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Introduction 

ANALYTICAL TECHNIQUES IN LIFE SCIENCES 

Qualitative and quantitative analytical techniques are of tremendous importance in 
all fields and disciplines of life sciences for the detection, identification, and mea
surement of concentration of a wide variety of biologically important molecules. 
These analytical techniques can be classified into three general categories: biological 
techniques or "bioassays," those based on physical and/or chemical methods, and 
those that depend on non covalent binding of one reactant to another. Techniques that 
fall under the third category are also commonly referred to as "binding assays." The 
salient features of these classes of analytical techniques are briefly described below. 

Biological Techniques or Bioassays 

Biological techniques or the bioassays measure the response that follows the 
application of a stimulus to a biological system. The applied stimulus is repre
sented by standard or test samples that contain the biologically active substance or 
analyte. The biological system that receives the stimulus may be a whole, multi
cellular organism such as an animal or a plant, isolated organs or tissues from 
multicellular organisms, and whole cells or microorganisms (Hawcroft et al. 
1987; Odell 1983; Clausen 1988). The response, measured as a change in some 
aspect of the biological system used, may be a positive response associated with 
an increased activity or a negative response that is inhibitory or even lethal to the 
biological system. It relates to a biological activity that is normally attributed to 
the analyte and is often expressed in concentration units, generally relative to an 
arbitrary although internationally recognized standard. 
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All bioassays are comparative and require a standard preparation, ideally from the 
same source, with which each test sample can be compared. The use of "in-house" 
standards often results in a lack of interlaboratory correlations and, therefore, is not 
advisable. Better correlations are achieved by the use of International Standards for 
the Calibration of Bioassays. These standards are determined by the World Health 
Organization based on the recommendations ofthe Expert Committee on Biological 
Standardization (Bangham 1983; Kirkwood 1977; Campbell 1974). 

Once the assays are completed, the data can be analyzed in several different 
ways to establish the relationship between the dose and the intensity of the re
sponse. Some representative examples of dose:response curves are shown in Fig
ure 1.1 A-D. Although only positive relationships are shown here, it is not uncom
mon to observe inverse relationships in these types of studies. The intensity of the 
biological response is dependent on both the slope of the curve as well as its posi
tion relative to the abscissa; these determine the sensitivity and detection limits (or 
range) of the bioassay, respectively. Ideally, the response to an applied stimulus 
should be sufficiently sensitive to be able to differentiate between small changes 
in doses but not so great as to restrict the detection limits of the assay. 

Some representative examples of this class of analytical techniques include 
monitoring the potency of pharmaceutical drugs at target sites, tissues, or the or
ganism as a whole, and the measurement ofLDso values to determine the toxicity 
of chemicals that are potentially hazardous to human health. 

Bioassays can only be used for substances that produce biological responses in 
living organisms and tissues. This precludes their widespread use as a general an
alytical technique in several fields (Odell and Franchimont 1983). Similarly, the 
use of animals or their tissues in scientific research is increasingly being viewed 
by the general public as unethical. Advances in cell culture techniques, however, 
have minimized the necessity for the use of animals in bioassays. At present, most 
initial screening tests for measuring the biological potency of various drugs in
volve the use of cells cultured in an artificial medium. By monitoring the obvious 
morphological or biochemical changes in the cell culture populations, these tech
niques greatly facilitate the elimination of potentially hazardous drugs in the early 
stages, and thereby restrict the number oftests to be carried out with actual animal 
system to a minimum. Clinical drug trials with selected human populations, al
though they fall under this category, are generally not viewed as bioassays. 

Another major disadvantage ofbioassays that use animal model systems is the 
inherent biological variability often found in test animals and their tissues (Odell 
1983; Hawcroft et al. 1987). This results in poor precision and reproducibility, and 
necessitates the extent of replication. Therefore, the use of animal model systems 
is cost prohibitive and time consuming. Similarly, in some types of bioassays, the 
animals may die or have to be slaughtered for further tissue analysis. 

In this respect, microbiological assays using broth cultures ("tube assays") and 
assays on semi-solid culture media ("plate assays") offer several advantages. Al-
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Figure 1.1. Typical dose:response relationships observed in bioassays 
A: An ideal response with adequate sensitivity and wide detection limits 
B: Although the sensitivity is adequate, the detection limits are restricted to higher doses of drugs 
C: Bioassays with wide detection limits but lacking sensitivity 
D: The high sensitivity restricts the detection limits of the bioassays to lower doses of drugs 

though yeasts, protozoa, and algae can be used for microbiological assays, most 
methods use bacteria because of the relative ease of use. Microbiological assays 
do not require highly specialized and expensive equipment. They also provide 
highly homogeneous cell populations for test and thus result in better assay preci
sion. These methods, therefore, are ideal in situations where the number of tests is 
likely to be small and, hence, large capital expenditure cannot be justified. Micro
biological assays, however, are limited only to those analytes that either promote 
or inhibit microbiological growth. This fact mandates that no other substance be 
present in the test sample that either promotes or inhibits growth or modifies the 
response to the analyte. 

In spite of these limitations, the fact that they are generally specific for the bi
ologically active forms of the analyte is a good reason for actually using a bioas-
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say. Bioassays are the preferred analytical methods when the test material contains 
a mixture of active and inactive forms of the analyte that cannot be separated ef
fectively (Odell 1983; Hawcroft et al. 1987). Alternatively, the analyte may occur 
in a variety of active forms that affect the same target site but with different bio
logical activities and are present in unknown relative quantities. In addition to 
high specificity, bioassays are also often very sensitive. Bioassays, therefore, are 
used when no suitable alternative assay methods are available. 

