTAGES

The advantages of microarrays are measured in sheer numbers—the number of different genes

simultaneously quantified, the number of different single nucleotide polymorphisms (SNPs) simul-

taneously analyzed, the number of biochemical pathways evaluated, or the number of binding sites

available (Table 18.1). As a general note, at the time of this writing, over 140 manufacturers are

involved in production of microarrays, microarray readers, or software for analysis of microarrays

(Table 18.2 through Table 18.4). Hence, the lists provided are not meant to be comprehensive, but

to represent a cross section of suppliers. Two websites, www.biocompare.com and www.functio-

nalgenomics.org.uk/sections/resources maintain up-to-date lists of commercial suppliers

(Table 18.4). As this field is expanding, new manufacturers, products, and users are adding

TABLE 18.1
Microarray Balance Sheet

Advantages

Comparison large numbers of genes or protein simultaneously

Ability to profile multiple polymorphisms in a single individual, tissue, or cell line

Conservation of analyte

Enables data driven approaches for discovery of natural associations

Disadvantages

Costly investment in printed arrays, imagers, and/or print facilities

May be less rapid than other genetic or protein-based tests

Reproducibility and sensitivity difficult to measure

Data management more challenging

Quality metrics are evolving
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technology so quickly that web-based resources should be used and compared to supplement

selection of the most appropriate versions of this technology.

Most microarray applications use high density arrays with thousands of elements. High density

arrays are advantageous in that it is now possible to obtain large amounts of relational information

about a single target quickly. In fact, for the first time, it is possible to obtain a complete picture of

an individual’s transcriptional status. However, the challenges to this approach are additive. To the

typical challenges of gene expression analysis are added the challenge of data handling and data

mining on a massive level. If pair-wise comparisons between 1000 different genes are performed,

the number of potential data comparisons can approach a million. Manual analysis of high and

medium density microarray results is no longer possible. Therefore, data analysis programs

supplied as part of microarray readers or developed independently by bioinformatics sources are

a requirement for use of microarrays. Together, these technologies permit users to apply methods of

scientific investigation where data drive the interpretation via natural association in large data sets

rather than the more classical methods that are hypothesis driven. This is often referred to in the

microarray community as unsupervised (data driven) and supervise (hypothesis driven) approaches

to data analysis.

Use of unsupervised discovery approaches do not obviate the requirement for good experi-

mental design and a clear biological question. The idea of unsupervised data analysis is that instead

of developing the support for a pre-conceived hypothesis, researchers can allow the data to drive

natural associations between complex biological phenomenon as a means of hypothesis develop-

ment. When performed correctly, it is assumed that the data set contains all the necessary results for

an unbiased interpretation. In this manner, microarray technologies have permitted researchers to

investigate biological pathways and multi-gene disease models in a manner not previously possible.

Methods to normalize signal, control samples, expression levels, and data mining have been the

subject of numerous publications and technical reviews, and they are important considerations

before designing or even working with the first microarray [21–23]. Improved imaging processing

TABLE 18.3
Selected Manufacturer of Bioarray Readers

Device/Company Website Type Features Processing

Agilent www.agilent.com Laser Scanning 2 Color Serial

Axon (Molecular

devices)

www.moleculardevices.

com/pages/instruments/

microarray_main.html

Laser Scanning 2 Color and 4 color Serial

Perkin elmer www.las.perkinelmer.com Laser Scanning Up to 5 color Serial

Aurora photonics www.auroraphotonics.com Flat field illumination 2 Color and 4 color,

thermal stage

Parallel

Nanogen www.nanogen.com/

technologies/microarray

Flat field illumination 2 Color Parallel

Affymetrix www.affymetrix.com Laser Scanning 2 Color Serial

Tecan www.tecan.com/platform/

apps/product

Laser Scanning 2 Color and 4 color Serial

Genomic solutions www.genomicsolutions.

com

Laser Scanning 2 Color and 4 color Serial

Arrayit www.arrayit.com Laser scanning 2 Color and 6 color Serial

Luminex www.luminexcorp.com/

01_xMAPTechnology/

01_Products/

01_Instuments

Flow cytometer 1 Color detection/2

colors probe

address

Parallel

DK9421—CHAPTER 18—20/11/2006—09:45—CRCPAG—15347—XML MODEL C – pp. 419–443

Immunoassay and Other Bioanalytical Techniques424



programs and imagers are being developed in order to extract more information concerning differ-

ential gene expression where expression levels between the control sample and test sample vary by

as little as two-fold.

18.2.2 DISADVANTAGES

The primary disadvantages of microarrays are cost, speed, and sensitivity (Table 18.1). Generally,

the larger the number of different elements, the higher the cost and the slower the analysis. While

relative cost is certainly less than if each gene was analyzed individually, establishment of the

hardware and software is more costly than other types of genetic analysis technology such as PCR

or protein assays such as ELISAs. Inclusive of sample preparation, target detection, and assay

TABLE 18.4
Selected Microarray Software: Commercial and Non Commercial Sources

Program Features Source Web Site

Rosetta Resolver Data management Rosetta

Biosoftware

http://www.rosettabio.com/default.htm

Gene expression analysis

Data sharing

QRI Signal processing software Vialogics www.vialogy.com

Gene expression analysis

Geo Gene expression

databrowser

NCBI www.ncbi.nlm.nih.gov/geo

Matchminer Coordinates gene names NCI www.discover.nci.nih.gov/matchminer

GeneSight Supervised and

unsupervised analysis

Biodiscovery www.biodiscovery.com

TM4 Statistical analysis suite TIGR www.tigr.org/software/microarray.shtml

MAPS Database tool and

statistical analysis

NIEHS www.dir.niehs.nih.gov/microarray/software/maps

Genespring Statistical analysis Agilent www.chem.agilent.com

Nimblescan, Array

Start

Statistical tools Nimblegen www.nimblegen.com/products/software/index.html

ArrayScribe Design tool Nimblegen www.nimblegen.com/products/software/index.html

GeneTraffic Database tool and

statistical analysis

Stratagene www.stratagene.com

Acuity Database tool and

statistical analysis

Molecular

Devices

www.axon.com

GEArray

Expression

Analysis Suite

Web based subscription

to analysis tools

Superarray www.superarray.com/support_software.php

GTYPE/GSEQ Analysis tools for

genotyping and

sequence analysis

Affymetrix www.affymetrix.com/products/software

VersArray Image analysis Biorad www.biorad.com

Cluster/TreeView/

SAM

Supervised and

unsupervised analysis

prograsm

Eisen

laboratory

genome-www5.stanford.edu/resources/restech.shtml

Freeware Site Various tools: image,

database, cluster analysis

www.nslij-genetics.org/microarray/soft.html
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analysis, microarrays require significantly more time than real time PCR or rapid lateral flow

assays. Without the use of PCR for sample preparation of rare genetic targets, microarrays are

not as sensitive for genetic detection as PCR alone. Cost of the microarray itself impacts other areas

of microarray technology, including reproducibility and validation. High density arrays composed

of oligonucleotides can cost more than $1000 per array. With minor exception, microarrays cannot

be stripped of signal and reused. Combimatrixe Custom and 4!2 arrays can be stripped up to four

times as long as the oligonucleotide capture probes do not exceed 40 mers in length. Even so, as per

the manufacturer’s web site, stripped microarrays may show a reduction in signal following strip-

ping (www.combimatrix.com/support_faq4X2.htm). A second microarray to be excepted from the

no stripping rule is the MAGIChipe [24]. The MAGIChipe, a gel-based, spotted 21 mer synthetic

oligonucleotide array designed specifically for rapid discrimination of pathogenic bacteria

(Argonne National Laboratory) can be stripped and reused up to 50 times with no loss of signal

and no sample memory effect, thus bringing the cost per use to less than $10 [25,26]. This novel

microarray uses a proprietary method to create non continuous polyacrylamide patterns to create

gel pads. Using a quartz mask, the gel matrix, when affixed in a specific geometry using photo-

polymerization, creates a low cost platform where proteins, DNA, or RNA can be added.

Oligonucleotides are deposited and chemically linked to the matrix in such a manner that duplexes

created during a hybridization can be dissociated readily without removal of the single stranded

capture probe. The resulting product has the benefit of physically limiting spot geometry and

creating a reusable microarray format that reduces per sample cost and simplifies issues relating

to reproducibility and assay variation [27].

Costs associated with the introduction of microarray technology are not limited to the purchase

of microarray chips alone. To image a microarray requires the purchase of a microarray scanner/-

imager and appropriate software as mentioned previously (Table 18.3 and Table 18.4). Not all

microarray manufacturers require the user to purchase a specific reader; however, some

manufacturers do not guarantee or support the results of their microarray platforms with different

imagers. Optical imagers generally fall into two categories: laser scanning readers and flat field

illumination imagers. The first type of imager interrogates and acquires data on each spot indivi-

dually in sequential fashion. The second type uses microscope-like optics to simultaneously capture

the signal from all microarray elements in parallel. Unlike most fluorescent microscopes, the

illumination occurs evenly across the field of view rather than falling off gradually from the

center of the field of view. The disadvantage of parallel type imagers as compared to sequential

type imagers is that higher amounts of background fluorescence may be observed as a result of the

illumination occuring in areas between pads as well as within the pads. This fluorescence can be

removed or reduced by post processing either the image or extracted data. Other types of micro-

array readers that measure non optical output are under development and some are not yet fully

commercialized. Devices such as the Bead Array Counter (BARC) measures magnetic fields when

a specific capture event is observed [28,29].

Except for specific limitations referenced by each manufacture, generally any type of micro-

array that can be imaged by one type of reader can be imaged by another device with a comparable

scan area or field of view. This group compared flat field illumination imagers (Aurora Photonics)

and found them to display sensitivity comparable to the laser scanning type of readers (GenePix).

Although the laser scanning readers were much earlier to market and have been applied to a greater

number of applications, the new flat field illumination imagers are one half to one quarter the price

of laser scanning readers and, because of the absence of moving parts, have few maintenance issues.

No matter what type of reader is purchased, it is important to make sure that the imager comes

with software that supports the export of data to multiple common platforms, minimally TIF or

JPEG, in addition to its own formats (Table 18.3). Genepix software requires GAL file types for

analysis of data obtained by other programs (www.moleculardevices.com/pages/instrument/gn_ge-

nepix4100.html). Whereas vendor specific software and algorithms come with devices, after market

DK9421—CHAPTER 18—20/11/2006—09:45—CRCPAG—15347—XML MODEL C – pp. 419–443

Immunoassay and Other Bioanalytical Techniques426



software programs have flourished as new methods for handling, analyzing and interpreting micro-

array data arise.

Finally, if the user intends to create microarrays on site, a microarray printer or spotter will be

needed (Table 18.3). The cost of these devices varies tremendously with the amount of robotics and

throughput required. Costs generally range from $25,000 to O$100,000. Additional cost may be
included to place these devices in an appropriate environment. Random dust present during printing

results in spotty background that cannot be removed by any washing protocols and can obscure

underlying signals. In this group’s experience, even the relatively low cost ARRAYIT printers

require environmental conditions that may not be commonly available in research laboratory areas.

It found it necessary to place the printers in humidity-controlled CLASS 100 clean rooms with

specialized equipment to eliminate vibration in order to print microarrays with demonstrated

quality and reproducibility. Extensive methodology has been described in the literature for asses-

sing the quality of microarray components prior to printing [30–32] and for evaluating the spot

quality after printing [33–35]. The simplest methods involve the co-deposition or staining of

microarray products with fluorescent dyes [36,37]. There are several good resources for chip

manufacture protocols and troubleshooting methods [38], (Table 18.5). However, for the small

laboratory or laboratory that only intends to print a few custom arrays, it is likely that for the cost

required to purchase and maintain a print facility, it will be as cost effective to obtain arrays from a

commercial source despite the relatively high cost per array. Printing at core facilities can be a less

expensive alternative, but the results are highly dependent upon the experience, equipment, and

quality assurance methods employed at each site. Tools for evaluating the quality of microarrays

TABLE 18.5
Selected Web Sites of Interest

MIAME Minimum information about a

microarray experiment

www.med.org/workgroups/MIAME/miame.html

MGED Microarray gene expression data

and ontology tool

www.mged.org

MAQC Microarray quality control www.fda.gov/nctr/science/centers/

toxicoinformatics/maqc

Biocompare Resource for identifying

commercial sources

www.biocompare.com

Functional genomics European Science Foundation site

for gene array and protein array

information

www.functionalgenomics.org.uk/sections/resources

Array track Freeware for data management

and analysis

www.fda.gov/nctr/science/centers/

toxicoinformatics/ArrayTrack/index.htm

MicroGen Freeware for data management

and analysis

www.bioinformatics.polimi.it/MicroGen

TIGR Microarray protocols/resources www.tigr.org/tdb/microarray

The Brown Lab Microarray protocols/resources www.cmgm.stanford.edu/pbrown/protocols/

TMA Database Tissue based microarray data

management tool

www.bioinfo.itc.it/TMA/home.htm

dCHIP software Supervised and unsupervised gene

clustering analysis

www.biosun1.harvard.edu/complab/dchip

Functional glycomics Glycan array, glycan profiling and

glycan structure

www.functionalglycomics.org/static/consortium

/main.shtml and www.ccrc.uga.edu

Bacterial carbohydrate

structure database

Glycans associated with microbes www.glyco.ac.ru/bcsdb/

start.shtml

3D Glycan database Glycan structures www.cermav.cnrs.fr/lectines
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are discussed at the end of this chapter. Before designing microarrays, individuals should preview

the designs available (Table 18.2) and, in particular, the controls incorporated into commercial

chips of similar design for anticipated needs. Although the controls described may not be directly

applicable to the desired chip design, they should highlight the types of error checking needed to

interpret the array data [23]. Prior to the introduction of flat field illumination imagers, $200,000

was considered a reasonable starting investment for the hardware, software, and disposables

required to implement this technology [39].

18.2.3 GETTING STARTED: MICROARRAY SELECTION

For the new user, the first decision to be made is the type and density of microarray to be used. This

assumes that the manufacturer of a particular array format is less important to the experimental

outcome than are the probes present on the array. This is a point that will be revisited in detail when

quality metrics are discussed later in this chapter.

18.2.3.1 Genetic Arrays

By far, the most common application of microarray technology involves interrogation of nucleic

acid targets on planar arrays. The first applications used arrays to monitor whole genomes for gene

expression differences [5]. Target mRNA from normal and test materials were labeled using

different fluorescent dyes, and they were applied to glass slides printed with 1000C unknown

cDNAs derived from transformed human leukocytes. The resulting signal was imaged using

excitation filters to distinguish the differences in labeling that defined each of the two RNA

target mixtures. Practical applications of this methodology include gene profiling as a means of

understanding toxicological mechanisms and comparative gene profiling between tumor and

normal tissue [40–42]. Microarrays have been developed to profile SNPs in a single gene and in

a subset of ancestral genes located on multiple chromosomes in humans and between species

[43,44]. Generally, SNP arrays work by using a ratiometric approach to probe hybridization

comparisons. One probe contains a cannonical sequence that is an exact match to a particular

target. This is called the perfect match (PM). Other probes are designed to contain single base

mismatches (MM). A ratio derived from the signal produced by the PM relative to the MM that is

greater than 1 means that the best match to the target contained the same sequence as the PM probe.

A ratio less than 1 of the PM:MM means that the mismatch contains the same sequence as the

target, and the MM defines the sequence in the target sample [45]. Re-sequencing microarrays have

also been developed to entire genomic regions where multiple mutations (transversions, deletions,

insertions, etc.) may occur [43]. A ratiometric approach is used to distinguish between overlapping

probes containing a single base change for each of four possible bases. Re-sequencing arrays have

been reported to have 100 times the accuracy of gel base techniques because of the high redundancy

of information at each base [46]. Re-sequencing chips and variants thereof are especially useful in

rapid typing of viruses [47] and for monitoring viral re-assortment [48–50]. Other ratiometric

approaches combine SNP analysis and re-sequencing arrays to address evolutionary distances

between organisms using genetic markers in ribosomal RNA for bacterial identification using

microarrays. These types of approaches are useful in identifying members of bacterial communities

even from complex environments. Organisms that cannot be cultured can be identified as present

based on their genetic identification in mixtures. Oligonucleotides SNPs arrays have been applied to

conserved genes for quantitative trait loci (QTL) mapping as a means of understanding the link

between phenotypic and genetic differences and for studies of gene evolution [51]. There are

fundamental differences in preparation of target materials and controls used for each of these

applications of nucleic acid arrays. Some approaches require conversion of RNA into cDNA

[41], and others use direct capture of RNA labeled in vitro [25].
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Commercial gene arrays can be spotted or synthesized in situ on glass slides. Spotted arrays

are most common in both commercial and core facility-based manufacture. Spotted arrays use

nucleic acids, either synthetic or derived from amplified cDNA libraries. Oligonucleotides

between 20 and 70 base pairs have been successfully used as capture probes. cDNA arrays are

prepared from a cDNA library by the laboratory personnel from commercial cDNA cloning kits

or obtained from commercial libraries (www.biocompare.com/jump/176/cDNA-Libraries.html).

Individual cDNA clones are amplified then spotted onto commercial glass slides modified with

amino silane (silanated) or aldehyde coatings (silylated) to permit covalent cross linking of the

DNA to the substrate. Whereas many of the commercial sources listed in Table 18.2 will produce

custom arrays, the user base for commercial off the shelf (COTS) cDNA and oligonucleotide

arrays directed to specific species or tissues has grown so rapidly that companies now provide

standardized arrays for whole genome analysis. This eliminates the need to generate cDNA

libraries, and it often provides a better platform to compare results with other users. As previously

mentioned, planar printed arrays can be 2-D or 3-D. There are several benefits of three-dimen-

sional arrays. For gene arrays, the novel 3-D surface chemistry is comprised of a long-chain,

hydrophilic polymer containing amine-reactive groups that are coated over the surface of the slide

(Amersham). This polymer is covalently crosslinked to itself and to the surface of the slide. The

crosslinked polymer, combined with end-point attachment, orients the immobilized DNA and

holds it away from the surface of the slide. This combination makes the DNA more readily

available for hybridization and also eliminates the need for inert sequence spacers to reduce steric

effects. Additionally, the hydrophilic nature of the polymer reduces background in the final

product. Three-dimensional arrays have dynamic range of greater than three logs, much

greater than typically observed for two-dimensional arrays. The MAGIChip gel pad array is a

variation on continuous gel 3-D arrays where coating is applied as spatially restricted areas

referred to as gel pads. As a result, spotting and any subsequent spread of printed oligonucleo-

tides is physically restricted to the gel pad as is probe distribution. As a result, the analysis area

and geometry between spots does not vary. This group noted that the performance parameters of

oligonucleotides have similar probe specificity on gel pad arrays as on two-dimensional arrays

though hybridization on gel pad arrays can be faster for the same application (less than one hour).

A newer version of the gel pad 3-D array technology uses a co-deposition method spotting the

polymer and the oligomer at the same time and is referred to as a gel drop array (Akonni). The

benefit of this technology is that these chips can be spotted more rapidly, require less reagent, and

are lower cost to produce. At equilibrium conditions as occur with overnight hybridization, the

gel drop or co-polymerization chip performs similarly to the gel pad chips (Jackman, pers.

comm.). However, at non equilibrium conditions as defined by shorter hybridization times

(less than one hour), the gel drop chips have very dissimilar probe performance. Therefore,

longer hybridzation times or higher sample concentrations were needed to permit comparisons

between experiments.

In situ synthetic arrays are generally only a commercial product because of the cost of the

equipment and the expertise required to create chips. In this case, oligonucleotides are not

synthesized prior to printing, but the phosphoramidite chemistry is carried out directly on the

chip in each location so that each probe is built on the substrate. Affymetrix and Combimatrix

both use in situ synthesis methods with slight differences. Affymetrix uses patterned light to

direct sequence specific synthesis via classical combinatorial chemistry. Combimatrix pairs

combinatorial chemistry with complementary metal-oxide semiconductor technology. Electrical

current is used to address synthesis to specific array elements. Microelectronics direct the coor-

dinated synthesis of thousands of oligonucleotides simultaneously. Both companies produce

standardized arrays against a number of species and of different levels of complexity as well

as offering services to make custom arrays, giving users a broad spectrum of targets

to investigate.
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18.2.3.2 Protein Arrays

Protein arrays are a relatively new technology, and they have substantially more quality control

issues relating to their use [52]. Generally, these arrays are used to profile differential protein

expression between tumor and normal tissue and between disease and non-disease states; they

are also used to look for organ-specific differences in protein expression (Biochain, Sigma).

