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NATURE OF THE PROBLEM

BW agents. The release of a biological weapon (BW) agent
by a terrorist group or military force would likely be silent and
undetectable or nearly so. As shown by anthrax attack during
the fall of 2001 in the eastern United States, patients would
begin appearing at hospitals and clinics within several days of
exposure, most presenting with nonspecific flu-like symptoms.
The first days of the outbreak might not even cause undue
concern. However, depending on the type of agent and the
method of dispersal, the public healthcare system would rap-
idly be stretched to capacity and beyond.

The qualities that make a good BW agent are its relationship
between aerosolization, infectivity, or toxicity and the amount
of agent required to produce an effect (48). In addition, criteria
such as environmental stability, ease of production, disease
severity, and communicability determine which agents are the
most likely to be utilized. For maximum effect, an optimal
agent should be highly lethal and easily produced in large
quantities and have limited options for preventive or prophy-
lactic treatment. Given that the respiratory route is the most
effective for most BW agents, stability in an aerosol form and
the capability to be readily dispersed also in an aerosol (1- to
10-pm particle size) are necessary. When potential agents are
reviewed for these characteristics, Bacillus anthracis (anthrax)
and variola major virus (smallpox) are considered to have the
greatest potential for mass casualties and civil disruption. Also
high on a prospective list of agents are botulinum neurotoxins,
Yersinia pestis, and Francisella tularensis (48, 91, 92). Lower on
the prospective list are Burkholderia pseudomallei and Burk-
holderia mallei, Rickettsia sp., Coxiella burnetii, Venezuelan
equine encephalitis virus, Marburg and Ebola viruses, and in-
fluenza viruses (48, 63, 91, 92).

Emerging infectious disease agents. In addition to diseases
caused by intentional epidemics, there are several emerging
infectious diseases (ID) with the potential for significant public
health consequences, including dengue fever, West Nile fever,
and Rift Valley fever as well as the recent reemergence of
malaria in the eastern United States (48, 63, 91, 92). As with
BW agents, emerging ID agents may be directly transmissible
or vector borne (63). A complex interplay of factors can influ-
ence disease emergence, including genetic variation, environ-
mental changes, and population pressures. Further compound-
ing this already complicated situation, are the estimated 600
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million international tourists annually, many with the potential
to the spread disease globally in a matter of hours (63). Clearly,
the challenges facing modern clinical microbiologists and im-
munologists are daunting enough without the added difficulties
posed by the intentional release of BW/ID agents!

Because of the threat posed by both BW and emerging or
reemerging ID agents, there is a need to rapidly identify such
agents in the clinical setting in order to treat the individuals at
risk and to improve public health surveillance and epidemiol-
ogy. To meet this challenge, a vast array of assay strategies has
been developed for use in clinical diagnostics and environmen-
tal detection. Over the past 20 years, technologies have been
developed or adapted to the challenges posed by these agents,
permitting detection and identification in several minutes to
hours. In particular, the development of improved reagents
and detection equipment has led to dramatic improvements in
the sensitivity and specificity of immunoassay systems, allowing
an ever-increasing range of analytes to be identified and quan-
titated. Recent developments in molecular biology techniques
have made possible the production of fusion antibody conju-
gates, which may lead to further improvements in the sensitiv-
ity and cost of reagents, as well as possibly revolutionizing the
production of monoclonal antibodies. At the same time, sim-
ple-to-use, inexpensive assay systems have been developed
with the necessary reliability, accuracy, and sensitivity to bring
immunoassay technology to much more diverse areas such as
outpatient monitoring, large screening programs in developing
countries, and remote environmental surveillance. As a result
of these continual improvements, immunoassays are now the
most widely used analytical technique in laboratory medicine,
embracing a vast repertoire of analytes that are analyzed by an
increasingly diverse range of devices. This brief review will
detail the current state of the art in rapid immunological assays
for the detection and identification of BW/ID agents and also
offer a look into the future of the technology and its applica-
tion.