Physical and Chemical Methods 

The classical biochemical techniques involving the use of spectrophotometry, 
gas chromatography (GC), mass spectrometry (MS), high-performance liquid 
chromatography (HPLC), paper and thin-layer chromatography (PC and TLC), 
and electrophoretic techniques coupled with UV or fluorescence detection meth
ods are widely used for the identification and quantitation of biologically impor
tant compounds. These basic analytical tools that exploit the physical and/or 
chemical characteristics of the compounds are used both in research and as con
firmatory methods in the diagnostic industry. However, the cost of equipment and 
consumables, sample throughput, and the level of experience and skill required 
for analysis often preclude their use in rapid diagnosis of medical causes in the 
clinical fields, in on-line routine monitoring of process variables and quality in the 
food industry, or in on-site testing of environmental samples. Moreover, such 
methods are often tedious, laborious, and may require elaborate sample cleanup 
and concentration procedures. Although not suitable as screening tests, HPLC, 
GC, and GC-MS methods are often used as confirmatory tools for the presump
tive positive samples that are initially screened by some kind of immunoassays. 

Binding Assays 

Binding assays comprise a variety of methods that utilize the specific reaction 
between a ligand and a binding protein. The basic principle of a binding assay is a 
reversible reaction between a ligand (L) and its binding protein (BP) that obeys 
the law of mass action as follows: 

k, 
L + BP :;:::': L-BP 

k, 
(I) 

The ligand combines with the binding protein to form the L-BP complex at rate 
constant k j • At equilibrium, the L-BP complex dissociates with a rate constant k2 
to form free ligand and binding protein. In the immunodiagnostic field, the ligand 
is also often referred to as an antigen, hapten, or analyte. 

Binding assays can be further classified into three general categories: im
munoassays in which the ligand is an antigen and the binding protein its specific 
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antibody, receptor binding assays in which the receptor protein is usually ex
tracted from the target organ of a hormone or drug, and circulating binding pro
tein assays that employ a naturally occurring plasma protein such as thyroxine 
binding globulin (TBG) for the assay of thyroxine (T4) and transcortin for the 
assay of cortisol or progesterone. 

Immunoassays are by far the most common form of binding assays. In fact, of 
all the methods described above, immunodiagnostics has developed into an ex
tremely versatile analytic technique with a diverse range of assay protocols. In 
comparison to other analytical methods, an immunoassay provides a rapid, eco
nomical, highly sensitive, and specific analysis that is relatively simple to perform 
and interpret. Three factors have been primarily responsible for the rapid develop
ment of immunoassays as a powerful analytical tool in many clinical, pharmaceu
tical, agricultural, veterinary, environmental, and other basic scientific investiga
tions. These include: 

1 The generation of antibodies that display marked specificity against an immense 
range of compounds, 

2 The high affinity with which they bind their appropriate antigen, thus enabling 
great sensitivity to be achieved and indeed defining the ultimate sensitivity that can 
be attained, and finally 

3 The ease oftheir use in detecting the concentration of an antigen, or in detecting the 
presence of antibodies, especially in monitoring the onset and spread of infectious 
diseases such as AIDS, herpes, and viral hepatitis. 

As compared to bioassays, which provide the estimates of concentration of an 
analyte based on its biological activity or function, immunoassays are "structural" 
assays, which assess only a part of the antigen's structure or its "antigenic deter
minant." Therefore, the values obtained by a bioassay may be considerably lower 
than those determined by an immunoassay method. For example, the reduction of 
disulfide ring of oxytocin or arginine vasopressin causes a complete loss of its bi
ological activity, and thus fails to yield a positive result in a bioassay that deter
mines only the hormone itself. In contrast, such reduction of the disulfide ring 
does not affect the results of most immunoassays that determine any circulating 
prohormone, the hormone itself, and any fragment of the hormone that contains 
the antigenic determinant. Nevertheless, for several clinically important protein or 
peptide analytes (including hormones, lipoproteins, oncoproteins, pathogen anti
gens, and specific antibodies), there are as yet no viable alternatives to im
munoassays (Gosling 1990). Even where an analyte can feasibly be determined by 
chromatographic, colorimetric, or other standard analytic procedures, quantitative 
immunologic methods are often used because of their speed, simplicity, and rela
tively low cost. This trend has been greatly encouraged by the availability of con
venient reliable commercial kits. 
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Other reasons for the growing popularity of immunoassays include the poten
tial of rapidly measuring a minute quantity of specific analyte from within a com
plex sample matrix, often with little or no sample cleanup, the development of 
more sensitive detection systems, the relative ease of performing the assays, as 
well as the lower cost of the assays relative to most conventional analytic tech
niques (Deshpande and Sharma 1993). 

IMMUNODIAGNOSTICS: A HISTORICAL PERSPECTIVE 

Although the classical works of Jenner, demonstrating vaccination by injection of 
products of the organism as a mechanism to induce immunity to small pox and 
subsequently to other infectious diseases, were well known, it was not until the 
late nineteenth century that the basic foundations of the science of immunology 
were laid. In 1882 the Russian scientist Metchnikoff first proved that "phagocyto
sis" of microorganisms by leucocytes was the major host defense against infec
tion. Soon thereafter, von Behring in 1888 first demonstrated that nonlethal doses 
of the toxin from diphtheria induced immunity to organism (Steward 1984). Fur
ther research on toxin-induced immunity led von Behring and Kitasato to demon
strate in 1890 that immunity to infection following injections of bacterial toxins 
was the result of the appearance of a "factor" in the serum which neutralized the 
toxin (Humphrey and White 1964). This antitoxin activity could be transferred to 
normal animals by injecting serum from immune animals. It thus appeared that 
the body was able to respond to infectious organisms or injurious substances by 
producing serum components that would combine with these agents and neutral
ize their toxic effects. These serum components were called "antibodies" and the 
agents provoking their production were termed "antigens." 