Whole organism protein/peptide chips specific for infectious organisms or inflammatory responses

are also available (Combimatrix; Plexigen). Detection is achieved by one of two common methods.

One method uses an antibody sandwich capture detection format (ELISA-like). The variation from

a standard ELISA is that multiple probes are spotted into a single well or membrane [53].

Membrane arrays may use a glass slide support depending on the manufacturer so that the physical

format can be introduced and used by many of the same readers. ELISA plates have beeen used to

array antibodies, however, the number of spots per well is space constricted, and therefore, these

arrays are relatively limited in the number of targets that they can interogate. RayBiotech and

Novagen have produced multiwell arrays with a focused target content. Novagen arrays target up to

12 cytokines simultaneously. Each capture probe is represented in four spots, and controls are

included in each well. Larger arrays are printed on modified glass slides or slides laminated with

nitrocellulose or other membrane (Panomics, Invitrogen). These arrays are composed of antibodies

as capture surfaces or capture peptides synthetically derived from proteins expressed and manu-

factured from cDNA libraries [54–56]. One complication of cDNA library-generated proteins is

that correct folding of proteins during manufacture and maintenance of peptide folding following

printing is needed for specific and accurate target binding [57].

Expressed peptide arrays have been used to study protein–protein interactions [58]. Protein

arrays can be used for antibody profiling performed using peptide arrays in order to look for

autoantigens in cases where autoimmune disease is suspected or for allergen reactivity on a

large scale [59,60]. Capture of antibody target can be disclosed by labeled antibodies directed

against the Fc region of human immunoglobins. In other applications, peptides cloned into cDNA

libraries are tagged with small ligands such as his sequence tags to enable them to be affixed to slide

substrates without excessive exposure of the peptides to linkage chemistries that may damage the

proteins [61,62]. A novel protein array application that models some characteristics of cell or tissue

base microarrays (see below) is the use of cell lysates as capture probes for protein arrays [63].

Variations of these applications have been conceived where cells introduced to nucleic acid

(recombinant DNA or silencing RNA) or gene knock out cell lines are prepared for spotting

onto microarrays [64,65]. The idea is that either over-expression proteins or elimination of specific

pathways via siRNA will result in a pattern changes reflected in the array. Captured targets can be

visualized by differential labeling (Figure 18.2) or using ELISA sandwich detection methods with

labeled secondary antibodies. As with any formats using antibody capture, antibody specificity is

always a consideration such that it is suggested that multiple antibodies (at least two) are used to

reflect the capture of a specific protein [65]. If the comparison is made between proteins derived

from two conditions such as normal and cancerous tissue or normal and treated tissue, the method

most often used is differential labeling. As previously described, each condition is labeled with a

separate amino reactive dye, generally Cy3 or Cy5. After labeling and removal of unincorporated

dye, the two sets of proteins are mixed prior to application and capture on the protein array [66].

Differences in patterns and levels of proteins can be readily distinguished by differences in fluor-

escent emission using a series of filters. Notably, for any assays where a comparison of two dye

labels is being used, controls for dye bias should be included. Dye switching experiments where the

labels of each condition are reversed and the experiment is repeated to ensure that the observed

differences are due to differences in the sample rather than differences in dye incorporation.

Protein arrays have all the complexities associated with gene arrays plus an additional level of

complexity related to the capture target and capture molecules [67]. Quality control issues for

protein arrays are more substantial than just concerns about probe position and printing consistency.
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By comparison, the binding of a nucleic acid to its complement is less complex and better under-

stood than associations between proteins. Protein arrays have inherent issues with epitope

availability based on protein modification, and protein secondary and tertiary structure; compli-

cations introduced from linkage of fluorescent labels through haptens to the protein; and orientation

and protein stability when immobilized to the chip [65]. Comparison of the same sample on protein

and gene arrays may not agree as a result of differences in translation and transcription control.

Therefore, there is no requirement despite underlying expectations that gene expression and protein

expression data agree. Hydrogel or polyacrylamide three-dimension chips may enhance protein

stability and conformation because these surfaces maintain a protective water layer [68]. Passive

absorption of a protein to its matrix does not control for changes in protein orientation or for

concentration issues. Hence, active binding methods where attachment is regulated through a

specific binding event or epitope tag has advantages. In vitro translated cDNA library arrays are

preferred for use in evaluation changes in protein expression because the protein is fixed to the

capture surface through its peptide tag [61,62]. Whereas capture by antibodies is fairly well

characterized, there are differences between capture affinities among individual antigens. The

breadth of hybridization requirements is amplified when considering chips constructed of large

cDNA or protein condition #2

Label #2: Cy3

cDNA or protein condition #1

Label #1: Cy3

Wash

Image

Compare normalized spots

Hybridize to duplicate
microarrays

cDNA or protein condition #1

Label #1: Cy5

cDNA or protein condition #2

Label #2: Cy3

Hybridize to single
microarrayMix sample

Wash

Image 2 fluorescent dyes

Differences in colors highlight
differentially expressed genes or proteins

(a)

(b)

FIGURE 18.2 Sample processing strategies for microarray comparisons. (a) Work flow: Single color analysis

and labeling. (b) Work flow: Two color analysis and labeling.
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numbers of purified proteins or peptide to evaluate protein–protein interactions. The reason being

that unlike nucleic acid arrays, the biochemical requirements for correct peptide folding and target

binding may be very different between proteins. Regardless of the potential difficulties associated

with protein chips, their utility for proteomics applications and disease diagnosis is evident from the

large number of disease or tissue specific arrays currently available (Table 18.2).

18.2.3.3 Glycomic Arrays

By comparison to other array technologies, glycan arrays and glycomic applications are still in their

infancy. Yet, just as biologists before the twenty-first century entered a post genomic era, scientists

have entered the post-proteomic era in the twenty-first century. There is wide recognition that the

sugars that decorate proteins are actually important signalingmolecules for tissue formation, protein,

protein interactions, and pathogen recognition [65,69].Wang et al.were thefirst to recognize the value

of microarrays for carbohydrate profiling for identification of infectious organisms [70]. This obser-

vation was quickly followed by improvements to the surface chemistry for arraying glycans on glass

slides [71,72]. As yet, glycan microarrays have found limited application as most glycomics and

glycome research is still focused on the regulation of the transcription of the genes involved in

glycome pathways or observed changes in the glycomes during disease progression [73]. However,

glycan arrays may develop into a valuable diagnostic screening for viral and bacterial virulence

because pathogen adhesion appears to be, in part, regulated by surface sugars. Glycan arrays can

be used to improve and confirm the glycosylation events predicted by gene profiling arrays [72,74].

18.2.3.4 Tissue-Based Arrays

Tissue-based microarrays (TMA) are a means of simultaneously profiling a particular genetic or

proteomic biomarker among a large number of conditions [75]. In this application, tissue sections

(or cells) derived from cancerous and normal tissue are sliced into thin sections onto a solid support.

Blocks of tissues are cut from fresh and archival materials fixed by various methods [76]. Just as

protein and genetic arrays can be used for biomarker discovery, tissue arrays can provide a large

amount of information concerning normal and abnormal presentation, or they can provide popu-

lation distribution information of a particular biomarker. Specimens can be derived from archival

materials or tissue banks although the method of fixation determines the types of analysis that can

be performed. Archival formalin fixed tissue can be used for genomic applications involving DNA;

however, RNA may be destroyed by these older procotols for fixation, eliminating use of these

tissues for some proteins [77]. Frozen sections and newer fixation methods do not suffer from these

deficiencies and can be used to profile gene expression or protein expression. In this way, TMA can

be used for rapid evaluation of potential biomarkers discovered in the application of other micro-

array approaches. New methods have been developed to help overcome some of the technical

difficulties in printing these arrays [78]. Unlike nucleic acid and protein arrays where the reagents

used to assemble the array are well characterized and relatively homogeneous, tissue-based arrays

are inherently less defined. Even though small tissue sections are used, heterogeneity within tumors

produces great variations among targets in a sample compared to extracted homogenized materials

used to construct other arrays [76]. In addition, whereas there are many tumors of a similar type,

there is a limited supply of tumor tissue from a particular individual, source, or isolated node,

suggesting that exact comparisons between print groups may be difficult.

18.2.4 ANALYSIS OF MICROARRAYS

18.2.4.1 Data Management

Once the biological question that needs to be addressed is identified, and the microarray for use has

been designed or selected, one critical step is needed before initiating experiments or even
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finalizing the printing of an array if a commercial product is not being used. One must determine

how to manage and analyze the data.

Whereas microarrays have the advantage of rapidly providing a large amount of high quality

information, microarrays are also extremely sensitive to biases produced by artifacts. This means

that experimental variations that do not appear to effect other assays can produce confounding

effects in microarray experiments that may be interpreted as true measurements. Poor management

of the experimental processes, poor or inadequate control design, and insufficient sampling can lead

to erroneous results. Microarray analysis is clearly a case of “garbage in, garbage out.” Hence,

analysis of microarray and quality metrics have been the subject of significant discussion in the

microarray community. Luckily, governmental organizations such as the U.S. FDA, the National

Institute of Standards (United States), and others in the European Scientific Community have

recognized the scientific power of microarray technology, and they have been a mobilizing

support for microarray efforts in this area. Web-based FDA freeware, Array Track, is available

for use by all researchers for the storage, analysis, and interpretation of microarray data in a

common format that is standardized. (www.fda.gov/nctr/science/centers/toxicoinformatics/Array-

Track/index.htm) [79]. Likewise, MicroGen (www.bioinformatics.polimi.it/MicroGen/) is another

freeware product developed for storage of microarray information [80]. Be forewarned; the bulk of

the current papers and efforts involved in standardization and quality metrics occur in the area of

gene expression type microarrays. Other applications such as SNP analysis, protein arrays, and

glycomic applications discussed above are not at the same level of maturity for diagnostic use,

although many of the current tools clearly could be adopted by these user communities with

modification. A new tissue-based microarray data management tool, TMABoost, has been put

forward as a means of supporting biomarker discovery and analysis, and it is dedicated to the

intricacies of tissue microarray platforms (www.bioinfo.itc.it/TMA/home.htm).

In order to compare results across laboratories, the microarray gene expression community has

derived an agreed standard of necessary information that needs to be captured for microarrays [81].

MIAME describes the essential information that needs to be captured for data presentation and

publication (Figure 18.3). This includes information on the design of the experiment, the array,

analysis methods, normalization methods, imaging parameters, and microarray hybridization par-

ameters. New users can direct the capture of this information by using the handy checklist provided

on the MIAME website. Adoption of this standard permits sharing of data and information across

laboratories and platforms. However, one gap that still needs to be addressed is a lack of common

language between community members regarding gene ontology and expression quantification

[82]. The omission of a standard unit of measure for gene expression data is a particular hinderance

[83,84]. Even though it was demonstrated that for well-controlled calibrated RNAs, it is possible to

obtain an exact value for mRNA binding, most samples presented to microarrays are not as well

characterized, and therefore, other methods of comparison that are more qualitative still stand as the

standard by which microarray data are compared between laboratories or platforms [85–88]. Some

of the lack of consistency across microarray platforms is due to the bias of specific gene ontologies

1. Experimental design: the set of hybridization experiments
as a whole

2. Array design: each array used and each element (spot,
feature) on the array

3. Samples: samples used, extract preparation and labeling
4. Hybridizations: procedures and parameters
5. Measurements: images, quantification and specifications
6. Normalization controls: types, values and specifications

FIGURE 18.3 MIAME standardization of microarray experimentation. (Brazma, A., Nat. Genet., 29, 365–

371, 2001. With permission.)
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represented by various manufacturer [89,90]. Hence, the MAIME standard has been extended by

the development of an ontology tool (www.mged.sourceforge.net/ontologies/index.php) to assist in

the standardization of gene annotations use to interpretate microarray outputs [91].

18.2.4.2 Quality Metrics: Designing Controls and Defining Error

Even in unsupervised data analysis approaches (hypothesis generating, data driven), understanding

the error within the data sets and mapping the variation in the observed signal must be approached

with rigor to avoid reporting artifactual gene clustering or bogus metabolic pathway involvement

[92]. It is clear that not all variation in signal is due to biological variation. Variation other than

biological variation includes, but is not limited to, differences in sample preparation, differences in

hybridization efficiency, variations in chip printing, variations in probe hybridization intensity

based on location, and variations in the equipment. For microarrays that can only be used once,

validating the array must be performed during the assay with appropriate controls, either incorpor-

ated as fluorescent molecules into the chip or evaluated using spiked external controls [34,37,93]. In

addition, at least one company has developed microarrays for performing quality assessment of

materials prior to hybridization (Affymetrix Test Array, Table 18.1). In many cases, however,

agreement with other methods in particular QRT–PCR or capillary electrophoresis are used to

confirm the quality of the materials prior to hybridization or validate following hybridization

[85,94,88].

No matter the type of bioarray employed, users should incorporate the means to define repro-

ducibility of the experiment. There are two major types of replication that should be considered:

biological and technical [95,96]. Biological replication describes the ability of the assay to achieve

the same values from the same starting materials. The amount and type of biological replication

include evaluating sampling methods to determine within sample and between sample variations to

name a few considerations. The biological replicate can be defined as one derived from an indi-

vidual, a tumor, tissue, or aliquots from a single extract. Technical replication includes the effects of

the methods of the sampling technique and sample processing, instrumental variation, compu-

tational, and interpretative methodologies [97]. Standardization of sample handling is critical to

the outcome of microarray experiments and to one’s ability to share data across laboratories and

platforms [19]. Because microarray technology is relatively new and part of its value lies in its

extreme sensitivity to detect low level genes, small inconsequential differences in sampling can

produce large differences in the outcome observed. Validation of results across platforms and

across analysis methods has been raised as an important consideration in the decision to identify

microarray results with biomarker or pathway discovery [85,98–100].

In one approach used by Tan, microarrays from three manufacturers were hybridized with a

common sample set [101]. The agreement across platforms could only be described as dismal;

differential expression was evident on all platforms for only four genes derived from a subset of

over 2,000 genes common to all three platforms. As might be expected, this analysis generated a

robust discussion in the microarray community. The apparent lack of reproducibility or agreement

in microarray experiments has led to a flurry of effort to develop standards for microarray use and

analysis. The U.S. FDA, concerned about the reliability of this new enabling technology exten-

sively used in its programs in toxicogenomics and pharmacogenomics, conducted its own review of

the dataset generously supplied by the original authors [19,102]. The resulting papers highlight the

need for users to examine the intra-platform consistency and to establish rigorous standards for data

analysis [95]. By far, the most important notation by the U.S. FDA concerning the Tan study was

that the methods used in Tan’s study were both statistically correct and employed common current

practices of the microarray community. Hence, the MAQC project was established. The purpose of

this multicenter pilot study is to develop vendor-independent quality assessment tools for use by

researchers employing microarrays. This tool includes establishment of control mRNAs and other

best practices for microarray analysis. The final guidance document is anticipated to be e-published
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in 2007, although platform specific quality guidance documents are currently available on the

MAQC website (see Table 18.5). The MAQC website is primarily devoted to descriptions of

gene expression arrays. Subsequent studies have examine inter-platform agreements between

microarray types (Affymetrix and Illumina), and they found a high level of agreement between

bead-based and in situ microarrays [85]. There are, as yet, few efforts of this magnitude devoted to

the guidance in the use of other microarrays for protein and glycomic profiling.

Typically, samples derived from the same material or a single sample batched processed and

subsequently hybridized on multiple arrays are used to establish baseline values in microarray

experiments and to address biological and technical replication consistency. A number of compa-

nies are manufacturing quality control chips. It is important to note that in experiments where two

dyes are used, dye switching experiments have been recommended to account for the inherent bias

of specific imagers for a specific dye preference. Failure to perform such analysis could lead to an

artifactual underestimation of gene induction as a result of the difference in scanner efficiencies for

each dye [103]. The methods to carry out and evaluate these experiments have generated some

controversy concerning if dye swapping experiments may uncover another type of error, gene

specific dye bias [104,105]. In the instance of dye switching experiments in particular, it is

suggested to keep the laser power relatively low (30%) to prevent photobleaching and to adjust

photomultiplier tube (PMT) gain settings to balance the dye channels and reduce bias [21].

However, prior to attempting this, it is critical to understand the effect of PMT gain on the

reproducibility of measurements. Shi et al. described a method for obtaining optimum PMT settings

for laser scanners such that PMT settings require little, if any, adjustments and are operated in the

linear portion of the calibration curve [102]. If possible, all microarrays to be compared within an

experiment should be scanned with the same calibrated settings in order to reduce inter-chip

reproducibility. Second, the location of probes must be taken into account when normalizing

probes, even when using laser scanning devices [106]. Intra-chip probe comparisons often show

differences based on the group of probes printed together. Global methods (mean, Lowess) for

normalization of signal have been improved when the printing group is taken into account (print tip

normalization), and they seem to provide a better means to evaluate true expression difference

[21,107]. Third, methods to normalize between microarray variations need to be considered

because at least one of these methods requires pre-planning before hybridization occurs. Three

common methods of normalization are the use of housekeeping genes whose expression is

considered not to change; the use of spiking or doping external control RNA into each hybrid-

ization; or a comparison of the total intensity within the dataset. Each of these methods has its own

caveats. In reality, there are very few instances where housekeeping genes are conclusively known

not to change [108,109]. Global normalization to the total intensity assumes that, whereas individ-

ual gene expression can change within a sample, the total number of transcripts is essentially the

same [110]. The addition of spiked nucleic acid assumes that the behavior of external controls

spiked into the sample reflect the behavior of all the probes on the chip, independent of concen-

tration. This is not to say that these methods cannot be used; it is just to note the potential for

experimental bias.

18.2.4.3 Imaging and Extraction of Data

At this stage, the microarray platform has been selected and appropriate controls incorporated into

the array or into the experiment; the array is hybridized according to protocols, either established by

the manufacturer or by other users (for example, www.tigr.org/tdb/microarray or www.cmgm.stan-

ford.edu/pbrown/protocols). Images of washed microarrays are collected using calibrated

instruments. Before analysis of the data begins in earnest, there is another step to consider.

Whereas microarrays are developed for high throughput applications, the images generated by

high throughput methods must also undergo quality assessment prior to extraction of intensity

data. Image generation can be automated, and most manufacturers of scanners include an automated
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program for setting and aligning an area from which data will be captured. However, a number of

after market software solutions are also available. The process of alignment is referred to as gridding.

Programs used for gridding vary in the way that spots are localized and in the alignment of the grid

[111–113]. Spot localization is referred to as spot registration. Defects in the microarrays can lead to

faults in grid alignment. As previously mentioned, microarrays can attract dust that will produce a

fluorescent signal, confounding automated spot registration. Usually, fluorescence because of dust, is

local, and if it occurs near or over a spot, the entire spotmust be eliminated from the analysis. Residual

fluorescent background is not specific to in-house printed arrays [114]. Spotted arrays can exhibit

other deformities that would make the entire array a candidate for elimination from the analysis.

Spots with deformed signal (donuts, partial circles, asymmetric spots) are indicators of poor print

quality, print pin artifacts or damage to the array. Ghost images are empty pads in areas of high

background, and they are indicative of chip production problemswhere surface modifications results

in non-specific fluorescence around the spot. In addition, array printers vary in performance, and in

some cases, the spots do not perfectly align. This group found that some printers need to be placed on

isolator tables to prevent vibrations from interfering with the uniformity of the printing process.