ANTIBODY GENERATION

Antibodies—the most critical reagent. The single most crit-
ical reagent in immunological assays remains the antibody.
Extensively used as diagnostic tools, they are key components
in the vast array of tests used by clinical laboratories. The
phenomenal growth in the range and scope of immunoassays
has largely arisen through the exquisite specificity that can be
achieved by different types of antibodies. Even the nature of
the antibody reagents critical to such assays is evolving in
technological complexity. Over the last quarter century, poly-
clonal antibodies have been largely replaced in clinical assays
by monoclonal antibodies while recombinant antibodies may
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be poised as the next-generation reagent. While each type of
antibodies has its own advantages and disadvantages in terms
of generation, cost, and overall utility, monoclonal and recom-
binant antibodies have a key advantage over their polyclonal
brethren: the potential of an unlimited supply of uniform re-
agents, enabling broad standardization of methodologies.

As might be expected, all currently fielded rapid immuno-
logical assays for the detection and identification of BW/ID
agents share one common trait: they require the use of anti-
bodies. In most cases, antibody affinity and specificity are the
limiting factors of these assays. As a result, the antibodies
selected for use in an assay must be chosen with great care.
Criteria for selection include, but are not limited to, the ability
to bind to a desired target with high affinity while at the same
time retaining high specificity. These attributes are determined
empirically based on extensive testing with a robust panel of
target agents, molecular and environmental mimics, and po-
tential interferents. Such a specificity panel usually includes (or
should include) genetic near neighbors as well as material or
agents from environmental or biological sources likely to be
contaminants of samples.

Antibody development. Suitable polyclonal and monoclonal
antibodies can be developed in a number of different ways. The
most straightforward is to inject host animals, such as mice for
monoclonal development or rabbits or goats for polyclonal
development, with live or inactivated material and then fuse
the spleens or collect the blood of those animals that have high
titers to the target agent (31). If done correctly, this method
tends to produce high-affinity antibodies with neutralizing ti-
ters (31). However, antibodies produced in this manner do not
tend to be overly specific for a particular organism but rather
broadly cross-reactive to many related species. An effective
screening procedure is thus critical for obtaining specific anti-
bodies that are not cross-reactive. As a result, this approach
works the best with purified toxins or other large proteins that
have unique antigenic sites readily accessible for antibody
binding and maturation. A second approach involves the im-
munization of animals with selected fractions of viral and bac-
terial lysates (31). For example, to detect an intact live agent
from clinical or environmental specimens, the best antibodies
are usually generated by using membrane-bound or -associated
protein fractions as immunogens. Suitable antigens can be
solubilized with detergent or left as an insoluble matrix (31)
and then used to immunize an appropriate host. A third ap-
proach involves the immunization of animals with highly puri-
fied proteins (31). Such proteins are selected on the basis of
being unique to the target organism as well as based on im-
munogenic potential. These antigens can be either biochemi-
cally purified or genetically engineered and expressed by stan-
dard methods. A final approach to antibody development is
genetic immunization (5, 38, 83). Genetic immunization can be
used to generate specific antibodies by delivering the gene,
which encodes the target protein in a eukaryotic expression
vector, rather than the protein itself (5, 38, 83). This approach
is well suited to cases in which the protein is difficult to purify
or when a gene, but not the protein, has been obtained.

Once antibodies of the desired specificity and affinity have
been developed, they can be utilized in a broad range of im-
munoassays (Table 1). We will discuss four immunoassays that
are the most widely used for the detection and identification of
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TABLE 1. Examples of BW/ID agents, accepted detection and
identification methods, and available rapid immunological assays®