These modest beginnings soon led to the observations that antibodies could 
specifically lyse, precipitate, and agglutinate bacteria. Furthermore, it was shown 
that antibodies could be produced against toxins other than those from bacteria 
and against nontoxic substances such as proteins as long as they were "foreign" to 
the immunizing species. These early discoveries showed the diagnostic promise of 
antisera, which was quickly exploited in developing diagnostic tests for typhoid 
(Widal test 1896) and syphilis (Wassermann test 1906) (Catty 1988). Research in 
the early part of this century, carried out by such eminent scientists as Landsteiner, 
Heidelberger, Kabat, and others, demonstrated that antibodies are evolved as a 
principle means of defense against infection, and that their response has an appar
ently limitless range of specificity, which can be used to define, isolate, and mea
sure a wide variety of immunogenic molecules not just confined to the products 
of microorganisms (Butler 1991; Catty 1988). Indeed, most complex molecules 
with molecular weights greater than 5000 that are not intrinsic to the species im
munized were found to be immunogenic. However, it was Landsteiner's (1945) pi-
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oneering work, beginning in 1917, on the immunochemistry of low molecular 
weight compounds and his demonstration that such molecules or "haptens" chem
ically coupled to a larger carrier could elicit antibodies of exquisite specificity, 
that established many of the ground rules that form the basis of modern immuno
diagnostics. 

By 1940, it was firmly established that antigen-antibody reactions follow 
nearly predictable rules of biochemical interaction and thus could be used to de
termine accurately the quantity of antigen in a sample. Using by then the newly 
developed electrophoresis technique, Tisselius and Kabat (1939) demonstrated 
that the antibody activity of an antiserum is associated with the y-globulin fraction 
of the serum. In their study, the electrophoretic patterns of an antiovalbumin 
serum before and after precipitation with the antigen ovalbumin showed a signif
icant removal of the y-globulin fraction. Globulins that function as antibodies are 
now termed "immunoglobulins." 

Heidelberger (1939) developed the first quantitative precipitation test and puri
fied antibody for the first time. The practicability ofthis principle received wide at
tention and led to its exploitation in simple immunoassays that could measure sin
gle antigen systems. Oudin (1946) demonstrated that diffusion of antibodies and 
antigens in the fluid phase across the interface of opposing agar gels could result in 
quantitative assessment of both reacting elements by the position of the resulting 
precipitation bands. Diffusing in a gradient of concentration into each other, the 
antibody-antigen system formed visible complexes where their relative proportions 
were conducive to precipitation. This simple gel version of precipitin assay allowed 
technicians with little immunochemical experience to quantify multivalent anti
gens in clinical and basic science laboratories. This technological breakthrough 
by Oudin (1946) quickly led to the application of double immunodiffusion in gel, 
developed simultaneously by Elek (1948) and Ouchterlony (1948), to determine 
easily the antigenic relationships between molecules and the specificity of antisera 
assessed. Subsequent developments in this field led to the introduction of immuno
electrophoresis (Grabar and Williams 1953), radial immunodiffusion with its quan
titative properties (Mancini et al. 1965), "rocket" immunoelectrophoresis for the 
rapid estimation of single antigens from mixtures using unispecific antibody in the 
gel, and two-dimensional (crossed) immunoelectrophoresis, which allows both 
qualitative and quantitative assessment of multiple components of antigen mix
tures by using multispecific antisera (Laurell 1966). 

Although the gel precipitation methods mentioned above were useful in the 
measurement of antigens and in quality control of specificity and titer of precipi
tating antibodies, they were limited in sensitivity (5 Ilg/ml for antigen) and could 
not be used to quantitate low molecular weight antigens that formed only soluble 
complexes. To overcome these limitations and to improve the sensitivity of detec
tion, Coombs et al. (1945) described the antiglobulin reaction in which anti
human immunoglobulin sera agglutinated human erythrocytes from certain sub-
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jects on whose cells antibodies had previously bound. Coombs pioneered the use 
of red cells as an indicator system in immunoassays, and later developed his sys
tem as an important clinical test (Coombs' antiglobulin test). 

The beginning of modem immunodiagnostic tests as they are practiced today could 
be attributed to the use of a coupled label to provide an indirect signal of antigen
antibody interaction by Coons and collaborators (1941). These researchers used 
fluorescein-labeled antibodies for antigen localization in lymphoid tissue. Im
munocytochemistry now utilizes both fluorescent dyes and, increasingly, enzyme/ 
substrate systems as in the immunoperoxidase method (Catty 1988). 

A further milestone in sensitive assays came with the discovery of radioisotopic 
labeling techniques for antigens, antibodies, and small peptide hormones by Farr 
(1958) and Yalow and Berson (1959, 1960). The pioneering efforts of the latter 
group formed the basis of the first radioimmunoassay (RIA). Using 131I-Iabeled 
insulin, Yalow and Berson demonstrated the presence of a circulating insulin
binding protein in insulin-dependent diabetics, and showed that the tracer could 
be displaced from the binding protein by the addition of large quantities of unla
beled insulin. These researchers also recognized that the degree of binding of the 
tracer was quantitatively related to the total amount of insulin present. Soon after, 
Ekins (1960) reported an RIA method for serum thyroxine. 