Automated gridding programs that do not adjust spot registration when alignment issues arise result

in poor intensity data even though the quality of the data imbedded in the image is quite good. This

group found that a well-trained user, unrestricted by time, performs as well as or better than auto-

mated gridding programs. It has conducted studies comparing the results of data analysis and

gridding performance of well-trained and naı̈ve users. In these studies, 40% of the errors in the

data acquisition were the results of poor grid placement (Jackman, pers. comm.). Before using any

gridding program, the following tests or proficiency testing should be considered. First, compare the

results of manual alignments to determine the user’s ability to reproducibly align the image on high

quality microarrays with no obvious defects. This will provide a baseline evaluation to determine the

variation for a particular user. Second, compare data and variation in signal among controls using an

automated program and a manual alignment for a high quality chip. Third, using an image of poor

quality because of hybridization artifacts or microarray defects (dust, high localized backgrounds,

uneven spotting pattern), conduct the same analysis to characterize the program performance on less

than optimal arrays. This should assist the user in understanding the deviations for which automated

gridding programs should not be used. If the deviation is dramatic enough, manual alignments may

not help in extracting additional quality data. Also, it is important to remember that, for comparative

studies between spot intensities, imagesmust be acquired belowpixel saturation. Presence or absence

measurements can be made on extreme images that are black and white, but comparisons of

expression levels or SNPs require shades of gray. If too many spots on an image are at maximum

intensity, representing complete saturation, then it will not be possible to obtain a true ratiometric

evaluation between spots. In these cases, the image should not be used for data extraction, and the

light source or acquisition time should be lowered before the microarray is re-scanned. The

determination of “too many” is somewhat dependent on the number of microarray elements,

though generally, if 0.1%–1% of the total spot intensities are saturated, the data are not accepted.

18.2.4.4 Data Analysis

Once the data is extracted from the image and normalized, it can be subjected to a number of

statistical analysis and have been the subject of several recent reviews [115–118]. Because of the

breath and specificity of the applications, it is not possible to review all the permutations of analysis

methods used to assess microarrays within this chapter. However, it has been mentioned that one of

the great strengths of microarrays is in the application of unsupervised data analysis methods. Gene

clustering approaches can be supervised (user defined) or unsupervised [119]. Unsupervised

approaches permit users to combine data from multiple experiments and then allow clustering or

organization of the data based on similarity of expression. There are three types or models of

unsupervised methods, and they are listed in the order of their application: hierarchial clustering
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[120], K clustering [121], and self-organizing maps [122]. Hierarchial clustering, also sometimes

known as Eisen clustering after its creator, displays genes grouped by their common expression

characteristics. No assumptions are made about the number of clusters the data represent so that the

number of clusters that will be displayed is unknown. K clustering also groups of genes by their

common expression characteristics with the caveat that the user defines the acceptance criteria for

number of clusters and then the algorithm partitions genes of similar expression profiles into

groups. Self-organizing maps are the most rigorous method of unsupervised analysis as the analysis

describes groups of genes not only on the basis of their expression profiles but also on the rela-

tiveness of similarly expressed genes by relatedness. Self-organizing maps are computationally

driven by neural networks of which there are many versions. Whereas self organizing maps are

recognized as important discovery tools, the relevance of these analysis tools improves significantly

with sample size.

18.3 SUMMARY

In summary, bioarrays are an expanding tool for gene discovery, bioinformatics, and drug develop-

ment. Whereas appropriate caution must be employed in their generation, use, and interpretation,

the benefits of microarray technology far outweigh any concerns for their use. Expanded field

application of arrays to food safety and diagnostics will improve the robustness of the interpretation

and likely reduce the associated costs as well as be an enabling factor in genetic testing and

personalized medicine [20]. The information presented here is an overview of all microarray

technologies. For more detailed information about specific microarray type or applications to

field such as diagnostics, a number of excellent reviews concerning protein bioarrays

[65,123,52,124], nucleic acid arrays and their statistical analysis [116,125], glycan arrays

[69,126], and tissue-based arrays [75] are encouraged reading as well as current reviews concerning

arrays as diagnostics [127–130] and for food and nutrition applications [131,132].
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19.1 DISCUSSION OF THE CMOS CHIP

19.1.1 CHIP CONSTRUCTION AND ELECTRONICS

Protein arrays have been in existence since the 1980s. At that time, they resulted from spotting of

proteins onto porous membranes such as nitrocellulose. Considerably later, nonporous materials

such as plastic or derivatized glass were used as a matrix or as support for the spotted proteins.

These arrays were used to measure protein–protein interactions, oligonucleotide–protein

interactions, receptor-drug interactions, and drug discovery or to quantitate cell components

present using antibodies for the capture mechanism. In most cases, a fluorescence label was used

to detect and quantitate the protein or small molecule that was captured.

The most common method of detection used, especially in the early days, was based upon

fluorescence emission of a reporter molecule. Additionally, other methods such as luminescence
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were used. This chapter details a new method used for the detection of captured proteins: the use of

redox enzyme amplified electrochemical detection.

A key aspect of this new technology platform is a semiconductor-based microarray that allows

for the manufacture of high density microelectrode arrays that vary from a density of 1000 to

greater than 100,000 electrodes/cm2. Using active circuit elements in the design permits the selec-

tion and parallel activation of individual electrodes in the array to perform in-situ oligonucleotide

synthesis of customized content on the chip. Proprietary hardware and software developed by

CombiMatrix controls the chip. To date, CombiMatrix produces the 1K chip and has just released

the 12K chip. Most of the data produced for this chapter details work using the 1 K chips.

The CombiMatrix microarray chip is a silicon-integrated circuit manufactured using a commer-

cial mixed signal complimentary metal oxide semiconductor (CMOS) process. Depending on the

electrode density of the chip, the minimum feature size of the CMOS manufacturing process is

between 0.6 m and 1.0 m and uses two to three levels of interconnect metal. Following the conven-
tional CMOS process, several additional post-process steps are performed at the wafer level to

fabricate and expose the platinum metal (Pt) that is the top electrode layer. These steps include the

deposition of Pt with an appropriate adhesion layer (either a titanium–tungsten alloy or a titanium/-

titanium nitride/titanium metal stack), patterning of the deposited metal layer, deposition of a

silicon nitride dielectric film over the surface of the chip, and the patterning of the silicon nitride

film to expose the features of the active electrode. Typical electrode sizes range from 44 m to 92 m
in diameter.

19.1.2 HOW THE CHIP WORKS

The CMOS integrated circuit technology creates active circuit elements and digital logic on the

chip that allows complex functions to be implemented. These include a high speed digital interface

to communicate to the chip, data writing and reading from the electrode array, setting of appropriate

electrical conditions at the electrode to perform in situ oligonucleotide synthesis, and monitoring or

detecting of the signal from the electrode array. Figure 19.1 illustrates the architecture and layout of

the CombiMatrix CustomArray 12 k chip. This design uses a Serial Peripheral Interface (SPI) to

minimize the number of external electrical connections required to communicate to the chip. The

SPI is a synchronous serial interface using clock and data pins that allow the control of multiple

devices on a communication bus line. In this case, thirteen signal lines allow for both the selection

and appropriate voltage/current control of the electrodes and the readout of selective parameters

during detection. The large contact pads located along the side of the chip are used for direct

electrical connection to the chip by pogo pin connectors. A 56!224 array of electrodes is located in

the center of the chip, providing a total of 12,544 spots for the generation of oligonucleotide probes.

Specific circuits to control the row and column selection of electrodes in the array are located along

the periphery of the electrode matrix. Fiducial marks to assist in the optical analysis of the chip such

as stitching of images and auto-templating of the electrode array are also included on the chip.

Each electrode is fabricated within a unit cell of circuit elements that allows precise control of

the electrical characteristics of the electrode. A 3-bit memory element within each unit cell can set

the electrode to one of several externally controlled voltage lines, an internal current source control

circuit, an internal current sink control circuit, or a read-back line that allows external monitoring of

the electrode parameters. Figure 19.2 shows a magnified image of the unit cell and

associated electrode.

The surface condition, both physical and chemical, of the electrode is important in the per-

formance of this microarray device. For the physical aspect, having a smooth topology without

steep angled features is necessary to allow uniform dielectric film removal during the post-proces-

sing steps and uniform coating and synthesis of the oligonucleotide. A spin-on-glass etch-back

process is performed as parts of the final interconnect metal layer dielectric deposition to planarize
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the chip topology. Also, the electrical connection between the CMOS aluminum layer and the

platinum electrode metal is placed at the corner of the unit cell to keep this nonplanar feature

outside of the active electrode area of exposed platinum. Figure 19.3 is a cross-sectional SEM of the

electrode area, showing the nearly planar electrode topography. Additional planarization processes

such as the inclusion of a chemical mechanical polish (CMP) following the interconnect metalliza-

tion step can further improve the flatness of the top chip surface. For the chemical aspect, the Pt

electrode surface needs to be as contamination free as possible. Therefore, the preparation of the

electrode’s surface is important before the microarray synthesis. The chip handling protocols and

assembly processes used to package the chip prevent the direct contact or handling of the top

surface of the chip, particularly the electrode array area. In addition, the exposure of the chip

surface to any volatile contaminants, such as outgassing components from epoxies or other

adhesives and encapsulants typically used in the packaging of integrated circuit devices,

is minimized.

Following the packaging of the microarray, the chip surface is plasma, and it is chemically

cleaned before the application of a reaction layer coating. This coating layer facilitates the attach-

ment and synthesis of biomolecules to the electrode surface.

A diagram of a unit cell for CMOS-based CombiMatrix 98001 chip 1 K is shown in Figure 19.4

[1] with details concerning the intricate microcircuitry. The 1 K chips contain 1024 electrodes that

are available for various experiments. This is the immunochemical detection platform that was

introduced by CombiMatrix Corporation in the form of a silicon chip microarray. Unlike many

75 μm

44 μm

FIGURE 19.2 Optical micrograph of microarray unit cell showing associated electrode.

FIGURE 19.3 Cross-sectional SEM of electrode area showing underlying metal interconnect lines and nearly

planar metal surface.
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other microarray systems that are commercially available, this system is based upon existing

technology using a silicon chip. All the electrodes on this chip are individually addressable so

that unique chemistries may be carried out at each individual site based upon a potential setting and

current flow. Conversely, because each site is individually addressable, the electrode surface may

also be monitored for changes in current or potential emanating from the sample at that site.

19.1.3 SURFACE COMPONENTS AND COATING

The CMOS surface of the CombiMatrix chip is composed of silicon nitride with the electrode

composed of a clean platinum surface. Many commercial electrode systems may use gold as this

surface provides reactive metal for sulfur-based biomolecule deposition. Monolayers and proteins

containing sulfhydryls or disulfides may be chemically attached. Platinum is a somewhat different

metal and biomaterials may not readily bond or stick to it. Moreover, DNA synthesis procedures

require a matrix that is biofriendly, contains hydroxyl groups, and can withstand the organic media

used—the acid conditions generated for the synthesis and the aqueous media required for biological

samples. The membrane/matrix support cannot come off the chip or deform under these conditions.

To this end, this group has tested a large number of membranes that meet the above-mentioned

conditions. Some are being used commercially and patents have been filed.

19.2 SYNTHESIS CHEMISTRY

19.2.1 DNA SYNTHESIS

DNA can readily be synthesized on the CombiMatrix chip using commercially available reagents

except for the generation of protons [2]; they are generated electrochemically. Another crucial point

in all these syntheses is that the matrix above the electrodes must contain free OH groups that are

usually attached to a carbon backbone. It is on these OH groups (covalent attachment) that DNA

synthesis takes place.

Electrode unit cell from gen 1 chip

250 μ

25
0

μ

1 site
3UM features

1170 sites
per cm2

FIGURE 19.4 Diagram of an electrode unit cell for the CombiMatrix 98001 chip. The electrode surface is

w100 microns in diameter and the electrode density is w1,000 electrodes per sq cm.
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As previously discussed, a biofriendly matrix is placed uniformly above the chip. This matrix

must be stable to the various organic solvents that are used in DNA syntheses as well as aqueous

samples containing salts that are used for protein and DNA hybridization and sample detection.

For DNA synthesis, the entire three-dimensional membrane is initialized with dT dimethoxy-

trityl (DMT) and the remaining unreacted, free hydroxyls are capped with acetic anhydride. This

means that dT(DMT) reacts with every free hydroxyl present, whether or not it is over the

membrane. The blocking group is then removed by turning on selective electrodes; only those

electrodes turned on will lose the DMT group (Figure 19.5 and [2]) in the presence of acid (HC) that

is produced. As long as the acid is contained within the area of the electrode (virtual flask), the

DMT groups that will be removed are those confined to the area of the electrode (Figure 19.5). This

leaves the DMT protecting groups unaltered on all other dT groups (not near the electrode).

The electrodes that now contain free hydroxyl groups are ready for the next step in the synthesis

process. The next activated nucleotide reagent is introduced, and it reacts with the free hydroxyl

groups in these solution conditions. The chip is washed, capped, and oxidized to stabilize the

central phosphorous atom. The process continues with the deprotection of certain electrodes and

a coupling step. The regents used in this process can be purchased off the shelf except for the

deblocking solution. In this way, unique oligomers of 100 oligomers or higher can be synthesized at

each electrode. Typically, 15 oligomers have been found to be sufficient for use.

19.2.2 OTHER REACTIONS

A host of electrochemical reactions can be performed on the chip. One of the earlier reactions

carried out was the electrochemical biotinylation and fluoresceination of the matrix above the

electrode on the chip. The reaction scheme for biotin is shown below with the appropriate reaction

conditions (Figure 19.6). There is a question of whether the reaction is a carbon insertion or an

esterfication process [3,4].

The biotin is incorporated onto the membrane and detected by the addition of fluorescein-

labeled streptavidin (F-SA). F-SA cannot be detected unless biotin is covalently attached as

shown in Figure 19.7 [3]. The figure shows that with increasing electrode on-time, biotinylation

3-D Membrane

Electrode

group

On Off

Electrochemical de-block
by local generation of H+

Electrochemical de-block
by local generation of H+

Capping of all
incomplete reactions Capping of all incomplete reactions

x = blocking

Electrode

OH OH OH OH OH

+ T-x (Initialization)

O-T-x O-T-x O-T-x O-T-x O-T-x

O-T-xO-T-xO-T-x

O-T-x O-T-A-x

O-T-A-x O-T-G-x

O-T-A-x
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O-T-x

O-T-x

O-T-x

O-T-x

O-T-OH

O-T-OH

Off

Oligo 1 Oligo 2

Repeat cycles

On

+ G -x (Coupling)

FIGURE 19.5 DNA synthesis scheme.
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FIGURE 19.7 Biotinylation of the matrix above the electrode.
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is also increased based upon the quantity of F-SA that can be detected. This is just one example of

electrochemical reactions performed at the electrode surface.

19.3 ATTACHMENT OF ANTIBODIES TO THE CHIP

19.3.1 ANTIBODY LABELING

For the antibody self-assembling process, the antibodies must be labeled with a DNA sequence that

is complementary to the sequence that is produced at the specific electrode. The labeling procedure

can be done using two methods (see below). Both use the dual linking reagent, Succinimidye-4-

(maleimidomethyl) cyclohexane-1-carbonylate (SMCC); the reactants N-hydroxy succinimide

need an amino group on one molecule and a free SH group on a second molecule. The amino

labeling reagent SMCC, an N-hydroxy succinimide (NHS) ester, is very reactive and must be used

for labile amino groups in step one of any cross-linking procedure.

The structure of an unmodified antibody is shown in Figure 19.8 [1,5]. The connections

between the heavy chains and heavy and light chains are disulfide bonds. The vast majority of

antibodies do not contain free sulfhydryl (cysteine) on the surface of the macromolecule. However,

most do contain free amino groups (3-amino group of lysine) on the surface.
One way to label the protein for self-assembly is to reduce the heavy chain-heavy chain

disulfide bonds and to use the free sulhydryls produced for the labeling chemistries. The labeling

is simple, but the antibody could be damaged or left with only a partial reduction of the disulfide

bonds. Moreover, the single chain antibody may not bind antigen as well as the intact antibody. The

antibody must be reduced and used within hours of preparation.

The SMCC-NHS ester is reacted with the amino group on the 3 0-end of the complementary
oligomer that can be purchased. The reaction is purified via a spin column (Bio Rad) and the

maleimide group of the labeled oligonucleotide is ready to react with the sulfhydryls of the

reduced antibody (Figure 19.8 and Figure 19.9).

The simpler method of labeling antibodies is to use the amino groups on the protein and cross-

link these to the sulhydryl groups on the oligonucleotide. The antibody is first treated with SMCC

that will react with the free amino groups on the antibody. A controlled amount of SMCC is used so

that about three lysines per antibody that have been labeled with the dual-functional reagent should

be obtained. The mixture is purified through a P6 spin column to removed low molecular weight

by-products. An oligonucleotide labeled with an extender (eighteen polyethylene glycol groups) at

the 3-prime end (commercially available linked to this end). This extender contains a disulfide unit

Disulfide bond

Extender molecule

Intact antibody Sulfhydryl tagging Lysine tagging

FIGURE 19.8 DNA labeling chemistries for antibodies.
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(–R-S-S-R 0) that must first be reduced with Cleland’s reagent. This reaction mixture is purified
using a Bio Rad spin column and added to the SMCC-treated antibody. Material is allowed to react

and finally purified on a P-30 spin column.

19.3.2 SELF-ASSEMBLY

The unique feature about preparing antibody labeled chips is that the current protocol allows self-

assembly. That is, the antibodies that are meant for various chip sectors can all be mixed together

and system hybridized for self-assembly. This is usually done in higher salt concentrations and at

slightly elevated temperatures. Typically, 40 degrees for 1/2 h in a 2!phosphate buffered saline,

tween (PBST) buffer concentration is used. Those not hybridized to the chip surface were washed

away with a 2!PBST buffer.

The oligomers were not randomly chosen, but rather, extracted from CombiMatrix’s probe

selection processes programs so that each probe has a similar melting point and is substantially

different in sequence. In addition, it was established that the probes would not contain any signi-

ficant secondary structure.

19.3.3 ASSAY FORMATS

There are two assay formats that can be used in this system: sandwiched-based assay or competitive

assay (Figure 19.10).

In the sandwich assay format, an antibody is used to capture antigens on the chip surface; which

often may be a purified monoclonal antibody that has a very high affinity for the analyte. The signal

antibody (usually a polyclonal antibody) is labeled with a fluorescence marker or enzyme to

provide evidence that the analyte has indeed been captured. Often, this is a mixture of high affinity

antibodies containing binding sites for various epitopes on the analyte surface; it is crucial that these

Ab-analyte binding sites do not overlap with the analyte binding site provided by the capture

antibody. This is the preferred assay format as the signal increases and the quantity of captured-

analyte increases. In the sequential assay format, the Hooke effect never comes into play.

The competitive assay format is an indirect method as the signal is greatest when the nonlabeled

analyte is present. A known quantity labeled analyte is used, and it is titrated with a true or

nonlabeled analyte that is found in samples. In other words, the nonlabeled material competes

with the labeled species for the antibody binding site. Therefore, the signal decreases when the

sample containing the nonlabeled analyte increases. Here, the assay is never quite as sensitive as the

direct sandwich-based method, and the dynamic range (detection region) is usually smaller and

limited to the sigmoidal detection region [5].

A B C D

FIGURE 19.9 Antibodies self-assembled to complementary arrays.
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19.4 DETECTION METHODS

19.4.1 FLUORESCENCE

Numerous methods can be used for the detection process in immunoassays. Many optical methods

are not sensitive enough to be employed. However, methods such as luminescence or fluorescence

are traditionally used in these assays. They do require a label on the protein and a rather large

instrument for excitation and detection at discrete frequencies. The fluorescent detection method

was initially deployed to show that immunoassays can indeed be used on the microarray format.

Because this was not the focus of the current chapter, we shall show but a few examples that

fluorescence-based assays can indeed be used [3].

Results for the fluorophore-based sandwich immunoassays for selected analytes are shown in

Figure 19.11. The antibodies were labeled with different fluorophores (Cy5 and Texas Red). The

right lane on each chip is the control. The analytes range from proteins to much larger spores.