Immunological assay

Agent Standard method(s)
HHA ELISA ECL TRF
Bacteria
Bacillus anthracis ~ Culture, y phage, FA, X X X X
Brucella sp. Culture, FA X X
Burkholderia sp.  Culture X X
Coxiella bumetii ~ Culture, serology, FA, X X
Escherichia coli Culture, serology X X X
O157:H7
Francisella tula- Culture, FA X X X
rensis
Salmonella sp. Culture, serology X X
Shigella sp. Culture X X
Vibrio cholerae Culture, serology X X
Yersinia pestis Culture, FA X X
Parasites, Plasmo- Microscopy X X
dium sp.
Toxins
Aflatoxins HPLC, MS X
C. botulinum Bioassay X X X
neurotoxins
Ricin ELISA X X X
Saxitoxin Bioassay X
Shigatoxin Bioassay X X
Staphylococcal ELISA X X X X
enterotoxins
Viruses
Dengue Culture, CF, FA X
Ebola Culture, EM, FA
Rift Valley fever  Culture, FA
Variola major Culture, EM X

(smallpox)
West Nile fever
Yellow fever

Culture, serology
Culture, CF, FA

TR X RR K

“ Abbreviations: CF, complement fixation; EM, electron microscopy; FA, flu-
orescent antibody; HHA, hand held assay; HPLC, high-performance liquid chro-
matography; MS, mass spectroscopy; X, assay available.

potential BW/ID agents: immunochromatographic lateral flow
assays, enzyme-linked immunosorbent assays (ELISA), time-
resolved fluorescence (TRF) assays, and immunomagnetic sep-
aration-electrochemiluminescence (IMS-ECL) assays.

IMMUNOCHROMATOGRAPHIC LATERAL
FLOW ASSAYS

Current assay technology and limitations. Immunochro-
matographic assays were first described in the late 1960s and
were originally developed to assess the presence of serum
proteins (47). Other early assays that used an immunochro-
matographic technique include those for the quantification of
drugs in biological fluids (100), theophylline in whole blood
(57), and mouse immunoglobulin (36). Over the past decade
many immunochromatographic assays have been reported for
the detection of infectious diseases (2-4, 8, 9, 13, 15-17, 21, 22,
27, 29, 37, 42, 59-61, 69, 74-76, 84, 94), cancer (35, 72), car-
diovascular problems (54, 65, 66, 73), pancreatitis (43), and
illicit drugs (7, 95). Other promising areas for the use of such
assays are drug monitoring (93), food safety (10), and veteri-
nary medicine (45, 50).

Assays using this format are rapid, taking approximately 15
min to run, and are also simple to use, requiring only the
dilution of the test agent in a sample buffer and applying
several drops (~200 wl) to the test strip (Fig. 1A). Typical
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A. Immunochromatographic Lateral Flow Assay
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FIG. 1. Principles of the four primary immunological assays.

(B) ELISA; (C) ECL; (D) TRF.

handheld assay devices contain a colloidal gold (or other)-
labeled antibody dried onto a filter pad affixed to a nitrocellu-
lose strip. A capture antibody is applied in a line on the strip
and dried. To perform the test, a specimen is suspended in
buffer and added to the pad containing the colloidal gold-
labeled antibody. The antibody specifically binds to antigen
present in the specimen, and the resulting complex wicks down
the membrane where it binds to the capture antibody. A pos-
itive reaction is visualized as a red line created by the bound
colloidal gold. Similar assays using different detection systems
have been described in the literature, including those based on
latex particles and upconverting phosphatases (30, 64).

The present generation of handheld assays have several lim-
itations. First, only one agent can be detected per assay strip.
Thus, if an unknown sample needs to be characterized, several
handheld assays must usually be run to obtain a presumptive
identification. The second limitation is that each of the assays
have varying sensitivity levels to their respective target agents.
Assays for bacterial agents tend to be the most sensitive, able
to detect from 2 X 10° to 2 X 10° CFU/ml while those for
toxins have sensitivities ranging from 50 pg/ml to 50 ng/ml.
Assays specific for viruses usually have the lowest sensitivities,

3. Finished Antigen-Antibody Complex

Lanthinide Labeled
4+ Detector Antibody

(A) Lateral flow immunochromatographic assay (handheld assay);

ranging from 2 X 10° to 5 X 107 PFU/ml. Third, since these
assays are visualized as a red line created by the bound colloi-
dal gold, the sensitivity is limited to what can be seen by the
unaided (and uncalibrated) human eye. Typically, an arbitrary
quantitation of the detection sensitivity of these assays is done
by assigning a number between 0 and 5, with the increasing
intensity of the red line assigned a higher value. Besides the
somewhat arbitrary nature of this process, numeric values can
vary based on the skill of the technician responsible for vali-
dating a given lot of assays.