The advantages offered by RIA over methods such as agglutination-inhibition 
and immunoprecipitation, which lacked the desired sensitivity and applicability to 
the quantitation of low molecular weight compounds, led to the rapid adaptation 
of RIA by researchers and routine clinical laboratories. The use of RIA also gave 
rise to a number of in vitro diagnostic companies that have gradually come to pro
vide reagents for a large share of the immunoassay determinations in both re
search and clinical laboratories. 

RIA in its original form was devised to measure antigens, particularly in solu
ble systems. Refinements made by a number of investigators to improve the sep
aration of the bound and unbound antigen soon led to the discovery by Catt and 
Tregear (1967) that polystyrene test tubes had the property of absorbing proteins 
irreversibly and that the absorbed antibody retained its avidity for the antigen. The 
coating of the polystyrene tubes in a reproducible manner and the separation of 
the bound and unbound antigen by simply washing the tube opened new vistas in 
the development of immunodiagnostic tests. 

During the same decade, using a diisocyanate derivative as the coupling reagent, 
Singer and Schick (1960) coupled two protein molecules, viz., ferritin to its anti
body for immunologic localization. Subsequently, Avrameas and Uriel (1966) and 
Nakane and Pierce (1966) demonstrated that enzymes could also be coupled to an
tibody or antigen. The importance of this discovery is reflected in the now wide
spread application of chromogenic, fluorogenic, or luminescent enzyme/substrate 
interaction signals for the detection and measurement of soluble antigens, with an 
attained sensitivity that approaches that of an RIA. 
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These discoveries soon led to the subsequent independent introduction of non
isotopic enzyme labels by Engvall and Perlmann (1971) and van Weemen and 
Schuurs (1971) for the immunoassays. The term "ELISA," first coined by Engvall 
and Perlmann in 1971, was originally used to describe a reagent-excess enzyme 
immunoassay of specific antibodies or antigens. When applied to antigens, it is 
equivalent to IRMA (immunoradiometric assay). However, at present, ELISA is 
often used interchangeably with enzyme immunoassay (or enzymoimmunoassay) 
and immunoenzymometric assay. 

In both RIA and ELISA, the labeled and unlabeled antigens bound to the anti
body must first be separated prior to measuring the activity of the label in either 
fraction. These methods are, therefore, collectively called "separation-required" 
immunoassays. Because the separation inevitably involves the use of heteroge
neous phases in the assay mixture, the term "heterogeneous" immunoassay is used 
interchangeably for this type of immunoassay. 

A further advance in this now rapidly emerging field came when Rubenstein et 
al. (1972) developed a new immunoassay using an enzyme as a label in which the 
antigen-antibody reaction and its measurement are performed in solution without 
the need of prior separation of the free and antibody-bound components. This "ho
mogeneous" or "separation-free" immunoassay technology uses enzyme inhibi
tion by an antibody as the core concept, and has since been adapted to the mea
surement of a wide variety of small molecules. This technology precludes the 
need for separation and in effect reduces the performance of an immunoassay to 
the simplicity of an enzyme activity measurement. This type of assay is also 
amenable to automation. Ngo and Lenhoff (1985), however, suggest that this class 
of immunoassay be referred to as separation-free rather than homogeneous, be
cause the term "homogeneous" does not accurately describe the salient features of 
the assay. Moreover, some separation-free enzyme immunoassays are not homo
geneous and involve heterogeneous phases (Gibbons 1985; Litman 1985). 

Recent developments in the immunodiagnostic field include the emergence of 
fluorescence polarization and pulse-fluorescence immunoassays and lumino
immunoassays (Deshpande and Sharma 1993). Although fluorescence labels, es
pecially fluorescein, have been used routinely in several automated homogeneous 
immunoassays, conventional fluorometry as applied to immunoassays suffers 
from several drawbacks such as separation of fluorescence emission from excita
tion, Rayleigh and Raman scattering, background fluorescence from cuvettes, op
tics, and samples, nonspecific binding of the reagents, and fluorescence quench
ing (Soini and Hemmila 1979; Hemmila 1985; Diamandis 1988). Currently no 
system is available commercially that uses such fluorophores for immunoassay 
procedures having sensitivity in the subpicomolar range. To overcome the draw
backs associated with the use of conventional fluorophores, the current trend is to
ward the use of lanthanide chelates as labels for immunoassays (Barnard et al. 
1989; Diamandis 1988; Hemmila 1985). Some of the newer, time-resolved fluo-
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rescence immunoassay systems using these labels can detect about 0.5 amol of Ct.

fetoprotein in a model noncompetitive immunoassay (Diamandis 1991). 
Although RIAs still constitute a major proportion of the immunodiagnostic 

tests conducted, especially in the clinical laboratories, there are several potential 
drawbacks to the use of isotopic labels in immunoassays. Their toxic nature ne
cessitates the application of strict regulatory control and special disposal require
ments. Their measurement also requires the use of specialized, sophisticated, and 
hence, expensive equipment. Moreover, the necessity for a separation step has 
also prevented the development of simple automation. Isotopic labels also have a 
limited shelf life. These disadvantages have encouraged the search for several al
ternative labels for use in immunoassays. Since their introduction in the early 
1970s and because of the relative ease of use, enzymes have become the most 
commonly used labels for immunoassays. At present, enzyme immunoassays 
command over 60% of the diagnostic market as compared to 25% for RIA and 
15% for fluorescence and other miscellaneously labeled immunoassays (Desh
pande and Sharma 1993). 