Figure 19.12 shows the results for the standard detection curves. The immunosandwich assay

standard curve is shown for the detection of BG spores. The competitive curve is for F-BSA-b

(fluorescein-bovine serum albumin (BSA) was used as the analyte).

19.4.2 ELECTROCHEMISTRY

Another detection method that can be used is an electrochemical-based system. In this case, a

change in the oxidation state of a solution component is measured. Literature methods using various

enzymes to enhance/detect analytes in immunoassays systems have been published [1,4,6–8].

For this redox-based enzyme amplification electrochemical system, horseradish peroxidase was

used. Horseradish peroxidase is an oxidoreductase that catalyzes the oxidation of a substrate (such

as OPD and related compounds) while using peroxide as the electron acceptor. The molecular

weight of HRP is about 30,000 daltons, and the enzyme turnover rate is very high. For this

sandwich immunoassay-based system (Figure 19.13), a streptavidin-HRP conjugate is bound to

Non-labeled analyte

Labeled analyte

Competitive assay Sandwich assay

FIGURE 19.10 Various immunoassay formats.
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the immunocomplex through the biotinylated antibody. Alternatively, the reporter antibody may be

directly conjugated with HRP and, hence, not require the biotin labeling procedure.

To show the feasibility of using one of the w100-micron electrodes on the CombiMatrix
BioChip for the electrochemical chemical detection of redox reactions in solution, a chip is

immersed into a 500 mL solution containing substrate, buffer, and enzyme (HRP). The enzymatic
events could be monitored as a function of potential (V) and current (I). Figure 19.14 shows the

voltage/current measurements for the HRP reaction (catechol as substrate) as a function of time.

A single 92 m electrode on the chip was used to collect the data from reactions ongoing in the

500 mL solution. The measurements were made of the solution that contained buffer and substrate,
with and without enzyme present. The voltage was set relative to the platinum electrode, and the

resulting current was measured with and without HRP present. Clearly, a noticeable difference is

achieved when HRP is present as the enzymatic reaction is monitored. The results give two

important pieces of information: (1) A potential may be chosen to maximize the differential

Cy5 - phage
lane 6

Cy5 - RCA
lane 4

Cy5 - BSA
lane 2

TR - spores
lane 5

TR - AGP
lane 3

FIGURE 19.11 Fluorescence-based immunoassays using the 1K CombiMatrix chip. The single antibody for

each analyte is tagged with a different fluorophore.
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FIGURE 19.12 Result from two different immunoassays formats. The left is for fluorescein and the right is for

BG spores.
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current with and without enzyme present, and (2) a single microelectrode may be used to monitor

enzymatic events surrounding the electrode.

The results presented in Figure 19.15 show that the current generated from the redox reaction

may be monitored as a function of time with an optimized voltage setting.

Again, a chip microelectrode is used to monitored events occurring in solution. Clearly, the

current rises with time (fromK10 nA toK60 nA) as the enzyme converts the substrate to product.

A steady state is reached after three seconds, indicating that a short waiting period may be optimum

for data collection.

This group has shown that the microarray can be used to monitor enzymatic redox reactions in a

solution surrounding the chip. Can the microelectrode monitor events based upon chemistries

HRP

HRP

HRP

b

b

b

Product
&

electrons

Substrate

Ag

Sandwich assay

FIGURE 19.13 A depiction of a sandwich immunoassay format on the chip using the e-chem detection

system.
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FIGURE 19.14 Monitoring of the ongoing enzymic solution reaction by a chip microelectrode. The chip

potential is varied and the current is measured. Catechol was used as a substrate in this system.
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ongoing at a specific site without loss of signal because of diffusion or bleed over from events

occurring at other electrodes? To show that the electrochemical detection may be feasible for

chemistries at selected electrodes, it has devised an immunoassay scheme that uses selected elec-

trodes to monitor immunocomplexes that develop at those sites (Figure 19.13). In this case, a signal

is produced if the immunocomplex is completed and the redox signal can be monitored. If the group

is able to chaperon selected antibodies to specific predetermined locations, it should be able to

determine if immunoassay detection is feasible and if the chemistries can be localized to the

selected electrodes in question. It should be noted that a similar enzyme amplified electrochemical

detection system using a single flow cell provided excellent electrochemical data for

immunoassays [9].

Figure 19.16 shows some of the electrochemical data for the detection of the immunoassay

complexes. In this case, the biotinylated reporter antibody contained bound SA-HRP. The analytes

present were in saturated conditions, and the addition order of the immunocomplex components

was sequential. Clearly, the two analytes were detected according to the sandwich assay scheme

depicted in Figure 19.13. The data were collected as the enzymic reaction reached steady state

conditions. The statistics for the data in Figure 19.16 are given on the left-hand side of that figure.

The standard deviation for a1-acid glycoprotein (AGP) was found to be 16.4%, and those for the
detection of M13 phage were 7.8%. Typically, a standard deviation of 10% or less is observed for a

given analyte concentration.

How many electrodes are needed for good statistics in obtaining accurate data for analyte

concentrations? Traditionally, several rows of electrodes are used, but are these necessary?

Figure 19.17 shows the standard deviation for a phage assay as a function of the number of

electrodes used. Clearly, a minimum of ten sample repetitions (electrodes) for the same analyte

concentration is required for the best results. Therefore, using two rows of electrodes (comprising

sixteen electrodes) would be adequate for the analysis of a single analyte concentration.

A number of additional parameters enable the optimization of the immunoassays. One of those

parameters is analyte incubation time. This is a crucial parameter as it allows the signal output to be

optimized. Figure 19.18a and b show the results for the signal output in the immunoassays for ricin

(RCA) and phage as a function of concentration and time. For the best results, sixty minutes

(statistics and maximum signal) is optimum; however, for quicker results, a shorter incubation

time (twelve minutes or less) can be used.

Time (s)

I,
nA

−10

−30

−50

−70

2 4 6 8 10 12 14

FIGURE 19.15 Monitoring the current at one electrode as a function of ongoing enzymatic activity of

horseradish peroxidase on the substrate (catechol).
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Figure 19.19 shows that a host of different antibodies may be self-assembled on a biochip to

perform numerous multiplexed immunoassays on a single chip. The results for five analytes are

presented in two-dimensional and three-dimensional plots. To date, a chip that contained up to

fifteen unique antibodies has been constructed. The intensities (signal output in Figure 19.19) are

not the same for all analytes as differing concentrations were used. Additionally, the assay per-

formance for each analyte will differ based upon the affinity constant of each antibody-analyte pair.

AGP concentration was just above the LOD conditions.

Standard curves and limits of detection (LODs) for these analytes are given in Figure 19.20 and

Figure 19.21. The results show that the system is indeed very sensitive (attomole levels), and the
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FIGURE 19.17 Dependence of the standard deviation (%) on the number of electrodes used in the calculation.

Analyte used was phage under saturation conditions with a one-hour incubation period.

Two analyte detection

1.40E-08
Standard deviations

Background

AGP

Mean: 1.38 e-9

Std. dev.: 8.84 e-11

Mean: 1.14 e-8

Std. dev.: 1.88 e-9

Phage

Mean: 1.18 e-8

Std. dev.: 9.28 e-10

Phage AGP

3D plot

1.20E-08

1.00E-08

8.00E-09

6.00E-09
−A

4.00E-09

2.00E-09

0.00E+00
S

1

S
3

S
5

S
7

S
9

S
11

S
13

S
15

22

15

8
1

Column

Row

FIGURE 19.16 The three-dimensional plot for results from a sandwich immunoassay detection of AGP and

Phage using the e-chem detection system. Mean values and standard deviations for background and each

analyte are given on the left-hand side of the figure.
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system can detect an analyte over a range of at least four logs. The results and detection limits for

AGP and ricin are similar to those published for RCA and AGP using light addressable potentio-

metric sensor (LAPS) detection [10,11]. Because this platform is still under development,

improvements in LODs are still in the offing. The LOD value for phage is far from optimal, and

this may be because the antibody affinity constant for the phage is poor, and, more than likely, the

use of the identical monoclonal antibody for the capture and detection of phage is far

from optimum.

The analyte standard curves shown in Figure 19.20 and Figure 19.21 were derived from data

accumulated from at least five different chips. The reproducibility of the data then relies on

intrachip and interchip variations. The intrachip standard deviations are typically less than 10%

for a given analyte concentration; this, of course, depends upon the number of data points (elec-

trodes) per analyte. Typically, an onboard standard is used to normalize chip variations, and, in this

format, chip-to-chip variations were found to be much less than 5%.

Not presented in Figure 19.22 is the LOD data for BG spores. These data are presented in

Figure 19.23. From the number of spores placed on the chip, the area covered by these spores, the

fraction of the total area that the electrodes encompass, and the signal output, on average, one spore

per electrode can be detected. See Figure 19.23 for details. The high degree of sensitivity results

from the large number of identical epitopes that are likely found on the spore coat protein (large

number of signal antibodies is bound).

19.5 NEW CHIP DEVELOPMENTS

19.5.1 INTEGRATED MICROFLUIDIC BIOCHIPS

The research on integrated microfluidics lab-on-a-chip technology involves the development of

miniaturized devices, miniaturized systems, and new applications related to the handling of fluids

(both liquids and gases). Several researchers have developed devices allowing for performance of

multistep assays using complicated channel networks, whereas pumps, valves, and detectors were
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FIGURE 19.18 Assay response as a function of analyte concentration and incubation time. Analytes used

were phage and ricin (RCA).
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FIGURE 19.20 The standard curve for the detection of AGP.
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FIGURE 19.19 Signal output from a multiplexed immunoassay for five analytes. Both the two-dimensional

and three-dimensional plots are provided. Analyte incubation was for a one-hour duration.
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left off-chip and were built into the desktop test station [12]. Others argued for integrating all

functional components into the chip and preferred portable solutions [13]. The latter efforts led to

ingenious demonstrations of on-chip valving [14] and pumping schemes [15] in an attempt to depart

from traditional Microelectro-mechanical Systems (MEMS) approaches that are complicated in

fabrication and expensive. Most of the work has been directed toward the integration of DNA

amplification with capillary electrophoresis (CE) [16]. This would allow one to automate DNA and

immunoassays and reduce costs. It would also allow one to produce a handheld platform.

A self-contained and fully integrated microfluidic biochip device that integrates microfluidics

with an enzyme amplified electrochemical detection-based microarray for protein (immunoassays)

and DNA detection has recently been developed. The device (as shown in Figure 19.24) consists of

a plastic fluidic cartridge and a CombiMatrix microarray chip. The plastic cartridge includes a

reaction chamber for Ag-Ab binding or DNA hybridization, a number of reagent storage chambers,

and micropumps.

The operation of the biochip device is as follows. In the case of immunoassay, a biological

sample solution containing antigens is loaded in the microarray chamber. Other solutions, including

a wash buffer, a secondary antibody solution, a streptavidin-HRP conjugate solution, and an

electrochemical detection buffer mixture are separately loaded in other storage chambers. The

biochip device is then inserted into an instrument that provides electrical power for pumping,

hybridization heating, and electrochemical signal readout. The process starts with a one-hour

hybridization at 378C in the microarray chamber. The washing buffer is then pumped through

the microarray chamber using an integrated electrochemical micropump to wash the array. The

secondary antibody solution is subsequently pumped into the microarray chamber followed by a
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FIGURE 19.21 Standard curve for the detection of ricin (RCA).

1. AGP: 5 pg/ml. 8 amol in 50 μl volume

2. RCA: 300 pg/ml. 250 amol in 50 μl volume

3. Phage*: 3.75 e8pfu/ml. ~1 million pfu in 40 μl volume

Dynamic detection range is 4 logs

* Identical monoclonal antibody was used for capture and detection

FIGURE 19.22 Limits of detection determined for the three analytes. The dynamic range for the analytes is

also presented.
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thirty-minute incubation allowing the secondary Ab to bind with the Ag on the assay surface. Once

the incubation is completed, the washing buffer is pumped through the microarray chamber

washing the array surface. The streptavidin-HRP conjugate solution is then introduced into the

microarray chamber, and the solution/chip is incubated for thirty minutes at room temperature.

A final wash is implemented in the microarray chamber before the introduction of the electro-

chemical detection buffer mixture. The electrochemical hybridization signals corresponding to the

redox-reaction amplified by the enzymes (HRP) that are bound to the immunocomplex on the

surface of probe electrodes are detected on the chip and recorded by the instrument.

3000 Spores
5% Electrode area on chip
150 Spores/500 electrodes
~12 Electrodes with single spore detection

9 Single spores
detected

11 Single spores
detected

Detection of single spores

FIGURE 19.23 The detection of a single spore.
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Waste

Microarray chip

E-chem pumps

2nd antibody

FIGURE 19.24 (A) Schematic of the microfluidic biochip device. (B) Photograph of the integrated device that

consists of a plastic fluidic cartridge and a Combimatrix’s CustomArrayTM chip.
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Micropumps are critical components in the microfluidic biochip design. The biochip requires a

transport of a number of liquid solutions in a volume of tens to hundreds of mL. Most conventional
pressure-driven, membrane-actuated micropumps suffer from complicated designs, complicated

fabrication, or high cost. In this device, electrochemical pumps are used that rely on electrolysis of

water between two stainless steel electrodes in a saline solution to generate gases when a DC

current is applied. The gas generates a pressure that, in turn, moves liquid solutions in the biochip.

This pumping mechanism does not require a membrane and/or check valves in the design. As a

result, the fabrication and operation are much simpler than most conventional micropumps.

The microfluidic biochip device was tested for detection of different concentrations of bioti-

nylated oligomers. The microarray chip with an electrode density ofw1000 electrodes per sq cm
was used. For this redox-based enzyme amplification electrochemical system, horseradish per-

oxidase (HRP) is used. HRP is an oxidoreductase that catalyzes the oxidation of a substrate

(such as OPD) while using peroxide as the electron acceptor. The on-chip analysis starts from

DNA hybridization. Similary, the system can also be used for immunoassays. A sample solution

containing the 5 0-biotinylated 15-mer complementary sequences to GD1, GD2, GD3, and GD4 in
varying concentrations (1 pM to 1 nM) was incubated in the array chamber for one hour. The array

is washed with 2!PBST buffer and then filled with a solution containing the streptavidin-HRP

conjugate for thirty minutes. Finally, the array is washed with 2!PBST and loaded with hydrogen

peroxide and ortho-phenylenediamine before taking readings. Biological sample and reagent

solutions are loaded into the device beforehand; electrochemical signals corresponding to patho-

genic or genetic information are the primary output. The results are shown in Figure 19.25; four

sections of the chip had different 15-mers synthesized (cGD1, cGD2, cGD3, and cGD4P-6) on the

matrix covering the chip. The sensitivity of the system is less than 10 pM in oligonucleotide

concentration. Similarly, the microfluidic biochip can also be used to perform on-chip immu-

noassay (in progress).

19.6 CONCLUSIONS

The chapter describes advances in microarray technology and clearly shows that microarrays may

be performed on CMOS chips. The capture antibody is self-assembled on the CMOS chip based

GD4 GD3 GD2 GD1

FIGURE 19.25 Electrochemical (EC) detection of DNA: GD1 (1 nM), GD2 (100 pM), GD3 (10 pM), and

GD4 (1 pM).
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upon the complementary DNA label that has been covalently attached to the antibody. The analyte

and signal antibody are then added in a sequential manner. Detection is based upon redox amplified

electrochemical detection. The results are robust; detection of several log units of analyte concen-

tration is possible and is far superior to traditional fluorescence-based detection.
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20.1 INTRODUCTION

Immunoassay using fluorophore-labeled antibodies is a popular technique for medical diagnostics

and bioanalytical chemistry because of its high detection sensitivity, non-isotopic safety, multi-

plexing, and quantitative capabilities. However, these promising features are still limited by the use

of traditional organic dyes with less than optimal absorption and emission properties. For example,

organic dyes often undergo rapid photobleaching, making accurate quantification difficult; their

broad and asymmetric emission profiles result in significant spectral overlap in multicolor appli-

cations. As a result, it is difficult or nearly impossible to detect more than 3 biomolecular targets

using a single light source. Therefore, there is a need to develop new detection labels that can

overcome the aforementioned problems.

Recent advances in nanotechnology has produced a new class of fluorescent labels based on

semiconductor quantum dots (QDs) for a broad range of applications, including single molecule

biophysics, biomolecular profiling, optical barcoding, and in vivo imaging [1–20]. In comparison

with organic dyes and fluorescent proteins, QDs have unique optical and electronic properties such

as size-tunable light emission, improved signal brightness, resistance against photobleaching, and

simultaneous excitation of multiple fluorescence colors. Surface-passivated QDs are highly stable

against photobleaching and have narrow, symmetric emission peaks (as narrow as 14 nm full width

at half maximum or FWHM). It has been estimated that CdSe QDs are about 20–40 times brighter,

depending on particle sizes and quantum yields and 1000 times more stable against photobleaching

than single dye molecules. These properties render QDs the ideal fluorophore for ultrasensitive,
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multiplexed, and quantitative fluoroimmunoassays with important applications in

clinical diagnostics.

This chapter discusses the immunoassays and bioanalytical applications of semiconductor QDs.

Specifically, it will describe the unique spectral properties of QDs, bioconjugation chemistry,

multicolor and quantitative protein staining, and optical barcoding for homogeneous immunoassay.

The synthesis of high-quality QDs and their surface modifications will be briefly reviewed. This

chapter concludes with a short discussion of future prospects and challenges in QD immunoassays.

20.2 OPTICAL PROPERTIES

Unlike conventional dyes and biological samples made from organic materials, QDs are made from

inorganic semiconductors and emit photons via a process known as excitonic fluorescence [1]. This

different light emitting mechanism offers unique spectral properties and leads to a better signal to

noise ratio (S/N) in fluorescence detection. One feature is the large extinction coefficients of QDs

that make them an intrinsically brighter probe under most fluorescence imaging conditions. The

molar extinction coefficients of QDs typically have a value of 0.5–2!106MK1 cmK1 that is about

10–50 times larger than that of organic dyes [2]. Because of an increased rate of photon absorption,

single QDs appear dozens of times brighter than organic dyes (Figure 20.1a). The brightness of QDs

has been experimentally confirmed by this group and other researchers [3] and is important for

detection of low abundance targets.

Second, the differential fluorescence lifetime provides another dimension for separation of QD

fluorescence from the background, a technique also known as time-domain or time-gated imaging

[4–6]. Fluorescence lifetime is an intrinsic characteristic of a fluorophore and describes the duration

of its stay in the excited state before returning to the ground state. A simplified model for fluor-

escence signal decay is shown in Figure 20.1b for QDs and organic dyes. Assuming the initial

fluorescence intensities of QDs and dyes after a pulse excitation are the same and the fluorescence

lifetime of QDs is one order of magnitude longer than that of the dye, the QD/dye intensity ratio

quickly increases with time (that is, IQD/IdyeZ1 at time tZ0, and IQD/IdyeZw100 at tZ10 ns).

Therefore, an imaging time window can be selected to improve the S/N ratio.

The sensitivity can be further enhanced by the large Stokes shift of QDs. For organic dyes, the

Stokes shift is measured as the distance between the excitation and emission peaks, and it typically

has a small value from a few nanometers to 10 s of nanometers. The Stokes shift of semiconductor

QDs, in contrast, can reach up to 300–400 nm, as shown in Figure 20.1c. In some high-background

materials such as cells and tissues, fluorescence with a small Stokes shift is embedded within an

overwhelming autofluorescence background, whereas fluorescence with a large Stokes shift is

clearly differentiated from the background because of a color or wavelength contrast. It is also

worth noting that for most biological samples, the autofluorescence is very low, above 800 nm.

Recent development of alloy and Type II QDs has shown great promise in making high-quality

near-infrared nanoparticles for biomolecular imaging and detection [7,8].

In addition to sensitivity, it is also important to have multiplexing capabilities so that multiple

molecular targets can be simultaneously measured. Figure 20.1d shows a comparison of fluor-

escence absorption and emission spectra between red QDs and a color-matched organic dye

X-Rhodamine. The emission spectral width of QDs is mainly determined by the particle size

distribution. For CdSe QDs, the emission line-width (or FWHM) is typically 30 nm or less,

much narrower than that of most organic fluorophores. Recent development in alloy nanoparticles

synthesis has produced QDs with FWHM as narrow as 13 nm at room temperature [9,10]. This will

allow simultaneous use of multi-color QDs without serious spectral overlap. Even with overlapping

spectra, multicolor QDs can be resolved by spectral deconvolution because their emission spectra

are symmetric (Gaussian distribution). In addition, QDs absorb excitation light over a broad range
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FIGURE 20.1 Novel optical properties of QDs for improving the sensitivity offluorescence immunoassays. (a)

Comparison offluorescence light emission from organic dye tetramethylrhodamine isothiocyanate (TRITC; left

vial), green QDs (middle vial), and red QDs (right vial) under normal room light illumination and at the same

molar concentration (1.0 mM). Bright fluorescence emission is observed from the QDs but not from the dye,

owing to the large absorption cross-sections of QDs. (b) Comparison of the excited state decay curves (mono-

exponential model) between QDs and common organic dyes. The longer excited state lifetimes of QD probes

allow the use of time domain imaging to discriminate against the background fluorescence (short lifetimes). t(dye)
and t(QD) are the delay times for the fluorescence signals to decrease to 1/e of their original values, where e is the

natural log constant and is equal to 2.718. (c) Comparison ofmouse skin andQDemission spectra obtained under

the same excitation conditions, demonstrating that the QD signals can be shifted to a spectral region where

autofluorescence is reduced. (d) Fluorescence absorption and emission spectra of a representative organic dye,

X-Rhodamine, and QDs. (e) Photobleaching curves showing that QDs are several thousand times more photo-

stable than organic dyes (e.g., Texas red) under the same excitation conditions. (From Xiaohu Gao, Lily Yang,

John A. Petros, Fray F. Marshall, Jonathan W. Simons, Leland Chung, and Shuming Nie, Curr. Opin.

Biotechnol., 16, 63–72, 2005. With permission.)
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of wavelengths, and their molar extinction coefficient gradually increases toward shorter wave-

lengths that make it possible to simultaneously excite multiple colors with a single light source.

Another important parameter in fluoroimmunoassays is quantification. Rapid photobleaching of

organic fluorophores and fluorescent proteins makes accurate quantification problematic. In

contrast, QDs are dramatically (more than 1000 times) more stable against photobleaching and

can tolerate extended illumination for repeated measurements (Figure 20.1e). Based on this group’s

calculations, single QDs are able to emit 4–5 orders of magnitude more photons before photo-

bleaching than organic dyes.

20.3 SURFACE CHEMISTRY AND ANTIBODY CONJUGATION

Highly fluorescent QDs are often synthesized at elevated temperatures in organic solvents such as tri-

n-octylphosphine oxide (TOPO) and hexadecylamine (HDA) (high boiling-point solvents containing

long alkyl chains). The hydrophobic organic molecules not only serve as the reactionmedia, but they

also coordinate with unsaturated atoms on the QD surface to prevent formation of bulk semiconduc-

tors. As a result, the nanoparticles are coated with a monolayer of the organic ligands and are soluble

only in non-polar solvents. To overcome this problem, two simple methods based on surface ligand

exchange were developed by Dr. Alivisatos and this group in 1998 [11,12]. These two pioneering

reports demonstrated the use of QDs for in vitro cell labeling and endocytosis studies, but the

bioconjugated probes had low quantum yields, stability problems, and cellular toxicity [13,14].

Intense interest in using QDs for live cell and animal imaging has led to the development of

improved QD solublization and bioconjugation procedures (Figure 20.2). QDs are first solubilized

with an octylamine-modified low molecular weight poly(acrylic acid) [15]. The hydrophobic alkyl

side chains strongly interact with TOPO on the QD surface, whereas the hydrophilic carboxylic

acid groups face outward and render QDs water soluble. After linking to antibodies or streptavidin,

the QD bioconjugates have been used in both high resolution and high sensitivity cellular imaging

studies [15,16]. The results revealed detailed cell skeleton structures as well as the diffusion

dynamics of single receptors in living cells although fluorescence and binding affinity loss were

also observed over extended incubation or storage, possibly as a result of polymer or ligand

detachment [17,18]. For in vivo lineage-tracing of embryogenesis, Dubertret and coworkers encap-

sulated single QDs with PEG-derivatized phospholipid micelles and injected individual embryos

with up to 2 billion particles [19]. Despite their relatively large sizes that may reduce the kinetics of

biomolecular binding and nanoparticle extravagation from blood vessels for in vivo targeting, the

QDs possess excellent stability and biocompatibility, leading to normal embryo development for up

to four days. Most recently, Gao and Nie have used a tri-block amphiphilic copolymer that is

specifically designed for in vivo molecular imaging and targeting [20]. This polymer is able to self-

assemble on the surface of QDs, leading to well-dispersed nanoparticles that are encapsulated by a

tight, hydrophobic layer. This block copolymer is another type of nanomaterial building block that

is used in self-assembly and soft nanolithography [21,22]. A key feature shared by these amphi-

philic polymer coating procedures is that QDs are solubilized in aqueous solution without replacing

the coordinating organic ligands that are believed to be important for maintaining the optical

properties of QDs and for shielding the core from contact with the outside environment [23].

Water-soluble QDs have little or no selectivity to target molecules except for some genetically

engineered viruses or special type of cells [24–27], and they need to be attached to bio-affinity

ligands such as antibodies. Because of the dimensional similarity of QDs and biomacromolecules,

this can be achieved via a variety of conjugation chemistries such as adsorption, chelating, and

covalent linkage. Two of the most popular crosslinking reactions are carbodiimide mediated amide

formation and active ester–maleimide mediated amine and sulfhydryl coupling (Figure 20.3a and

Figure 20.3b). The advantages of carboxylate-amine condensation using carbodiimides is that most

biomolecules such as IgGs contain many primary amines and carboxylic acids and do not need
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chemical modification prior to coupling with nanoparticles. In comparison, sulfhydryl groups are

less common in native biomolecules and are unstable in the presence of oxygen. QDs can also be

functionalized with amines and carboxylic acids with a variety of amphiphilic polymers. But the

abundant reactive groups could cause aggregation and render biomolecules randomly oriented on

the QD surface that is detrimental to probe bio-activity (Figure 20.3a). Other conjugation reactions

are possible, depending on the available chemical groups. For example, Pellegrino et al. recently

used a pre-activated amphiphilic polymer for QD solublization [28]. This polymer contains

multiple anhydride units and is highly reactive to primary amines without the need of an external

coupling reagent. It is worth noting that polyanhydride is also under intense study and clinical

examination for sustained drug delivery and tissue engineering [29,30].

The antibody orientation on the surface of QDs is critical to specific binding and can be

controlled by several procedures as shown in Figure 20.3. Mattousssi and coworkers first explored

the use of a fusion protein as an adaptor for IgG antibody coupling [31,32]. The adaptor protein has

a positively charged leucine zipper domain for electrostatic interaction with QDs and a protein G

domain that binds to the Fc region of antibodies. As a result, the Fc end of the antibody is connected

to the QD surface and the target-specific F(ab 0)2 end faces outward (Figure 20.3c). Direct
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FIGURE 20.2 Schematic diagram showing the structure of a bioconjugated QD probe, consisting of the

capping ligand TOPO, an encapsulating amphiphilic polymer layer, biomolecule-targeting ligands (such as

antibodies, peptides, or small-molecule inhibitors), and polyethylene glycol (PEG). (From Xiaohu Gao, Lily

Yang, John A. Petros, Fray F. Marshall, Jonathan W. Simons, Leland Chung, and Shuming Nie, Curr. Opin.

Biotechnol., 16, 63–72, 2005. With permission.)
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FIGURE 20.3 Methods for conjugating QDs to biomolecules. (a) Traditional covalent cross-linking chemistry

using EDAC (ethyl-3-dimethyl amino propyl carbodiimide) as a catalyst. (b) Conjugation of antibody frag-

ments to QDs via reduced sulfhydryl-amine coupling. SMCC, succinimidyl-4-N-maleimidomethyl-

cyclohexane carboxylate. (c) Conjugation of antibodies to QDs via an adaptor protein. (d) Conjugation of

histidine-tagged peptides and proteins to Ni-NTA-modified QDs with potential control of the attachment site

and QD:ligand molar ratios. (From Xiaohu Gao, Lily Yang, John A. Petros, Fray F. Marshall, Jonathan W.

Simons, Leland Chung, and Shuming Nie, Curr. Opin. Biotechnol., 16, 63–72, 2005. With permission.)
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conjugation via covalent bonds has also been achieved using chemical, enzymatic, or genetically

modified biomolecules. For example, selective chemical reduction of disulfide bonds at the IgG

hinge region and enzymatic digestion can produce antibody fragments with free sulfhydryl groups

that are reactive to maleimide coated QDs (Figure 20.3b). It appears as though this antibody

fragment conjugation leads to less aggregation and better target binding. Although the binding

affinity of each antibody fragment to its target is reduced, this can be compensated by the increased

avidity of multivalent binding (that is, multiple antibody fragments in the QD surface bind to

multiple target receptors on cells or tissue specimen samples) [33]. More elaborate biomolecule

modifications are also available through site-specific labeling or mutagenesis that could further

improve the affinity and specificity of QD-antibody conjugates [34].

20.4 IMMUNOASSAY AND IMMUNOHISTOCHEMICAL STAINING

Detection of target molecules immobilized on the surface of a solid support is the most common

format of QD immunoassay. For example, Kodadek and coworkers have reported the use of

streptavidin-QDs as a fluorescent label to quickly identify peptide sequences from bead-bound

combinatorial libraries [35]. Because of the strong autofluorescence of polymer resins, it is much

easier to distinguish positive binding events using QDs, taking advantage of their large Stokes shift,

than using traditional organic dyes. Similarly, using QD-antibody bioconjugates, Mattoussi et al.

have successfully detected chemical compounds such as explosive TNT, and they also achieved a

multiplexed toxin analysis [31,36]. Although multicolor QDs used in the experiments only have

spectral separations as small as 20 nm, four fluorescence components can be readily resolved as a

result of the well-defined QD emission peak shape (Gaussian distribution). Similar experiments can

also be extended to gels and membranes (such as Western blotting) or even homogeneous assays in

microfluidic channels [37,38].

Another emerging area of QD applications is in situ molecular analysis of cells and tissue

specimens because no technologies are currently available to handle intact cells in a highly multi-

plexed and quantitative manner (Figure 20.4). Wu et al. linked polymer-protected QDs to

streptavidin and showed detailed cell skeleton structures using confocal microscopy [15]. The

improved photostability of QDs allowed acquisition of many consecutive focal-plane images and

their reconstruction into high-resolution 3-D projections. The high-electron density of QDs also

allowed correlated optical and electron microscopy studies of cellular samples [39]. Furthermore,

Dahan, Jovin, and coworkers achieved real-time visualization of single molecule movement in

single living cells [16,18], a task that is extremely difficult or impossible with organic dyes. This

single-molecule imaging sensitivity has opened a new avenue for studying receptor diffusion

dynamics, ligand–receptor interactions, biomolecular transport, enzyme activity, and molecular

FIGURE 20.4 Multicolor fluorescence images of SKBR-3 cells stained with QD-antibody bioconjugates.

(a) Red QD stained Her-2/neu receptor; image taken with a 10X objective. Note the uniform fluorescence

distribution on the cell surface. (b) Counter staining of cell nucleus with 4 0,6-diamidino-2-phenylindole
(DAPI); image taken with a 10X objective. (c) Enlarged cell image of the two colors overlaid; image taken

with a 100X objective.
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motors. This technology has been pushed a step farther toward clinical and translational research by

analyzing formalin-fixed and paraffin-embedded (FFPE) patient tissue specimens (Figure 20.5).

Combining the unique optical properties of multicolor QDs and the power of spectral imaging

microscopy, the molecular signature of heterogeneous tumor specimens for individually tailored

treatment was able to be probed [40]. This could become the first clinical application of semicon-

ductor QDs.

20.5 SPECTRAL BARCODING AND BEAD-BASED IMMUNOASSAYS

Another immuno-application of QDs is bead-based barcoding for rapid screening of genes,

proteins, and small molecules. Optical barcodes are prepared by embedding multicolor QDs into

porous microspheres such as polystyrene or silica at precisely controlled intensity ratios [41–43].

Figure 20.6 illustrates the principles of multiplexed optical coding based on multicolor semicon-

ductor QDs. The use of 10 intensity levels (1, 2,., 10) at a single wavelength (color) gives 10
unique codes (101), and the number of codes exponentially increases when multiple wavelengths

and multiple intensities are used at the same time. For example, a three-color/ten-intensity scheme

yields 1000 codes (103), wheras a six-color/ten-intensity scheme has a theoretical coding capacity

of approximately one million. In general, n intensity levels with m colors generate nm unique codes.

For each individual immunoassay, an antibody is linked to a distinct type of barcoded microsphere

for capturing target molecules of interest. These encoded beads are then pooled together into a

single vial for rapid screening or multiplexed analysis of solution samples. In a standard sandwich

assay, target molecules are captured by the molecular probes on the bead surface, and QD-labeled

secondary IgG is then applied as the reporter. Please note that the color of the reporter should be

different (spectrally separated) from the colors used in the optical barcodes. The beads can be

decoded with single bead spectroscopy or automated flow cytometry where fluorescence intensity

of the reporter QD indicates the presence and abundance of the target, and the fluorescence barcode

reveals the identity of the target (Figure 20.7). A unique feature of using QDs as both barcoding and

reporter fluorophore is that all the colors can be excited by a single light source. In comparison with

planar biochips, the QD-encoded beads are expected to be more flexible in target selection, faster in

FIGURE 20.5 Immunohistochemical QD staining of formalin-fixed paraffin-embedded tissue sections of

human prostate cancer. Mutated p53 phosphoprotein over expressed in the nuclei of androgen-independent

prostate cancer cells is labeled with red color QDs (antibody from DAKO, DO-7). The Stokes shifted fluor-

escence signal is clearly distinguishable from the tissue autofluorescence. Quantitative spectroscopic analysis

can also be done by using a spectrometer or an automated laser scanning microscope.
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binding kinetics, and cheaper in production. Besides the standard bench top flow cytometer for bead

decoding, miniaturized devices composed of a diode laser, a microfluidic channel, and multiple

PMTs (photomultiplier tubes) are currently under development. This kind of portable bead reader is

not only useful for biomedical immunoassays, but it is also important for military applications such

as multiplexed pathogen detection.
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FIGURE 20.6 Schematic illustration of optical barcoding based on wavelength and intensity multiplexing.

Large spheres represent polymer microbeads where small, colored spheres (multicolor quantum dots (QDs))

are embedded according to predetermined intensity ratios. Molecular probes (a–e) are attached to the bead

surface for biological binding and recognition such as antibody–antigen interactions. The numbers of colored

spheres (red, green, and blue) do not represent individual QDs, but they are used to illustrate the fluorescence

intensity levels. Optical readout is accomplished by measuring the fluorescence spectra of single beads. Both

absolute intensities and relative intensity ratios at different wavelengths are used for coding purposes. (From

Mingyong Han, Xiaohu Gao, Jack Su, and Shuming Nie, Nat. Biotechnol., 19, 631–635, 2001.)
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20.6 CONCLUSION

Development of highly sensitive and multiplexed immunoassays will play an important role in drug

discovery, medical diagnostics, and personalized medicine. In the near future, novel platforms

based on the combination of multicolor QDs, QD-barcode beads, and immunological reagents

will be developed for biosensing and biodetection. Along with technology development, the next

science wave and impact of QD nanotechnology are likely to happen in their applications to

biological discoveries and clinical diagnostics that will directly benefit patient healthcare. In this

context, some immediate directions include, but are not limited to, developments of QD-antibody

sensors, ultrasensitive detection and quantification for protein arrays, multiplexed intracellular

imaging, molecular profiling for clinical tissue specimens, high-throughput drug screening, and

spectral coding and multicolor instrumentation.
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21.1 AN INTRODUCTION TO THE BIG FUTURE OF THE REMARKABLY SMALL

The astonishing idea of functional devices and structures 10,000–100,000 times smaller than the

width of a single human hair (Figure 21.1) excites the imagination and fears of scientists, engineers,

media, politicians, science fiction authors, Hollywood, and the general public. Over the past decade,

the notion of nanotechnology has escaped the laboratories and disseminated into the popular

culture. Browse the newspaper, surf the web, or look to recent sci-fi books and movies because

nanotechnology seems to be everywhere. The study and manipulation of matter on the nanometer

scale (measured in one-billionths of a meter) has been termed nanoscience or nanotechnology, an

exploding field still in its infancy [1,2]. Unique, unpredictable, and highly intriguing physical,

chemical, optical, and electrical phenomena can result from the confinement of matter into nanos-

cale features [3]. As a result, the promise of amazing discoveries relating to the understanding and

preparation of structures exhibiting such interesting and unusual phenomena has attracted the focus

of scientists and engineers from across the globe. Much of the driving force for building infinitesi-

mal devices and features on the nanoscale derives its potential importance in existing and emerging

technologies such as microelectronics, sensors, catalysis, and medical diagnostics, among countless

others [1–3].

Although it is increasingly invoked as a stimulating plot device, nanotechnology is not science

fiction. It provides a prime example for learning to appreciate the amazing opportunities that arise

when various fields of science and engineering intermingle [4]. Although the stereotypical vision of

nanotechnology where items are fabricated in a ridiculously inexpensive manner with negligible

material or energy waste through direct atom-by-atom precision has yet to be realized, modern

research in nanotechnology is progressing at an astonishing rate. Nanotechnology is one of the

largest and most rapidly growing interdisciplinary research fields in modern science and engin-

eering. Thousands of papers are published in the area every year, new journals dedicated to the
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subject are in their early years of development, and new titles are emerging in both print and virtual

formats. Research institutes dedicated to the area continue to be founded worldwide, and federal

funding initiatives fuel this burgeoning field in the United States [5]. Whereas many of its propo-

nents foresee nanotechnology ushering in the next industrial revolution [1], the field is principally

still in the early stages of developing the tools and methods for manipulating and characterizing

structures on the nanoscale.

As new developments in nanotechnology continue to generate an increasing amount of excite-

ment and fill the headlines of research press releases and journals, it is critical to realize that

nanotechnology is not as new as one might think. Explorations aimed at elucidating the funda-

mental behavior and stimulating possibilities offered through the direct control of matter at the

nanoscopic level are encompassed within many of the various subdiciplines of chemistry, biology,

physics, and engineering [6]. Traditional organic synthesis has always strived toward the systematic

and efficient construction of complex molecular architectures through an elegant combination of

established chemical transformations. The current pharmaceutical industry, along with many

others, owes much of their success to the nanoscopic precision derived through synthetic organic

and inorganic chemistry [7]. Similarly, cellular biologists have studied intricate nanoscopic

assembly devices known as ribosomes that employ instructions from messenger RNA to manu-

facture the complex proteins required to foster life on this planet [8]. The ubiquitous personal

computer, portable music devices, and video game consoles are all made possible by the multi-

billion-dollar microelectronics and semiconductor industry that now routinely pursues functional

electronic structures smaller than 100 nm [9]. This all stems from an intellectual foundation made

possible through the great progress made by pioneers in condensed matter physics. These few

examples illustrate the point that research into nanoscience and nanotechnology has been

pursued for some time, although it was not until recently that it enjoyed the fashionable nomen-

clature, increased funding, and popularization through print and visual media sources. It simply

remains that for some nebulous, impalpable reason, the same science just would not be as evocative

without the “nano” [10].