DIAGNOSTIC MARKETS AND ECONOMICS 

Since the advent of the first RIAs in the late 1950s and early 1 960s, immunoassays 
have been well received as a diagnostic and research tool in several disciplines oflife 
sciences. The recent trend toward increasing demand for automation of immuno
assays and stable reagents clearly shows a definitive shift to nonisotopic immunoas
say systems on a large scale. During the 1980s, many nonisotopic immunoassay 
technologies were presented in the marketplace both as parts of more or less open 
immunoassay systems with diagnostic kits and as tools for the researchers to de
velop their own immunoassays. Historically, enzyme immunoassays have been in a 
prime position for in-house applications, primarily because of the easy access to in
expensive measuring equipment as well as to a vast body of literature on labeling 
techniques and applications (Pettersson 1993). In contrast, other nonisotopic tech
nologies have been more difficult to adapt for noncommercial immunoassays. 

The immunodiagnostic market is composed of numerous micromarkets. Some 
of these are clearly differentiated. Such is a case in allergy testing where a primary 
screening test for total IgE is used for atopic allergy and multiple allergen-specific 
IgE tests are used to isolate the cause. In other instances, the distinctions between 
some micromarkets can be less obvious. For example, drug testing is not simply 
one market. Therapeutic drug monitoring immunoassays are used in routine clini
cal practice to check that sick patients are receiving the appropriate dose of drug, 
whereas immunoassays for drugs of abuse testing are used in drug dependence 
treatment centers and psychiatric clinics. They may also be used in legal situations. 
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The design and assay performance of immunodiagnostic tests also vary with 
the endusers. Large, centralized clinical laboratories generally demand sophisti
cated automation and software to run and interpret these tests. In contrast, doc
tors' offices and pharmacies require single-use tests with simple and reasonably 
quick protocols. They cannot afford expensive equipment. At the extreme end of 
the spectrum is the market for home-use diagnostic tests. For example, home-use 
pregnancy tests have to be very simple to use. Thus, tests have been developed that 
do not require any operation other than immersion in a stream of urine. 

There are also several examples where a single analyte is presented in a num
ber of different formats to suit the needs of different users (Wild 1994). The most 
striking example of this is human chorionic gonadotropin (hCG), which is pri
marily used as a pregnancy detection test. However, monitoring its levels is also 
useful in screening for Down's syndrome, and in monitoring certain types of tu
mors. The concentrations ofhCG involved in these three applications vary by sev
eral orders of magnitude. Whereas sensitivity is crucial in pregnancy testing, other 
applications require good precision at much higher concentrations, and sensitivity 
is less important. 

At present, the singular most important application for commercial diagnostic 
products is in the clinical and medical fields. There these products are routinely 
used for monitoring the levels of various pharmaceutical drugs and endogenous 
hormone and other marker levels, to detect drugs of abuse, to identify tumor 
markers, and to monitor bacterial, viral, and parasitic infectious diseases. In sev
eral clinical situations, rapid diagnosis of the underlying cause is often of prime 
importance; thus there are as yet no viable alternatives to immunoassays as a rapid 
and sensitive diagnostic tool. Similarly, in recent years, several over-the-counter 
immunoassay products, such as glucose levels kits for diabetics, cholesterol 
screening tests, and pregnancy detection test kits, are becoming increasingly pop
ular with the general public. 

The diagnostic sector, therefore, has an important role in health care and an
nual sales exceed U. S. $15 billion. Although immunoassays were once considered 
to be a small and specialized field, their simplicity, specificity, and sensitivity are 
widely recognized, and sales have increased by about 10% per annum. In several 
countries, immunoassay products for home use are available in pharmacies and 
even in supermarkets. 

As compared to clinical and therapeutic fields where they have been used rou
tinely for the past 30 years or so, the applications of immunoassays in agriculture, 
food, veterinary, and environmental sciences developed slowly. Nevertheless, the 
economics, rapidity, sensitivity, and the easy-to-use approach of these diagnostic 
tests are already making an impact in these fields. At present, in the diagnostic 
sector, immunoassay products command an annual worldwide market value in ex
cess of U. S. $10 billion (Ekins 1989; Deshpande and Sharma 1993). According to 



14 Introduction 

Diamandis (1990), the following five developments have led to the widespread 
use of immunodiagnostic techniques in several diverse disciplines: 

1. The introduction of homogeneous immunoassays, 

2. The development of "two-site" noncompetitive immunoassay formats, 

3. The application of novel solid phases for easy and rapid separation of bound and 
free label, 

4. The introduction of monoclonal antibodies, and 

5. The replacement of the widely used 1251 radionuclide with alternative, nonisotopic 
labels. 

Driven by an impressive level of scientific and technological innovations and 
aggressive marketing programs, the immunodiagnostic business is continuously 
changing. There is fierce competition between many manufacturers. Successful 
products have impressive growth rates, only to be superseded by new technologies 
with improved performance or greater automation. For example, the leading en
zyme multiplied immunoassay technique (EMIT®) technology lost a huge market 
share to fluorescence polarization in the therapeutic drug monitoring market, but 
then, in tum, achieved a revival as an open reagent system that could be used 
across a range of clinical chemistry analyzers. Occasionally, immunodiagnostic 
tests are replaced by alternative, noninvasive technologies, such as ultrasound, 
which is now commonly used instead of estriol and human placental lactogen to 
check fetoplacental well-being (Wild 1994). 

The most critical consideration for any immunodiagnostic product should be 
its performance. Laboratories cannot afford to provide misleading information to 
clinicians or regulatory agencies. Manufacturers of immunodiagnostic products, 
therefore, have invested heavily in improving product performance. As the assay 
performance of the leading products has improved, the main priority for most lab
oratories has become the level of automation provided by the analyzer that is at the 
heart of each system. 