The formal beginnings of nanotechnology are generally attributed to the visionary physicist,

Richard Feynman [11]. In December of 1959, during an address to the American Physical Society

The head of a pin is 1 mm wide

A 5'4" woman is 1.6 m tall

A red blood cell is 2–5 um wide

Meters

Millimeters

Micrometers

Nanometers

Picometers

A strand of DNA is 2 nm wide

The atomic radius of a carbon atom is 77.2 pm

FIGURE 21.1 Putting the nanoscale into perspective: nanotechnology is focused on the study of matter

containing at least one dimension within 1–100 nm. (Adapted from National Nanotechnology Initiative

(NNI) Home Page, http://www.nano.gov, accessed April 2005.)
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at the California Institute of Technology, Feynman concisely enunciated the central issues, possi-

bilities, and motivations for turning the world’s collective scientific focus onto the landscape of

matter measured in micro/nanometers [12]. He spoke about the great rewards to be gained by

working on the nanoscale as well as the difficulties that plagued such pursuits. While Feynman

asserted that, “The principles of physics, as far as I can see, do not speak against the possibility of

maneuvering things atom by atom,” he respected the fundamental laws of science that would

ultimately determine the success or failure of such endeavors. Although the idea of fabrication

on the atomic level remains quite appealing, Feynman noted that, “You can’t put them so that they

are chemically unstable, for example.”

It is important to remember that Feynman’s address followed the Soviet launch of Sputnik by

only two years. The fledgling National Aeronautics and Space Administration (NASA) was little

more than a year old, and the resources of the nation were focused toward winning the Space Race.

The research spotlight of the time was clearly fixated upon the remarkably large and Feynman

attempted to entice the scientific community to begin to explore the unlimited possibilities offered

by the extremely small. He remarked that, “We are not doing it because we haven’t gotten around to

it,” and felt this area of investigation had been overlooked and was ripe for exploration. This

invitation was clearly referenced in the title of his now famous speech, Plenty of Room at the

Bottom [12].

One of Feynman’s key observations was that nanotechnology could not progress forward at an

accelerated pace until suitably powerful instrumentation for both the fabrication and character-

ization of nanostructures were developed and made widely available. He cited the need for a more

powerful electron microscope (EM), first developed in 1931, as a central example [12]. The decades

following Feynman’s landmark address eventually saw the development and distribution of such

instrumentation. Foremost on this list is the invention of the scanning tunneling microscope (STM)

and its congener, the atomic force microscope (AFM). Created in 1981 by IBM researchers Binning

and Rohrer, the STM allows researchers to obtain images at the atomic level [13]. Within 10 years

of the STM’s creation, Donald Eigler of IBM used the instrument to directly manipulate 35 xenon

atoms into a pattern to write the company’s name [13]. Not only did this window to the atomic

realm truly open the way to nanotechnology as a viable research field, it captured the imaginations

of scientists as well as many outside the scientific community. Science fiction author Greg Bear was

one of the first to pioneer the use of nanotechnology as a central element in his 1983 short story

Blood Music that warned of the tragic consequences of unchecked biological nanotechnology [14].

Many stories, television programs, and motion pictures quickly followed [15,16].

First published in 1986, K. Eric Drexler’s Engines of Creation: The Coming Era of Nanotech-

nology served to predict, justify, and caution both researchers and the general public about the

possibilities of molecular nanotechnology [17]. Although often criticized as overly speculative, this

work is arguably most responsible for awakening public awareness of nanotechnology. Scores of

similarly themed introductory and reference texts have followed in a response to peaked scientific

and public interest. In 2000, President Clinton announced the National Nanotechnology Initiative

(NNI) that served to promote research in nanotechnology through increased research funding [5].

The NNI budget has continued to grow each year as research has flourished. The following chapter

will attempt to spotlight prevalent methods of structure and device fabrication on the nanoscale and

explore the ways these techniques are beginning to impact bioanalytical methods.

21.2 EVOLVING METHODS OF FABRICATION ON THE NANOSCALE

21.2.1 PHOTOLITHOGRAPHY

Gordon E. Moore, co-founder and Chairman Emeritus of Intel Corporation, published an article in

1965 that predicted that the number of transistors the semiconductor industry would be able to place

on a computer chip would double every couple of years [18]. Whereas this bold prediction was
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made only four years after the first planar integrated circuit was devised, the doubling of transistors

approximately every 18 months has been maintained, and this prediction still holds true today

(Figure 21.2). This trend, more commonly referred to as Moore’s Law, is expected to persist

through at least the end of this decade [19]. Although many enabling technologies have contributed

to the pursuit of smaller, faster, and cheaper microelectronics, innovations and technological

advances in photolithography have paved the way for the semiconductor industry to keep pace

with Moore’s Law.

Photolithography is a process that utilizes electromagnetic radiation, typically in the form of

ultraviolet light, to define patterns in various light-sensitive materials [20]. This method of micro/

nanopatterning is currently the cornerstone of modern, silicon-based microelectronics fabrication.

As modern photolithography continues to push the boundaries of modern optics, anyone who has

ever projected shadow puppets onto a wall using their hand and a flashlight will quickly grasp the

foundations of this powerful, high-throughput fabrication technique. Once a pattern is designed, a

photomask, or mask, must be created that contains a precise image of the design to be duplicated.

A photomask is similar to a negative in print photography or equivalent to a person’s hand in the

shadow puppet analogy. The photomask is used as a master to optically transfer these images onto

photosensitive layers of material [21]. Although inexpensive photomasks may be prepared with

inkjet printer transparencies, metal grids/meshes, or photographic emulsion on soda lime glass,

chrome on quartz glass is required for high-resolution deep UV lithography required by the micro-

electronics industry [22]. The devices contained on the silicon wafers used by the microelectronics

industry are manufactured layer by layer, each requiring a unique photomask. The current gener-

ation of advanced chips has 25 or more layers [23].

Once a quality photomask of the desired pattern is obtained, an alignment and exposure system

must be employed to transfer the pattern onto photosensitive material. Employing the shadow

puppet analogy once again, the sharpest, most well-defined figures are projected when the hand

is positioned closest to the viewing wall. This limits the distortions resulting from diffraction. The

same holds true in photolithography. In many instances, high-resolution pattern transfer can be

accomplished using proximity and contact exposure/printing configurations (Figure 21.3). The

proximity exposure method involves positioning the photomask so that a small gap (10–25 mm
wide) is maintained between the silicon wafer and the mask during UV exposure [24]. This method

reduces the pattern distortion because of diffraction, yet it prevents damage or contamination of the

photomask by preventing direct contact with the material to be patterned. In contact exposure

1970 1975 1980 1985 1990 1995 2000

Year

8086 processor

1,000,000,000

100,000,000

10,000,000

1,000,000

100,000

10,000

1000

T
ra

ns
is

to
rs

pe
r

m
ic

ro
pr

oc
es

so
r Intel Itanium 2 processor

Intel Pentium processor

2005

FIGURE 21.2 Moore’s Law.
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methods, the photomask is brought into direct contact with the surface to be patterned so that

distortions in pattern transfer brought about by diffraction are minimized to the greatest extent. This

method allows very high-resolution pattern transfer at the cost of higher potential for photomask

contamination or damage.

Whereas both proximity and contact exposure methods offer enhanced resolution through

reduction of diffraction-based distortions in pattern transfer, these techniques exhibit a few signi-

ficant drawbacks [25]. First, the photomask pattern is limited to a one-to-one transfer scaling.

Because both techniques leave no room for optics to scale the pattern, the size of the transferred

pattern is restricted to the size of the pattern exhibited by the photomask master. This causes greater

difficulty and cost in photomask preparation for applications aimed at the submicron/nanometer

size regime where many photomasks are typically required for complex electronic architectures.

This is a significant consideration because the possibility of contamination and/or damage is high

for both of these exposure techniques. Furthermore, the photomask is typically prepared so that the

entire wafer, not just a single device, is exposed in one illumination. This requires a photomask

large enough to encompass the entire silicon wafer surface that also increases photomask pro-

duction costs and introduces distortions resulting from planar deviations of the mask, wafer, or

photosensitive material targeted for pattern transfer.

In order to circumvent difficulties associated with proximity and contact exposure methods,

projection exposure/printing was established and quickly became the exposure method of choice

for high-resolution photolithography requirements of the microelectronics industry [26]. Similar in

nature to the optics bench experiments used to teach students in introductory physics courses, the

projection method increases the distance between the silicon wafer and the photomask so that a set

of optics may be introduced. Projection printing entirely avoids mask damage. An image of the

mask pattern is projected onto the wafer that is many centimeters away. In order to achieve high

resolution, only a small portion of the mask is imaged. This small image field is scanned or stepped

over the entire wafer surface. As overall exposure speed is reduced for the entire wafer, the gains in

scalability, resolution, and photomask preservation are considered to be well worth the sacrifice.

The exposure system transfers the photomask pattern onto a photosensitive material known as a

photoresist. Widely employed by the printing and printed circuit board industries, the

Wafer

Resist

Mask

Optics

Contact Proximity Projection

Light
source

FIGURE 21.3 The three most commonly employed photolithography configurations: contact, proximity, and

projection. (Adapted from Campbell, S. A., The Science and Engineering of Microelectronic Fabrication,

Oxford University Press, New York, 2001.)
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semiconductor industry was quick to adapt photoresists for its own purposes [27]. Modern photo-

resists are typically light-sensitive polymers dissolved in a solvent system. The photoresist solution

is applied to the surface of a silicon wafer or other substrate where high-speed centrifugal rotation is

the standard method for applying photoresist coatings in microelectronics fabrication. This tech-

nique, known as spin coating, produces a thin, uniform layer of photoresist on the wafer surface

after the prescribed amount of solvent is removed through evaporation with heating [28]. There are

two main classifications of photoresist (Figure 21.4): negative and positive [29]. From a funda-

mental point of view, negative resists are composed of relatively small molecules that can be easily

washed away with a simple solvent rinse. Exposure to the UV light causes the negative resist to

become polymerized and more difficult to dissolve. The polymerized negative resist remains on the

surface in regions exposed to light, and the developer solution removes only the unexposed, or

masked, portions. Photomasks employed when using negative photoresists, therefore, contain the

inverse, or photographic negative, of the pattern to be transferred. Negative resists enjoyed great

popularity within the semiconductor industry up until the mid-1970s. By this time, device features

had quickly outpaced resolution limits of negative resists. Other problems such as their suscep-

tibility to oxygenation and the inherent difficulties associated with clear-field photomasks

eventually led to positive resists becoming the photoresists of choice by the 1980s. Positive

resists behave in the opposite manner. For positive resists, the resist is exposed with UV light

wherever the underlying material is to be removed. In these resists, exposure to UV light changes

their chemical structure to render the photoresist more soluble in a solvent wash known as a

developer. Once exposed, the resist is washed away by the developer solution, leaving windows

of the bare underlying material. The photomask, therefore, contains an exact copy of the pattern that

is to be transferred onto the wafer or surface of interest.

Although polymeric photoresists have dominated traditional photolithography, a recent thrust

has seen the abandonment of these materials for specialized applications demanding ultimate

resolution in favor of utilizing molecular resists [30,31]. Molecular resists involve laying down a

single layer of molecules, a self-assembled monolayer (SAM) that replaces the thicker layers of

polymeric photoresists. These molecular resists are often chemically oriented and attached to the

surface of interest through chemical bonds as opposed to traditional photoresists (Figure 21.5).

Thiols on gold, siloxanes on glass, and a variety of other systems are currently under intense study
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FIGURE 21.4 Outline of positive- and negative-acting photoresist processes utilized in photolithography.

(Adapted from Van Zant, P., Microchip Fabrication, McGraw Hill, New York, 2000.)
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by a multitude of research groups [32]. Molecular resists also operate in both negative and positive

modes. For negative resists, a solution of free molecules is placed on the sample surface and

exposed to UV light. The radiation facilitates a reaction between the surface and resist molecules,

chemically bonding the two [33]. Therefore, the transferred pattern appears as the inverse, or

photographic negative, of the photomask pattern. Positive molecular resists behave in the opposite

manner. In the positive mode, a molecular resist is applied and chemically bound to the entire

surface of the substrate, and harsh, high energy UV radiation is used to decompose or cleave the

molecules from the surface. Because this removes the molecular resist in regions exposed to light,

the transferred pattern is an exact copy of the photomask.

Negative molecular resists of various organic molecules on silicon and germanium (Ge)

have received increasing interest as a result of the obvious technological focus on semicon-

ductor-based sensors and microelectronics. Chidsey and coworkers at Stanford University

Organic monolayer

Inorganic substrate

FIGURE 21.5 Self-assembled monolayers (SAMs) involve chemisorption of molecular species onto a solid

substrate. (Adapted from Ulman, A., An Introduction to Ultrathin Organic Films, Academic, New York,

1991.)
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FIGURE 21.6 Mechanism of photochemical hydrosilylation on hydride-terminated porous silicon. (Adapted

from Cicero, R. L., Linford, M. R., and Chidsey, C. E. D., Langmuir, 16, 5688, 2000; Linford, M. A. and

Chidsey, C. E. D., J. Am. Chem. Soc., 115, 12631, 1993.)
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pioneered UV-promoted surface reactions on flat silicon, resulting in molecular resists bound

through robust, silicon–carbon bonds (Figure 21.6) [34]. A variety of functional surfaces/devices

have been prepared employing these or related techniques [35]. Researchers at Purdue University

recently employed a similar method in the preparation of metallic nanoelectrodes and nanocontacts

on germanium (Figure 21.7) [36]. These nanoscale gold contacts serve as convenient attachment

points for interfacing a wide variety of biologically important materials onto a semiconductor chip.

First, a hydride-terminated Ge(100) surface was exposed to 254 nm ultraviolet light through a metal

grid photomask in deoxygenated olefins. The illuminated regions react in the presence of

1-dodecene, forming a direct germanium–carbon bond, thereby anchoring the resist molecules in

place. This leads to micro/nano-sized features of dodecyl for illuminated regions with hydride

terminations remaining in masked regions. Metal deposition via electroless plating occurred prefer-

entially in the hydride areas because the alkyl monolayer functions as an effective dielectric barrier.

The hydride surface oxidizes in situ and subsequently dissolves in the aqueous medium. Metal salt

reduction and deposition then occur via galvanic displacement, leading to metallization between

the alkylated domains. As a result, photopatterning of noble metals can be achieved through

tailoring of the germanium surface chemistry employing molecular resists [37].

Buriak and coworkers have also demonstrated a reaction between alkenes and alkynes on

hydride-terminated porous silicon utilizing a simple white light source to facilitate the process

[38]. Porous silicon has recently attracted considerable interest primarily because of its light

emitting properties that make it a promising candidate for use in optoelectronic, sensor array,

light harvesting, and/or biocomposite/bioanalytical applications [39]. Photoluminescent samples

of porous silicon are coated with the neat alkene/alkyne or a methylene chloride solution of the

substrates and illuminated. Sample illumination is maintained under inert conditions at a moderate

intensity of 22–44 mW/cm2 (essentially, an overhead transparency projector bulb) and results in

efficient hydrosilylation at room temperature. Exposure times as short as only 15 min result in the

formation of an alkyl surface termination for alkenes and an alkenyl surface termination when

alkynes are utilized. These results were confirmed through Fourier transform infrared (FTIR) and

Secondary ionization mass spectrometry (SIMS) analysis, and reaction conditions proved mild

enough for the incorporation of a variety of functionalities. Through simple masking procedures,

the hydrosilylation can be carried out in a regiospecific fashion on the surface because only the

illuminated areas react as shown schematically in Figure 21.8 [40].

This approach toward silicon–carbon bond formation proved so mild that the underlying

nanocrystallite subarchitecture remained largely intact. This is supported by the observation that

alkyl functionalized porous silicon samples prepared in this manner maintain all of their intrinsic

photoluminescence. These monolayers prove to be quite robust in serving to passivate the under-

lying porous silicon toward chemical attack and oxidation under ambient conditions.

H H H H H

Ge substrate
R

MaskMask

H H H H H

Metal
salt

solution Gold Gold

R R R R

254 nm UV

FIGURE 21.7 Hydrogermylation of alkenes by the germanium-hydride surface mediated by UV light in the

unmasked areas results in areas of alkyl termination that prevent oxidation and subsequent electroless metal

deposition (Adapted from Porter, L. A., Jr., Choi, H. C., Schmeltzer, J. M., Ribbe, A. E., Elliott, L. C. C., and

Buriak, J. M., Nano Lett., 2, 1369, 2002.)
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Functionalized surfaces easily withstood immersion into hydrofluoric acid, organic solvents, and

boiling alkaline solutions [40]. This method may serve as an excellent candidate for surface

functionalization of photoluminescent samples of porous silicon for implementation into optoelec-

tronic devices or bioanalytical devices.

By combining the chemical versatility and stability, subsequent organic transformations invol-

ving surface-bound reactive groups of similar molecular resists have been carried out to prepare

functional interfaces. For example, Horrocks and Houlton recently reported the successful

immobilization of single-stranded DNA (ssDNA) onto the surface of porous silicon

(Figure 21.9) [41]. Surface-immobilized DNA is of interest for gene chip and biosensor appli-

cations. The ssDNA could not be prepared though direct surface functionalization, and instead, a

molecular scaffold was employed as a chemical linkage. First, 4,4 0-dimethoxytrityl-protected
(DMT) u-undecynol was functionalized onto the surface of porous silicon through thermal hydro-
silylation. The protecting group was removed and a 17-mer oligonucleotide was synthesized at the

surface, utilizing a specially modified DNA synthesizer/column setup. In order to assess the process

efficiency, cleavable linkages were inserted so that gel electrophoresis could be utilized. Double-

stranded DNA was also prepared from the single-stranded surface upon hybridization [41]. This

serves to show the myriad surfaces yet to be explored through rational synthetic design of

functional interfaces.

As photolithography is currently employed to mass-produce transistors at a rate of nearly three

billion chips per second, this technique faces substantial fundamental and engineering challenges as
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FIGURE 21.8 White light promoted hydrosilylation of alkenes on hydride-terminated porous silicon, utilizing

a photomask to limit light exposure to predetermined resist domains (Adapted from Stewart, M. P. and Buriak,

J. M., Angew. Chem. Int. Ed., 37, 3257, 1998.)
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device dimensions plummet well below the 100 nm mark [42]. In photolithography, resolution is

limited by the wavelength of light employed in a process as well as the optical elements of the

system [43]. Optical lithographic methodologies are currently limited to mass production of

features on the order of w100 nm. The semiconductor industry’s significant investments in
extreme ultraviolet lithography are aimed at increasing the ultimate resolution by employing

significantly smaller wavelengths of radiation. Using xenon plasma, soft x-ray radiation with a

wavelength of 15.4 nm is obtained [44]. Unfortunately, all of the optical elements of a system using

this radiation are limited to specially constructed, multilayered mirrors because no lenses trans-

parent to this high-energy radiation are known at present. Whereas systems of this kind as well as

systems employing even shorter wavelength x-ray sources may eventually find more widespread

use, at present, they remain prohibitively expensive and highly complex [45].

Electron and ion beam technologies offer promising alternatives to the problematic issues

associated with x-ray sources and optics. These charged particle beams are focused and rastered

across a target surface using electromagnetic lenses [46]. Borrowing from electron microscopy,

electron beams may be focused to a spot as small as 0.5 nm, offering ultimate resolutions limited

only by the quality of the focusing system and the electron-resist scattering. Ion beams may be

focused to spot sizes approaching 5 nm, but they are less prone to scattering because of their

increased particle masses [47]. Both processes, however, are serial in nature. Each individual

feature must be sequentially projected, taking hours to complete a single chip. Although both

electron-beam and ion-beam lithography permit routine patterning on the sub-100 nm scale,

vacuum requirements, extremely high voltages, equipment costs, and limited throughput currently

restrict the utility of these methods. In order to truly realize the possibilities of mass production on

the nanoscale, new, unconventional patterning technologies are required.

21.2.2 MICROCONTACT PRINTING

Surface chemistry is arguably one of themost developed and intensely studied realms of nanoscience.

Self-assembled monolayers (SAMs) generated by the adsorption of organic molecules onto flat

surfaces (Figure 21.3) represent an ever expanding field of research as a result of their potential

use in applications such as chemical sensing, corrosion prevention, lubrication, electrical conduction,

and adhesion [48]. The monolayer photoresists described in the previous section are examples of

SAMs. Although many systems such as siloxanes on glass attract the focus of intense research,

FIGURE 21.9 Hydride-terminated porous silicon functionalized with 4,4 0-dimethoxytrityl-protected (DMT)
u-undecanol was deprotected and a 17-mer oligonucleotide was synthesized at the surface, utilizing a specially
modified DNA synthesizer/column setup. The double-stranded DNA was prepared through a subsequent

hybridization reaction (Adapted from Pike, A. R., Lie, L. H., Eagling, R. A., Ryder, L. C., Patole, S. N.,

Connolly, B. A., Horrocks, B. R., and Houlton, A., Angew. Chem. Int. Ed., 41, 615, 2002.)
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perhaps the most thoroughly investigated SAMs are those generated by the adsorption of thiols or

disulfides onto flat surfaces of gold (Figure 21.10) [49]. Nuzzo and Allara reported the initial

investigations in the formation of SAMs prepared by the adsorption of disulfides on flat substrates

of gold [50]. This research served as the impetus for a multitude of similar studies. These systems

have drawn special attention because the methodology is simple, and the resultant films are densely

packed, highly ordered, and largely free of defects. Before long, it had been discovered that

alkanethiols and disulfides have a great affinity for the surfaces of not only gold, but also silver,

copper, and platinum as well [51]. Although these metals have been investigated, gold remains the

most thoroughly studied of the flat metal substrates for one main reason. Gold does not form a stable

oxide surface under ambient conditions. The surface is easier to preserve and protect from atmos-

pheric contaminants. This allows simplicity and ease in manipulation under regular

laboratory conditions.

In SAMs prepared from the adsorption of alkanethiols and disulfides, it is important to under-

stand the chemical nature of the adsorbate. In both alkanethiols and disulfides, the sulfur atoms

exhibit a great affinity for the gold or silver substrate. The surface active, sulfur head group is

responsible for the most exothermic step in the adsorption process. The remainder of the molecule

often consists of a relatively long alkyl chain of a derivatized alkyl group (two in the case of the

disulfide). One theory provides that the adsorption process occurs in two steps. First, the sulfur head

group chemisorbs onto the metal substrate. Electron transfer occurs from the metal surface to the

sulfur head group. Some studies suggest that this process weakens the S–H bond, enough so that

dissociation results. On the Au(111) surfaces, it is believed that the remaining thiolate then adjusts

so that it equilibrates into one of the three-fold hollow sites of the lattice (Figure 21.11). The final

S–Au/Ag interaction is believed to result in a strong covalent attachment (w44 kcal/mol) [49].
Helium diffraction and atomic force microscopy (AFM) studies report that the result of the chemi-

sorption process is a monolayer, yielding hexagonal coverage scheme with an S–S distance of

nearly 0.5 nm [52]. The monolayer is commensurate with the underlying Au(111) surface and is a

simple (O3!O3)R308 overlayer (the 2D lateral spacing of the S groups on the gold surface). This

arrangement is shown in Figure 21.11 where the open circles represent gold atoms and the shaded

circles represent sulfur atoms. After the initial chemisorption, it is believed that two-dimensional

ordering initiates. The molecules are now close enough to allow for London-type van der Waals

forces to become important. These forces result in a chain tilt that has been determined to be on the

order of 278 for gold surfaces [49]. These forces combined with the van der Waals forces involved

in packing, result in crystalline, well-ordered SAMs.

Self-assembled monolayers on flat gold substrates are typically prepared by soaking a clean

gold substrate in a dilute (w1.0 mM) ethanolic solution of the selected thiol or disulfide adsorbate
molecule [49]. As the gold substrate is exposed to the adsorbate molecule, gold–sulfur bonds

are formed. This anchors the adsorbate molecules to the gold surface, providing a template for

Au Au Au Au Au

S S S S S

Au

FIGURE 21.10 Alkylthiolate self-assembled monolayer (SAM) on gold. (Adapted from Ulman, A.,

An Introduction to Ultrathin Organic Films, Academic, New York, 1991.)
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self-assembly of the organic monolayer. The hydrocarbon tails of the adsorbate molecules arrange

themselves into an all-trans conformation because of van der Waals interactions (Figure 21.10).

The resulting organic monolayer is highly organized and stable under ambient conditions.

The energy of the gold–sulfur bond, the well-organized packing of the hydrocarbon tails, and

the hydrophobic nature of the organic monolayer provide surfaces coverage that remains

unchanged for extended periods of time [49].

Whereas certain technologically relevant applications utilize SAMs that completely cover a

surface of interest, a growing number of devices require surfaces decorated with spatially defined

patterns of SAMs [53]. Moreover, these patterns must be highly resolved with the proper orientation

required by the application of interest.Microcontact printing is a technique that involves the use of an

elastomeric stamp to apply adsorbate molecules to a surface with great precision, forming SAMs in

reproducible patterns with features in the tens of nanometers [54]. To a first approximation, the

technique differs little from its macroscopic congener used to stamp patters of ink onto paper. First

developed in the early 1990s by the Whitesides group at Harvard University [55], this method has

quickly become a principal method for the efficient mass production of nanoscale fabrication.

The elastomeric stamps are produced through a simple molding process that typically employs

a hard silicon master. Because only a limited number of potentially expensive silicon masters are

required to prepare a virtually limitless number of inexpensive, disposable stamps, electron beam

lithography or other high resolution, low-throughput techniques are typically employed to produce

masters exhibiting extremely small feature sizes (down to a few nanometers) [56]. A viscous liquid

mixture of silicone elastomer and curing agent is poured onto the master and allowed to cure

forming a rubbery polydimethylsiloxane (PDMS) stamp that is peeled off and removed from the

master form (Figure 21.12). PDMS is the silicone elastomer utilized in microfluidic lab-on-a-chip

applications and is found in many household materials such as waterproof sealants, caulks, and

pressure-sensitive adhesives [57]. The resulting stamp contains a faithful reproduction of the

surface patterns contained on the silicon master. This molding process may be repeated to

produce numerous, identical stamps as long as care is taken to avoid damage to the master.

Once a stamp is removed from the master, it is ready for use and must be inked with an

appropriate thiol reagent that will be used in the formation of the desired SAM [58]. A thiol solution

is applied by simply pouring or spraying a mist of the solution onto the surface of the stamp.

Alternatively, a lint-free cloth or paper may be saturated with a thiol solution, thereby forming an

inkpad. Once the solution has been applied, the stamp is brought into contact with a gold substrate,

or paper, in order to transfer the thiol solution with the desired arrangement. Self-assembled

Three-fold
"hollow"

site

FIGURE 21.11 On the Au(111) surface (bright circles), thiolate ligands (dark circles) adjust to equilibrate into

one of the three-fold hollow sites of the lattice. The result of the chemisorption process is a monolayer, yielding

hexagonal coverage scheme with an S–S distance of nearly 0.5 nm. (Adapted from Ulman, A., An Introduction

to Ultrathin Organic Films, Academic, New York, 1991.)
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monolayers are formed where the thiol solution was applied to the gold substrate, and the areas void

of thiol remain bare (Figure 21.13) [59]. Because of capillary forces and stamp deformation among

other variables, some spreading of this molecular ink is observed, yet patterns as small as 50 nm

may be obtained in a routine fashion using this technique. More importantly, this technique opens

the opportunity for extremely high-resolution pattern transfer on a massive scale with minimal cost

and significantly higher throughput when compared to other fabrication techniques capable of such

fine resolution [60,61].

Proteins, containing a significant number of thiol functional groups, are excellent candidates for

patterning via microcontact printing for use in a variety of bioanalytical applications [62]. Self-

assembled protein monolayers were first patterned via microcontact printing and utilized in a

variety of immunoassays by Biebuyck and coworkers at IBM [63]. Using a PDMS stamp, a

range of individual proteins (IgG, phosphatase, cytochrome c, streptavidin, peroxidase, etc.)

were applied onto a surface in complex, submicron patterns. Efficient transfer of biomolecules

from the stamp to the surface was accomplished with contact times of only a few seconds. The high

resolution offered by this technique allowed the printing of fine features containing less than 1000

protein molecules. Fluorescent labeling, ellipsometry, and atomic force microscopy confirmed

patterning and placement, whereas surface immunoassays confirmed retention of protein structure

and activity. In most cases, the observed activity of the surface immunoassay was indistinguishable

from its solution phase analog as monitored by fluorescent staining.

Inking

PDMS stamp PDMS stamp

PDMS stamp

Contact &
ink transfer

Stamp
removal

GoldGold

FIGURE 21.13 Microcontact printing. (Adapted from Love, J. C., Estroff, L. A., Kriebel, J. K., Nuzzo, R. G.,

and Whitesides, G. M., Chem. Rev., 105, 1103, 2005.)
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FIGURE 21.12 Schematic for the preparation of an elastomeric stamp from a silicon master for use in

microcontact printing (Adapted from Dubois, L. H., Zegarski, B. R., and Nuzzo, R. G., J. Chem. Phys. 98,

678, 1993; Chidsey, C. E. D., Liu, G., Rowntree, Y. P., and Scoles, G, J. Chem. Phys. 91, 4421, 1989.)
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Microcontact printing has also been used in the preparation of patterned arrays of protein

antibodies for use in bacterial detection applications. In one of the first such devices to implement

microcontact printing, a diffraction-based, optical detection scheme was employed by researchers

at Cornell University [64]. A PDMS stamp, subjected to a brief plasma exposure to increase its

hydrophilicity, was used to apply a periodic pattern of antibody molecules onto a silicon substrate.

Although the resulting antibody grating failed to produce a diffraction pattern, a significant signal

was observed upon immunocapture of Escherichia coli cells (Figure 21.14). This inexpensive and

efficient manner of antibody array fabrication was later expanded by groups at Purdue University to

test the specificity of their antibody arrays against a solution containing a range of nonimmunolo-

gically targeted bacteria [65]. Utilizing atomic force microscopy as a detection method, the

patterned antibody microarray demonstrated a definite selectivity for targeted bacteria over unspe-

cified bacteria and an enhanced preference for cell binding to the antibody microarray than to

unfunctionalized regions of the substrate. These studies demonstrate the great potential offered by

microcontact printing in the quick and cost-effective patterning of protein monolayers with extre-

mely high resolution.

21.2.3 NANOPARTICLE FUNCTIONALIZATION

Although the preparation of SAMs on flat surfaces has attracted considerable attention, recent years

have witnessed an explosive growth in studies focusing on the adsorption of thiols and other

molecular species onto colloidal particles of gold, silver, copper, palladium, and platinum [66].

These monolayer-protected colloids/clusters (MPCs) have found use in a wide range of tech-

nologies. The sol particle immunoassay (SPIA), for example, exploits colloid aggregation to

monitor the interaction between an antibody or antigen bound to a colloid and its binding

partner [67]. Surface-passivated metal colloids (Figure 21.15) also serve as useful materials for

the manufacture of nanoelectronics, colloid-modified electrodes, labeling agents for electron and

visible microscopy, and quantum-confinement materials [68].

The development of the Schiffin/Brust two-phase liquid/liquid route [69] to n-alkanethiol-

derivatized metal nanoparticles has further advanced this area of research. This method made

possible the facile preparation of bulk quantities of MPCs from inexpensive starting materials

with no need for intricate apparatus. Functionalized nanoparticles generated in this manner exist

as dark-brown/black solids that are easy to isolate, stable in air, and soluble in a wide range of

organic solvents. MPCs can be repeatedly dissolved and precipitated from solution without decom-

position. These features permit facile characterization using a variety of techniques [70] such as

x-ray photoelectron spectroscopy (XPS), nuclear magnetic resonance (NMR) spectroscopy,

Antibody
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FIGURE 21.14 Diffraction based bacteria detection microarray fabricated via microcontact printing.

(Adapted from St. John, P. M., Davis, R., Cady, N., Czajka, J., Batt, C. A., and Craighead, H. G., Anal.

Chem., 70, 1108, 1998.)
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ultraviolet–visible (UV–vis) spectroscopy, transmission electron microscopy (TEM), surface-

enhanced Raman spectroscopy (SERS), and FTIR spectroscopy.

The extremely large surface-to-volume ratios offered by these nanomaterials, coupled with

their solubility in a wide range of solvent systems, makes them excellent candidates for use in a

variety of important bioanalytical applications [71]. Mirkin and coworkers at Northwestern

University have developed a sequence-specific method of DNA detection using gold nanoparticles

functionalized with alkanethiol-capped oligonucleotides [72]. Whereas many of the traditional

DNA detection methods are based on analyte hybridization with chemilumenescent, fluorescent,

or radioactive probes, this nanoparticle method is colorimetric. First, citrate reduction of hydrogen

tetrachloroaurate (HAuCl4) yielded monodisperse, 15 nm diameter gold nanoparticles. A ligand

exchange reaction was then carried out at room temperature to prepare 3 0- or 5 0-alkanethiol 12-base
oligonucleotide-functionalized gold nanoparticles. These nanoparticle probes proved remarkable

stable, exhibiting a shelf life in excess of three months with no detectable decomposition. The

oligonucleotide-functionalized gold nanoparticles yielded a surface plasmon band in the visible

spectrum (lmaxZ524 nm), serving as a signal of interest in this colorimetric detection scheme.

Upon addition of the complementary target oligonucleotide, the red nanoparticle solution transi-

tioned to purple within a period of five minutes. The oligonucleotide-functionalized gold

nanoparticles align tail-to-tail onto a polynucleotide strand, resulting in the formation of an aggre-

gated, three-dimensional network (Figure 21.16), thereby red-shifting the plasmon resonance from

524 to 576 nm. The color change of the solution is attributed to this shift that is due to a change in

the interparticle distance of the gold nanoparticles [72].

Valuable information regarding the specificity of this detection scheme can be gleaned from

dissociation or melting analysis of the resultant DNA-linked nanoparticle aggregate. At room

temperature, the aggregate was observed to precipitate out of solution upon sitting for times in

excess of 2 h, but this analysis was performed on the resuspended aggregates. The solution tempera-

ture was slowly increased from 258C to 758C, and a sharp absorption increase was observed at

260 nm, indicating the dissociation or melting temperature. This change could also be monitored as

Metallic nanoparticle

FIGURE 21.15 Self-assembled monolayers (SAMs) may also involve chemisorption of molecular species

onto a variety of nanoparticle materials. (Adapted from Brust, M., Walker, M., Bethell, D., Schiffrin, D. J., and

Whyman, R., J. Chem. Soc., Chem. Commun., 801, 1994; Brust, M., Fink, J., Bethell, D., Schiffrin, D. J., and

Kiely, C. J., J. Chem. Soc., Chem. Commun., 1655, 1995.)
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a purple to red shift in solution color. Imperfect targets were readily identified by a depression of the

dissociation temperature. Once the perfect complement was identified, a water bath was maintained

at this temperature, and any imperfect targets would dissociate and transition to red, while the

aggregated, perfect target, remained purple [72]. This method allows for a quick and facile detec-

tion scheme that alleviates the need for radioactive or fluorescent reagents and requires little in the

way of expensive instrumentation. Furthermore, it requires very little formal training and can be

easily adapted for fieldwork.

21.2.4 SCANNING PROBE LITHOGRAPHY

Although the scanning probe techniques such as STM and AFM remain some of the most versatile

characterization tools in nanoscience research, they have recently been employed as nanofabrica-

tion implements with increasing frequency for a variety of applications [73]. Scanning probe

lithography involves the utilization of an ultra fine stylus to either deliver a reagent to, or

remove material from, a surface with ultra-high lateral resolution. The production of the letters

“IBM” referred to in the introduction of this chapter demonstrates the power of scanning probe

techniques to deliver true atomic manipulation under certain conditions. Although still in early

stages of development and commercialization, scanning probe lithography has attracted

immense attention.

One of the most widespread and efficient manifestations of scanning probe lithography is dip-

pen nanolithography (DPN). Analogous to its ancient, macroscopic inspiration, the fountain pen,

DPN employs the tip of an AFM to deliver chemical reagents to spatially defined regions on a

surface with nanometer resolution [74,75]. The process begins by immersing the tip of an AFM

(w5 nm tip radius) into a solution of a predetermined chemical species. The tip is removed. The

solvent then evaporates, leaving the solute as a thin coating on the tip. The tip is then brought into

contact with a substrate where under conditions of high humidity, a water meniscus forms. The

solute is then transferred from the tip to the substrate via this water layer (Figure 21.17). Typically,

organic molecules are employed in this technique in order to prepare spatially defined organic

Red nanoparticle
solution

Purple nanoparticle
aggregate solution

n

Au Au

Au

Au

FIGURE 21.16 Sequence-specific DNA detection system employing functionalized gold nanoparticles

(Adapted from Daniel, M.-C., and Astruc, D., Chem. Rev., 104, 293, 2004; Rosi, N. L. and Mirkin, C. A.,

Chem. Rev., 105, 1547, 2005.)
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monolayers on various substrates [76]. Through careful modulation of parameters such as humidity

and tip scan speed, lateral resolutions beyond 30 nm are routinely obtainable [77]. Vector scanning

techniques are also widely employed to deliver reagents to produce SAMs in a variety of complex

designs and patterns. As in the case of electron beam lithography, this resolution comes at the price

of speed. This direct-write technique is serial in nature, and current studies aim to incorporate

numerous tips, working in parallel to increase the throughput of DPN [78].

Mirkin and coworkers, pioneers of DPN, have employed the technique in high resolution

patterning of mixed protein nanoarrays [79]. In order to enhance the protein adsorption onto the

AFM tip, the silicon nitride tip was coated with gold and immersed into a dilute ethanolic solution

of thiotic acid. The resulting hydrophilic SAM on the AFM tip facilitates more effective loading of

the protein ink onto the AFM tip pen for patterning. Protein loading was accomplished by immer-

sion of the AFM tip in a dilute, buffered solution of lysozyme (Lyz) or rabbit immunoglobulin-

gamma (IgG). First, the Lyz protein nanoarray was prepared by vectoring the tip to prescribed

regions of the surface, making contact under conditions of high humidity, thereby facilitating

protein delivery. After loading the second protein onto a fresh AFM tip, an IgG nanoarray was

patterned in the free space within the Lyz nanoarray. Finally, the remaining bare gold surface was

passivated with a monolayer of 11-mercapto-undecylpenta(ethylene glycol) disulfide to avoid

nonspecific protein adsorption onto regions of gold absent of any Lyz or IgG. The resultant

mixed protein nanoarray was confirmed via atomic force microscopy height profiles both before

and after exposure to anti-IgG coated gold nanoparticles. This effective approach to a mixed protein

nanoarray successfully demonstrates the advantages offered by DPN in the preparation of the

increasingly complex surfaces demanded by future generations of bioanalytical devices. Further-

more, DPN provides access to nanodot arrays with features ranging from 45 nm to a few microns in

size, tunable by modulation of AFM-surface contact times, owing to larger feature sizes corre-

sponding to longer contact times as a result of protein diffusion across the surface. Similar studies

have focused on employing DPN in the patterning of nucleic acids and other pertinent biomolecules

for diagnostic applications [80].

Thiol-coated AFM tip

Gold

Gold

Gold

Gold

Tip brought into
contact with surface

SAM formation
complete

Tip slowly scans surface
and transfers thiol

Water meniscus

FIGURE 21.17 Dip-pen nanolithography (DPN) using an atomic force microscope (AFM) tip. (Adapted from

Piner, R. D., Zhu, J., Xu, F., Hong, S., and Mirkin, C. A., Science, 283, 661, 1999.)
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Dip-pen nanolithography in conjunction with electroless deposition has also been employed to

form nanoelectrodes and other metallic structures on semiconductor surfaces [81]. At Purdue

University, researchers immersed an AFM tip in a 1:10 (v/v) mixture of aqueous 20 mM

HAuCl4 and acetonitrile for 5 min and allowed the tip to dry under ambient conditions for approxi-

mately five minutes. The tip was subsequently used to perform galvanic displacement [82] with an

extremely high resolution. An environmental chamber was used to maintain an atmosphere of 50%

humidity, and the tip was rastered across the surface at a rate of 200 nm/s [36]. The result was a gold

nanowire 500 nm long, 8 nm tall, and 30 nm wide (Figure 21.18). This technique employed vector-

scanning software to obtain this simple structure, yet with sufficient programming, a variety of

geometric configurations may be obtained for use in solid-state sensors or in the preparation of

anchoring points for thiol containing biomolecules.