Commercially available automated systems vary considerably in design and 
performance characteristics. Reliability and fluid handling are still a major con
cern with some systems. Poor fluid handling and washing during separation can 
lead to cross-contamination, and thus, reduce assay sensitivity in immunometric 
assays. Automated systems that use stored calibration curves also require a good 
temperature control. 

Although, in the recent past, the various automated systems have offered more 
features and better performance, they have also become more expensive. Today, 
the development of a new automated immunoassay system amenable to a wide 
range of diagnostic tests can cost upwards of $100 million. It has, therefore, be
come increasingly difficult for smaller companies to compete. In order to survive, 
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they are turning to niche markets that require less automation. It is quite conceiv
able that several of these companies may eventually withdraw from the crowded 
immunoassay market, thus leaving it increasingly dominated by a few large com
panies. At present, Abbott Laboratories alone has about 40% of all the immunodi
agnostic test market. Although several other companies compete in this market, it 
is unlikely that anyone company could hold more than a 10% market share. 

Several other factors also influence trends in the immunodiagnostic test mar
ket. In the laboratory sectors, the cost and quality of labor is a major concern. 
Automation, in turn, reduces labor costs and requires fewer handling skills than 
manual methods. Most laboratories are also keen to reduce turnaround times to 
provide clinicians with a better level of service (Wild 1994). Some clinical ap
plications, such as those in emergency centers, require a particularly fast re
sponse. In fact, turnaround time is the main reason for the increasing popularity 
of random access analyzers that can accept individual samples for a range of an
alyte tests. 

In the coming years, the trend toward automation is certain to continue, reduc
ing labor costs and the level of laboratory skill required by operators. Similarly, 
random access analyzers, which have proven so successful in the clinical chem
istry area, will also command a greater market share in other life science markets. 
However, because of their cost and size, laboratories may run more tests on fewer 
analyzers. 

According to Wild (1994), the remarkably wide range of immunoassay tech
nologies on the market reflects the immaturity of the immunodiagnostic business. 
In the near future, therefore, it is not unlikely that fewer formats and signal gener
ation systems will be used in the mainstream products. Although patent issues 
have precluded the widespread use of monoclonal antibodies, it is inevitable that 
they will be used much more in the future. Solid-phase assays will also continue 
to be widely used. Generic coatings, such as streptavidin, for solid phases will 
lead to lower manufacturing and development costs. 

Given the fact that health care is one of the world's largest businesses, and 
that, in spite of many national and international attempts to control the huge ex
penditure involved, it continues to grow at an alarming pace, the immunodiag
nostic sector still appears to be in its infancy. There is a vast, untapped potential 
for numerous test sites and micromarkets in the future, especially in the devel
oping world. The use of multiple tests in screening and diagnosis will receive 
more attention. Although new technologies, such as DNA probes, are growing 
fast, the immunodiagnostics business still has a long way to go to reach its full 
potential. 

Representative examples from different fields for which immunodiagnostic 
kits are available commercially, or where such potential exists, are summarized in 
Table 1.1. 
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TABLE 1.1. Representative Examples for Which Immunodiagnostic Kits Are Available 
Commercially or Where Such Potential Exists 

HUMAN CLINICAL AND THERAPEUTICS 
Antibiotics/Antimicrobial Drugs 

Gentamicin, tobramycin, amikacin, penicillin, cephalosporin, blasticidin S, viomycin, 
sulfa drugs, kanamycin, netilmicin, streptomycin, vancomycin 

Drugs of Abuse 
Opiates, barbiturates, amphetamines, methadone, cocaine, benzodiazepines, 
propoxyphene, phencyclidine (PCP), cannabinoids (THC), lysergic acid diethylamide 
(LSD) 

Antiepileptic Drugs 
Phenytoin, phenobarbital, carbamazepine, primidone, ethosuximide, valproic acid 

Antiasthmatic Drugs 
Theophylline 

Cardioactive Drugs 
Digoxin, digitoxin, lidocaine, procainamide, N-acetylprocainamide, quinidine, 
propranolol, diisopyramide, flecainide 

Chemotherapeutic Drugs 
Methotrexate 

Hormones 
Testosterone, estradiol, estrogens, progesterone, cortisol, thyroxine, insulin, human 
placental lactogen (HPL), thyroid-stimulating hormone (TSH), follicle-stimulating 
hormone (FSH), luteinizing hormone (LH), human chorionic gonadotropin (hCG) 

Immunosuppressants 
Cyclosporin A (CsA), cyclosporin G (CsG, OG37-325), FK506 (tacrolimus) 

Serum Proteins 
Albumin, aI-acid glycoprotein (orosomucoid), serum amyloid P component (SAP), 
serum retinol binding protein, thyroxine binding globulin (TBG), aI-antitrypsin, a 2-

macroglobulin, anti-DNA antibodies, antithrombin III, apolipoproteins AI and All, 
apolipoprotein BI, prealbumin (transthyretin), C 1 inactivator, C3 protein, 
ceruloplasmin, fibronectin, haptoglobin, hemopexin, somatotropin, transferrin, 
immune complexes, immunoglobulin A, immunoglobulin E, immunoglobulin G and 
its subclasses, immunoglobulin M, immunoglobulin light chains, rheumatoid factor, 
I3 I-microglobulin, C I-esterase inhibitor, C4-protein, C-reactive protein 