As an alternative to delivering chemical reagents with an AFM tip, mechanical plowing litho-

graphy utilizes an AFM tip to mechanically remove material from a surface [73]. This process can

also be employed in the direct nanografting of various molecular species and metal clusters into

SAM systems [83]. First developed by Liu and coworkers [84], the process begins by forming a

SAM onto a gold surface that is subsequently immersed into a dilute solution of thols that differ

from the ones contained in the initial SAM. An AFM tip is applied to the surface with a force on the

Metal salt coated
AFM tip Metal ion transfer

and reduction

Ge substrate

Scan direction

Gold

25.0 nm

12.5 nm

0.0 nm

nm
800

600

400

200

30 nm

FIGURE 21.18 Gold nanoelectrode fabricated via dip-pen nanolithography (DPN). (Adapted from Porter, L.

A., Jr., Choi, H. C., Schmeltzer, J.M., Ribbe, A. E., Elliott, L. C. C., andBuriak, J.M.,NanoLett., 2, 1369, 2002.)
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order of 5 nN and slowly scanned across the surface. The mechanical shear force is enough to shave

away regions of the monolayer that come into contact with the tip, producing gaps within the SAM.

The thiols from solution then quickly chemisorb onto the exposed gold, thereby replacing the

molecules cleaved from the surface in the wake of the AFM tip. Recently, this technique has

been employed in the nanografting of a variety of molecules of biological interest into SAMs on

gold [85]. Liu and coworkers have demonstrated the ability to nanograft thiolated ssDNA into

alkylthiolate SAMs, producing patterns of ssDNA down to approximately 10 nm in width

(Figure 21.19) [86]. Hexanethiol and decanethiol SAMs on gold were first prepare by soaking

thin gold substrates in a 1 mM ethanolic solution of the respective thiol for approximately 24 h.

After washing away any excess thiol solution, the gold sample was mounted onto an AFM sample

stage and immersed in a mixed solvent solution composed of 2-butanol/water/ethanol with a ratio

of 6:1:1(v/v/v) containing 40 mM of thiolated ssDNA (5 0-HS-(CH2)6CTAGCTCTAATCTGCTAG-

3 0). Nanografting was accomplished by initiating AFM tip contact with the surface using an applied

force of 20 nN while scanning across the surface at a speed of nearly 800 nm/s. The samples were

washed to remove any excess thiolated ssDNA following the nanografting procedure and charac-

terized via AFM to confirm incorporation of the thiolated ssDNA within the original SAM. The

thiolated ssDNA regions exhibited a height of approximately 8 nm, and the remaining hexanethiol

or decanethiol regions were considerable shorter (!2 nm).
Stemming from fundamental scanning probe experiments focused on exploring polymer

tribology [87], static plowing lithography has recently been utilized as a viable fabrication

process. In this facile, yet effective process, an AFM probe is employed to mechanically plow

away spatially defined regions of a target substrate with extremely high lateral resolution. Similar to

DPN, vector scan software provides access to a variety of patterns and geometries. This technique

has been utilized to produce etch and evaporation masks for semiconductor device fabrication [88]

as well as in the preparation of nanoelectrodes and binding sites for the direct interfacing of organic

and bio-organic molecules onto a semiconductor surface using a sequence of four primary

operations (Figure 21.20) [89]: (1) application of a thin polymer resist onto a Ge(111) substrate;

(2) utilization of an AFM tip to plow away patterns/domains of the resist, thereby exposing defined

regions of the underlying Ge(111) substrate; (3) immersion of the substrate into a dilute metal salt

AFM tip

Gold
Tip brought into

contact with surface
Tip slowly scans surface

removing monolayer

SAM exchange
complete

Gold

Gold

Gold

FIGURE 21.19 Schematic for the preparation of mixed monolayers using the nanografting technique.

(Adapted from Liu, M., Amro, N. A., Chow, C. S., and Liu, G., Nano Lett., 2, 863, 2002.)
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(such as HAuCl4(aq)) where electroless deposition proceeds onto the areas of Ge(111) no longer

concealed by the resist; and (4) final removal of all resist via a solvent rinse. Shorter plating times

(%30 s) resulted in the formation of discrete gold nanoparticles aligned in a linear formation
consistent with the geometry of the resist furrow. Mean nanoparticle diameter and height were

determined to be w30 and w5 nm, respectively. More lengthy immersion times (O30 s) led to
continuous metallic structures through a Volmer–Weber (3D island growth) concluding with nano-

particle agglomeration as a consequence of Ostwald ripening. The resultant continuous gold

nanostructures (approximated as semielliptical cylinders) were observed to increase in line width

from 50 nm for a 1 min immersion to 200 nm for 30 min of deposition from 25 mM HAuCl4 (aq).

Analogously, the line height increased from 5 to 100 nm for the corresponding plating intervals.

Both nanoparticle formations as well as continuous metal structures are obtained via galvanic

displacement [82] from aqueous metal salt solutions (Figure 21.21). Vector scan operation

Deposition via galvanic
displacement

Ge, GaAs, or Si(a)

(b)

(c)

(d)

(e)

(f)

Polymer
resist

AFM tip

Continuous
metallic features

Nanoparticle
lines and arrays

e-
Sub0

Subn+

M0
M+

Substrate

FIGURE 21.20 Metallic nanostructures via static plowing lithography: a Ge(111) substrate (a) is coated with

a thin polymer resist layer (b) that is subsequently plowed away utilizing the tip of an atomic force microscope

(AFM) (c). Immersion of the substrate into a dilute, aqueous HAuCl4 solution for a brief time provides for the

deposition of discrete nanoparticles onto the exposed Ge(111) surface via galvanic displacement (d). As

deposition proceeds with longer immersion times, grain growth and nanoparticle coalescence eventually

yields continuous metallic structures (d) that continue to increase in size with extended periods of electroless

plating (f). Once the desired features are realized, the resist is completely removed with a solvent rinse. The

inset represents a simplified schematic of the galvanic displacement deposition mechanism. (Adapted from

Porter, L. A., Jr., Ribbe, A. E., and Buriak, J. M., Nano Lett., 3, 1043, 2003.)
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allows for the AFM tip to be driven along paths of arbitrary length scales at predefined angles while

also providing for control over z-axis displacement and applied force. Figure 21.21 illustrates one

vector profile utilized to prepare a series of resist furrows forming the letters, “PLCN” (Purdue

Laboratory for Chemical Nanotechnology), employing static plowing lithography [89]. Realization

of this pattern demonstrates the ability of this technique to successfully cope with various tip

scanning directions. Additionally, solid features were generated by plowing away large domains

of resist material through the use of multiple, closely spaced scan lines. These metallic nanostruc-

tures provide convenient bonding sites for the formation of SAMs as previous discussed. This

method is compatible with photoresist coating processes ubiquitous to industrial and academic

fabrication environments. Because the AFM is used solely to pattern the resist layer and not in the

chemical transfer via the tip, this technique is not restricted by many of the limitations and

complexities faced by other scanning probe lithographic methodologies.

21.3 CONCLUSION

This chapter has attempted to spotlight the major strategies and methodologies involved in

functional structure and device fabrication at the nanoscale with an emphasis on their application

to future developments in biodiagnostic technologies. Potentially, nanofabrication methods will

have a profound impact on the bioanalytical methods of the near future. Biorecognition events that

serve as the core to any screening method are processes that take place on the nanoscopic level [71].

Enhanced specificity, sensitivity, and practicality are but a few of the attractive features offered by

nanoscale-based devices. However, a great deal of work remains before many of these and other

significant developments mature beyond the research laboratory and make their way to compete

with established, conventional methods in use today. At this stage, nanofabrication techniques

continue to emerge, and only time will tell which will evolve into truly effective and efficient

means for mass production on the nanoscale and which will fall by the wayside.
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displacement assay, 349-350

immunoaffinity chromatography and, 347-352

sequential injection assay, 349

simultaneous injection assay, 347-349

Infectious agents, landscape phage and, 197-202

Instrumentation

immunochemical bioanalytical methods and,

11-12

unconverting phosphors and, 227-228

Integrated microfluidic biochips, 459-463

L

Landscape phage

against infectious agents, 197-202

ELISA, 201-202

libraries, 198

selected phage probes, 200-201

selection analysis, 200

target-specific phage probes, 198-200

substitute antibodies, 196-197

Libraries, landscape phage, 198

Ligand-binding proteins

directed evolution of, 45-69

randomization technique, 57-60

molecular diversity, 50-54

protein scaffold choices, 48-50

selection strategies, 55-57

cell surface display, 55

Index 507

DK9421—INDEX —14/11/2006—14:10—SRIDHAR—15351—XML MODEL C – pp. 503–512



genetic selection, 57

phage display, 55

ribosome display, 56-57

RNA display, 57

M

MAb-enriched bioreactor supernatants, 81-82

MAbs. See monoclonal antibodies.

Mathematical aspects, immunoassays and, 249-260

lab error sources, 255-259

Matrix effect, immunoassay capability and, 15-16

Mechanism, surface imprinted ODS sensor and,

178-179

Metabolimics, 301-302

Metabolites, determining level of, 21-28

Metal/chelate complexes, binding properties

to, 99-100

Microarray technologies, 298-299

Microarrays, 9-10, 422-437

advantages, 422, 424-425

analysis of, 432-437

data

analysis, 436-437

extraction, 435-436

imaging, 435-436

management, 432-434

quality metrics, 434-435

commercial printed, 423

disadvantages, 425-428

microelectrode protein, 445-464

selection of, 428-432

genetic arrays, 428-429

glycomic arrays, 432

protein arrays, 430-432

tissue-based arrays, 432

Microbial biosensors, 413

Microcontact printing, 486-490

Microelectrode protein microarrays, 445-464

antibody attachments, 452-453

chip developments, 459-463

CMOS chip, 445-449

detection methods, 454-459

electrochemistry, 454-459

fluorescence, 454

synthesis chemistry, 449-452

Miniperm

bioreactors, protocol for, 83

vs. Celline, 82-89

MIP. See molecularly imprinted polymers.

MIP characterization, 120-122

MISPE, 125

applications of, 126-129

Molecular

diversity

cloning of, 51

ligand-binding proteins and, 50-54

synthetic repertoires, 51

imprint formation, 114-115

imprint-based solid phase extraction.

See MISPE, 125

imprinting

polymers, preparation of, 114-120

pseudoimmunoassays, 120-125

small molecules, 113-138

solid phase extraction (SPE), 125-138

structural analogues used for, 133-135

Molecularly imprinted polymers (MIP), 167

Monoclonal antibody production, 75-90

bioreactor

comparisons, 86-89

harvest, 84-85

inoculation, 84

in vitro, 75-90

media adaptation, 83-84

Miniperm vs. Celline, 82-89

production media, 83

protocol

Celline bioreactors, 83

Miniperm bioreactors, 83

Monomers

cross-linking, 117-118

functional, 115-117

Multianalyte immunoassays, 260

N

Nanoparticle functionalization, 490-492

Nanotechnology

background of, 477-479

bioanalytical methods, future of, 477-498

evolving fabrication methods, 479-498

microcontact printing, 486-490

nanoparticle functionalization, 490-492

photolithography, 479-486

scanning probe lithography, 492-498

Near-infrared spectroscopic detection method,

302, 304

Nerve

agent detection, biosensors and, 414-416

gas detection, 172

Noncompetitive immunoaffinity chromatography,

350-352

homogeneous immunoassays, 350

one-site immunometric assays, 350-352

Nonspecific

adsorption, 131-132

binding, overcoming of, 392

Non-targeted detection methods

genetically modified organisms and, 298-305
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metabolimics, 301-302

near-infrared spectroscopic, 302

O

Occupational monitoring, sol-gel immunoaffinity

chromatography and, 377-378

ODS sensors

surface imprinting 170-179

properties of, 172-173

Off-line immunoextraction, 342-343

Oligonucleotide-directed techniques, 52-53

One-site immunometric assays, 350-352

On-line immunoextraction, 343

OPH. See organophosphorus hydrolase.

OPH-based

amperometric enzyme electrodes, 407-411

dual pententiometric-amperometric biosensor,

412-413

optical biosensors, 405-407

potentiometric enzyme electrodes, 405

OPs. See Organophosphorus compounds.

Optical properties, quantum dots and, 466-468

Organic solvent-based samples, pseudoimmunoas-

says and, 122-123

Organophosphorus

compounds (Ops), 403-404

organophosphorus hydrolase (OPH), 404

hydrolase (OPH), 404

P

p-aminophenyl phosphate, 389

Paraffin-embedded tissue blot

applications, 325

basic principles, 323

procedure, 324

specimen handling, 324

Peptides, 191, 194

Pesticides

biological monitoring and, 277-281

biosensors and, 403-404

detection, 171-172

organophosphorus compounds, 403-404

Phage

biospecific probes, 187-208

display, 55

antibodies, 194-196

biorecognition entities from, 191

peptides, 191, 194

technology, 189-190

landscape, 196-197

probes, landscape phage and, 200-201

protocols, 203-208

Phenyl phosphate, 389

Phosphor

coating, 230

reagent

production, 231

testing, 232

synthesis, 229

Photolithography, 479-486

Pipettor calibration, errors with, 257

Plant protein separation and identification,

functional genomics and, 300-301

Plate

layout, errors with, 257, 259

reader reproducibility, errors with, 256-257

Polychlorinated biphenyls, 398

Polycyclic aromatic hydrocarbons, 396-397

Polymerization, 118-119

alternative techniques, 119-120

Polymers, imprinted, 114-120

Prion

diseases, 310-312

diagnostic methods for, 312

DELFIA-CDI, 325-327

ELISA, 316-318

histoblot, 322-323

immunohistochemistry, 318-321

paraffin-embedded tissue blot, 323-325

SIFT, 327-328

western blot, 312-315

measurement, bioanalytical diagnostic tests,

309-329

Probes

biospecific, 187-209

detection, 188

diagnostic, 188

pseudoimmunoassays and, 124-125

Production

immunoaffinity chromatography and,

339-340

media, monoclonal antibody production and, 83

Protein

arrays, 430-432

based detection methods, genetically modified

organisms and, 292-293

conjugate synthesis, 96-97

detection, Aptamer based assay protocols

and, 155

scaffold, 48-50

Proteomics, 300

Pseudoimmunoassays, 120-125

aqueous samples, 123-124

enzyme-labeled probes, 124-125

fluorescent probes, 124-125

method development, 122-124

organic solvent-based samples, 122-123

MIP characterization, 120-122
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Purfication, atrazine, 31-32

Purification, sediment, 31-32

Q

Quality

assurance

project plan, preparation guidelines for,

34-35

protocols and, 18-19

ELISA methods and, 17

immunoassay capability and, 16-19

metrics, microarrays and, 434-435

Quantum dots, 465-474

antibody conjugation, 468-471

bead-based immunoassays, 472-474

immunoassay staining, 471-472

immunohistochemical staining, 471-472

optical properties, 466-468

spectral barcoding, 472-474

surface chemistry, 468-471

R

Random techniques, 51

recombination techniques, 53-54

Randomization technique, directed evolution

and, 57-60

Reagent, 12-14

development, 228-232

capture probe functionalization, 231

phosphor

coating, 230

reagent

production, 231

testing, 232

synthesis, 229

silane coating, 230-231

silica coating, 230

submicron phosphor particle manufacturing,

229

Recombination techniques, 53-54

Regulations, genetically modified organisms

and, 287-288

Removal, template, 173

Response time, surface imprinted ODS sensor

and, 177

Ribosome display, 56-57

RNA display, 57

S

Sample preparation, immunoassay capability

and, 15

Sampling, genetically modified organisms and,

288-290

Scanning probe lithography, 492-498

Sediment

ELISA methods and, dioxins, 28

purification, 31-32

Selection analysis, landscape phage and, 200

Selectivity, surface imprinted ODS sensor

and, 173-175

Self-assembly, antibody attachments

and, 453

Sensitivity, surface imprinted ODS sensor

and, 175

Sensor

handheld, 240-242

platforms

flow cytometer, 242-244

handheld sensor, 240-242

upconverting phosphors, 240-244

Sequence alignment, antibodies and, 66-67

Sequential injection assays, 349

Serum sample analysis, heavy metals and,

105-106

SIFT

applications, 328

basic principles, 327-328

procedure, 328

specimen handling, 328

Silane coating, 230-231

Silica coating, 230

Simultaneous injection assays, 347-349

SIPs. See surface imprinting polymers.

Small molecules

aptamer-based detection and, 158-160

molecular imprinting and, 113-138

Soil, 3,5,6-TCP levels in, ELISA methods

and, 21-23

Sol-gel

based immunoaffinity chromatography,

371-377

entrapped antibodies, immunoaffinity

chromatography, 373-375

immunoaffinity chromatography

clinical monitoring, 378-379

environmental monitoring,

377-378

forrensic monitoring, 377-378

occupational monitoring, 377-378

immunoassays, 357-380

entrapped

Ab, 368-370

Ag, 370-371

antibodies, 363-366

sol-gel process, 358

solid-phase, 361-362, 368

matrices

biomolecule entrapment, 358-360
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applications of, 358-360

characteristics of, 360-361

process, 358

Solid phase

extraction (SPE), 125-138

method development, 130-138

aqueous compatible MIPs, 132, 136

non-specific adsorption, 131-132

solvent

switch, 130

systems, 130

template bleeding, 132

molecular imprint-based, 125

on-line techniques, 136-138

sol-gel immunoassays, 361-362, 368

Solubility, template, 172-173

Solvents, 118

based samples, pseudoimmunoassays and,

122-123

immunoaffinity chromatography and,

340-341

switch, 130-131

systems, 130-131

SPE. See solid phase extraction.

Spectral barcoding, 472-474

Spectroscopy, unconverting phosphors and,

222-228

Stability

antibodies and, 65

surface imprinted ODS sensor and, 177

Standard curves

interpretation of, 250-253

regions of, 253-255

Standard operating procedures, outline for,

35-37

Structural analogues, molecular imprinting and,

133-135

Submicron phosphor particle manufacturing,

229

Substrates, electrochemical immunoassays and,

388-392

Supports, immunoaffinity chromatography and,

340-341

Surface

chemistry, quantum dots and, 468-471

imprinted ODS sensor, 170-179

chemical sensors, 171

construction procedures, 170

mechanism of, 178-179

performance of, 173-175

response time, 177

selectivity, 173-175

sensitivity, 175

stability, 177

transducer functionality, 177-178

imprinting polymers (SIPs), 167-180

biosensors, 172-173

chemical sensors, 171

chiral electrochemical sensor, 171

nerve gas detection, 172

pesticide detection, 171-172

polymers

history of, 168-170

ODS

sensors, 170-179

surface imprinting, 172-173

surface imprinted ODS sensor, 173-175

template

removal, 173

solubility, 172-173

Synthesis chemistry

DNA synthesis, 449-450

microelectrode protein microarrays and,

449-452

Synthetic

library, antibody fragments from, 62

repertoires, 51-54

oligonucleotide-directed techniques, 52-53

random techniques, 51

T

Targeted detection methods, genetically modified

organisms and, 291-292

Target-specific phage probes, 198-200

Template, 115

bleeding, 132

removal, 173

solubility, 172-173

Time response, unconverting phosphor and,

225-227

Tissue

based arrays, 432

culture vessels, 77

Transducer functionality, surface imprinted ODS

sensor and, 177-178

U

Upconversion process, 222-223

Upconverting phosphors, 218-246

assay development, 232-239

background of, 218-221

based assay, 233-236

detection of, 222-228

instrumentation, 227-228

reagent development, 228-232

sensor platforms, 240-244

spectroscopy of, 222-228

properties, 223-225
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time response, 225-227

upconversion process, 222-223

Urine, 3,5,6-TCP levels in, ELISA methods and,

23-25

V

Volume pipettes, standard operating procedures for,

37-39

W

Western blot detection method, 312-315

applications, 314-315

procedure, 314

specimen handling, 313

specimens, sample preparation, 313-314

Work-up, imprinted polymers and,

118-119
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