Tumor Markers 
a-Fetoprotein, carcinoembryonic antigen (CEA), human chorionic gonadotropin 
(hCG), l3-hCG, pregnancy-specific protein (SPI), placenta-specific protein (PPS), 
placental alkaline phosphatase (Regan type), isoferritins, tissue polypeptide antigen, 
Tennessee antigen, pancreatic oncofetal antigen (POA, OPA), prostatic acid 
phosphatase, carbohydrate antigen 19-9 (sialyl Lewis), carbohydrate antigen 50, 
cancer antigen 125, cancer antigen 15-3, fecal occult blood, 132-macroglobulin, neuron 
specific enolase, squamous cell carcinoma antigen 
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TABLE 1.1. (continued) 

Allergens 
Total serum IgE, allergen-specific IgEs, pollen allergens, epithelial allergens, house 
dust, occupational dusts, molds, foods, chemicals, drugs 

Parasitic and Infectious Diseases and/or Causal Organisms 
HIY, hepatitis, influenza, herpes, Toxoplasma, rubella, cytomegalovirus (CMV), 
adenovirus, coxsackieviruses, arbovirus, malaria, schistosomiasis, trypanosomes, 
Trichinella, Chlamydia trachomatis, Neisseria gonorrhoeae, amoebiasis, typhoid, 
leprosy, tuberculosis 

Autoimmune Diseases 
Rheumatoid factor (RF), polyarthritis, juvenile chronic polyarthritis, ankylozing 
spondylitis, Reiter's syndrome, antinuclear antibodies (ANA), anti-DNA antibodies, 
antihistone antibodies, acetylcholine receptor antibodies, antierythrocyte antibodies, 
antiplatelet antibodies, thyroglobulin antibodies 

Bacterial, Mycoplasmal, and Fungal Antigens and Antibodies 
Salmonella 0 antigens, Vibrio cholerae 0 antigens and exotoxins, Escherichia coli 0 
and K antigens, Haemophilus injluenzae polysaccharide, Treponema pallidum, 
Brucella and Yersinia enterocolitica 0 antigens, Francisella tularensis 0 antigen, 
Candida albicans and Aspergillus jumigatus cell wall and cytoplasmic antigens, 
Streptococcus M protein, Mycoplasma, Rickettsia, Chlamydia, Clostridium tetanui 
exotoxin, Corynebacterium diphtheriae exotoxin 

Miscellaneous 
Glucose, cholesterol 

Plant Hormones 
AGRICULTURE DIAGNOSTICS 

Cytokinins, gibberellins, indole-3-acetic acid, abscisic acid 

Spoilage Microorganisms 
Erwinia spp., Fusarium spp., Humicola languinosa, Legionella pneumophila, 
Ophiostoma ulmi, Phytophthora megasperma, Pseudocercosporella herpotrichoids, 
Pseudomonas syringae, Rhizoctonia solani, Xanthomonas campestris 

Viral Agents 
Beet necrotic yellow vein virus, cauliflower mosaic virus, Citrus Tristeza virus, 
cucumber mosaic virus, elongated potato virus, isometric plant viruses, pea seed-borne 
mosaic virus, potyviruses, soybean mosaic viruses, zucchini yellow mosaic virus 

FOOD DIAGNOSTICS 
Food Safety: Bacterial Toxins 

Clostridium botulinum neurotoxins A, B, E, F, and G; Staphylococcus aureus 
enterotoxins A, B, C, D, and E 

Food Safety: Mycotoxins 
Aflatoxins Bl' B2, B j diol, M j and Qj; ochratoxin; T-2 toxin; 3'-OH-T-2 toxin; T-2 
tetraoltetraacetate; HT-2 toxin; group A trichothecenes; roridin A; zearalenone; 
rubratoxin B; sterigmatocystin; deoxyverrucarol; deoxynivalenol 
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TABLE 1.1. (continued) 

Food Safety: Pathogenic Microorganisms 
Salmonella, Listeria monocytogenes, Escherichia coli, Vibrio spp., Yersinia 
enterocolitica, Campylobacter jejuni 

Food Safety: Miscellaneous 
Mushroom poisoning, algal and seafood toxins, potato glycoalkaloids 

Food Enzyme/Inhibitor Activity 
a-Amylase, l3-amylase, catalase inhibitor, chymotrypsin, debranching enzyme, lipase, 
malate dehydrogenase, papain, pepsin, polyphenoloxidase, proteolytic enzymes, 
trypsin, trypsin inhibitor 

Interspecies Meat and Adulterant Identification 
Beef, sheep, pig, goat, horse, meat products, sausages, processed meats 

VETERINARY DIAGNOSTICS 
Livestock Diseases and/or Causal Organisms 

Toxoplasma gondii, Brucella abortus, Stephanuras dentatus, Mycoplasma bovis, 
Leptospira interrogans, Trichinella spiralis, Mycobacterium paratuberculosis, bovine 
rhinotracheitis, maedi-visna virus, swine fever virus, coronavirus, Aujeszky's disease, 
swine vesicular disease, enzootic bovine leukemia, foot and mouth disease, avian 
PMV1, Rotavirus, sheep lungworm disease 

Anabolic Agents 
1713-Estradiol, estrone, testosterone, 17a-methy1testosterone, progesterone, 
trenbolone, diethylstilbestrol, hexoestrol, zeronal 

Therapeutic Agents 
Cephalexin, chloramphenicol, colistin, gentamicin, hydromycin B, monensin, 
sulfonamides, penicillins, cephalosporins 

ENVIRONMENTAL DIAGNOSTICS 
Pesticides and Their Metabolites 

Aldrin, alachlor, atrazine, BAY SIR 8514, S-bioallethrin, chlorosulfuron, cyanazine, 
2,4-D, DDT, dichlorfop-methyl, dieldrin, diflubenzuron, endosulfon, iprodione, 
kepone, maleic hydrazide, metalaxyl, oxfendazole, parathion, paraoxon, paraquat, 
pentachlorophenol, 2,4,5-T, terbutryn, triadimefon, warfarin 

Environmental Pollutants 
Polychlorinated biphenyls (PCBs), polybrominated biphenyls (PBBs), polynuclear 
aromatic hydrocarbons (PAHs), nitroaromatics, cyclic ketones, BTEX (benzene, 
toluene, ethyl benzene, and xylene), nitrosamines, haloalkanes, dioxins, 
dibenzofurans, TNT 
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SCOPE OF THE BOOK 

The primary aim of writing this book is to provide useful practical information for 
the development of a successful commercial immunodiagnostic product based on 
enzyme immunoassay technology. The reader is taken through all stages of this 
process-from conceptualization, product design, and manufacture to introduc
tion of the product to the market. Every diagnostic product commercially avail
able owes its success to a joint team effort, requiring the expertise of scientists 
from such diverse disciplines as immunochemistry, organic chemistry, protein 
chemistry, enzymology, statistics, business management, and marketing. Thus, 
understanding of the basic concepts and proper manipulation of these techniques 
are key to a successful product development. 

Commercially, a wide variety of immunoassay formats and reagent configura
tions is available to monitor a quantitative antigen-antibody reaction. It is, there
fore, impossible to cover every format in detail. Fortunately, irrespective of the 
assay format and design, the underlying basic principles are similar. 

In the initial stages, it is helpful to have some idea about the basic concept and 
design of the product that one intends to develop. Knowing whether the intended 
final product is based on a separation-free or separation-required immunoassay 
principle is certainly helpful. Limiting the basic design of the product and the 
choice of solid phase to a manageable few from the vast variety available in the 
market during the early product development stages also saves considerable time, 
money, and effort. 

It is also essential to understand the regulatory guidelines, if any, for the par
ticular compound for which the product is being developed. For example, is it re
quired to measure absolute concentration of that compound in a given system 
(e.g., blood, serum, tissue, urine, milk, meat product) and with what sensitivity 
and detection levels, or does the product need to give only a qualitative "yes-or
no" answer? Immunoassays for hormones and several drugs for which the margin 
of safety between therapeutic dose and the risk of toxicity is very low fall into the 
first category. Those in the latter category include products that detect the mere 
presence or absence of drugs of abuse such as cocaine, amphetamines, and 
steroids, or certain over-the-counter products such as the pregnancy evaluation 
test kits. 

The intended market for which the product is being developed and its econom
ics, and the format (whether simple or complex) it would prefer in an ideal prod
uct are also key marketing considerations. A successful commercial product is 
generally a user-friendly product. It is, therefore, absolutely essential to under
stand the technical capability of the endusers who will ultimately be required to 
use the final product. For example, a truck driver who must collect milk from sev
eral different dairy farms prior to delivering it to the dairy plants for processing, 
and who may prefer to test milk from individual farms for the possible presence 
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of viola tory levels of 13-lactam antibiotics, will not have the necessary skills to use 
and interpret a sophisticated and complex immunodiagnostic kit as compared to a 
well-trained technical person working in a dairy laboratory. In such a case, the for
mer would prefer a simple "yes-or-no" dipstick-type test, whereas the latter would 
need to identify and quantitate the drug in milk samples. This, however, is not a 
problem in clinical settings where only qualified and trained professionals are al
lowed to carry out such tests. Nevertheless, factors such as these primarily govern 
the level of complexity and sophistication required in a product development 
process. A thorough market study on the feasibility of the product and its careful 
evaluation and consideration during the initial phase itself will certainly help to 
avoid unexpected delays and problems during the latter stages of product devel
opment. Also, it is easier to make such changes during the initial stages of this 
process than to have the specifications of a final product changed to meet these 
criteria and goals. Even a small change in design and assay format during the lat
ter stages of product development will cause considerable problems with the prod
uct performance. In some instances, the entire process may need to be reopti
mized, thereby causing considerable delays in marketing the product. 

In developing a sound and effective immunodiagnostic product, several key is
sues at each stage of product development must be critically addressed. The criti
cal phases in the development of a commercially viable immunoassay product in
clude: 

1. Immunogen selection and development, 

2. Antibody production, processing, and purification, 

3. Reagent formatting and assay development, 

4. Sample preparation, 

5. Data processing, 

6. Product evaluation and clinical or regulatory validation, and 

7. Standardization and commercial manufacture 

These stages are described in this book from a practical viewpoint of a product 
development process based on enzyme immunoassay technology. For the sake of 
convenience, the information is presented in two different parts. Part 1 covers the 
basic considerations including the classification, structure, and function of anti
bodies; antigen-antibody reactions; general information on various conjugation 
techniques; antibody development, production and processing; the properties and 
characteristics of the most widely used enzymes in immunoassays; and the choice 
of various solid-phase systems available in the market. Several detailed mono
graphs describing the theoretical aspects of each of these categories are available; 
thus, only those features essential in a product development process will be de
scribed here. 
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Part 2 of the book covers the actual product development process. It includes 
information on the classification and the various formats of enzyme immunoas
says available for product development, reagent formatting, and assay develop
ment issues, data processing, standardization, scale up, and commercial manufac
ture of the product. Finally, various regulatory requirements, such as evaluation 
and clinical or regulatory validation of the product; the importance of good labo
ratory, and manufacturing (GLP and GMP) practices; and certain international 
marketing requirements such as the ISO 9000 certification process are also de
scribed in Part 2 of this book. 
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