Enhanced labeling and detection approaches. Recent ad-
vances in detection and labeling technologies that would in
some instances improve the sensitivities of assays by at least an
order of magnitude and make detection quantitative, not
merely subjective, may offset the disadvantages inherent to
present handheld assays. To detect very low levels of antigen,
which may be present at low concentrations in vivo or in en-
vironmental samples, the sensitivity of conventional gold-la-
beled lateral flow assays can be enhanced up to one order of
magnitude by using a silver enhancement step. Lateral flow
assays are run, as described above, washed in phosphate-buff-
ered saline and a Tween 20 solution, and then immersed in a
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silver enhancer reagent for 5 min. Horton and coworkers re-
ported sensitivities of 100 ng/ml before enhancement and 100
pg/ml after enhancement (36). This system has the advantage
of greater sensitivity but does not need a specialized mecha-
nism to read the assay, which is advantageous for use in a field
setting.

Alternative approaches to antibody labeling coupled with
specialized quantitative readers can also lead to significant
improvements in the sensitivity of lateral flow immunoassays.
For example, superparamagnetic nanoparticles comprising ei-
ther iron oxide (Fe;O,) or iron oxide and a polysaccharide
matrix can be used to label antibodies in place of gold. Their
broad potential for laboratory applications has been demon-
strated by their use in detection of typhoid-specific antibodies,
cell separation, and antibody sorting (53, 88-90). More re-
cently, systems using paramagnetic particle labels have been
described that make it possible to use iron oxide particles as
labels in place of gold (6, 49, 70, 71). The labeled antibody-
antigen mixture wicks up the membrane, as described above,
and is deposited at the site of the solid-phase antibody, and the
magnetic flux is measured in the antigen capture zone. This
technology has three advantages. First, the signal is permanent
and can be read more than one time. Second, the signal is
quantitative and can be assigned a value in millivolts. Third,
the signal generated is comparable to the detection limits seen
with radionucleotide labels or nephelometric techniques (70,
71).

ELISAS

In the early 1970s, the search for simple but sensitive meth-
ods for the quantitative detection of antigen and antibody that
did not rely upon particle agglutination or radiolabeled re-
agents led to the development of solid-phase enzyme-coupled
reagent assays (23). In principal, the labeling by chemical con-
jugation of an enzyme bound to either antigen or antibody
allows detection of immune complexes formed on a solid phase
as the fixed enzyme, once washed free of excess reagents, and
on subsequent substrate interaction, yields a colored product
that is directly visualized and/or quantitatively measured by
optical density. The resulting assays, ELISAs, are economical,
versatile, robust, and simple assays that achieve separation of
bound and free moieties by use of a solid-phase support. Be-
cause of their combined simplicity and sensitivity, ELISAs can
be used reliably for screening large numbers of small-volume
test samples in the simplest of laboratory environments. This
technical advance has had its greatest impact in epidemiology
and in the diagnosis of ID (41, 67, 96).

In general, two-site antigen-capture assays are used for the
detection of BW/ID agents. This assay format is simple, spe-
cific, sensitive, and readily converted to the lateral flow assay
format previously described above. As illustrated in Fig. 1B, a
capture antibody (often a monoclonal of high affinity) affixed
to the solid phase is exposed to a test sample (as well as to
positive- and negative-control samples) and, after washing, the
complex is exposed further to diluted detector antibody spe-
cific to the same antigen. Finally, a conjugate antibody is added
and the reaction is visualized. In this system, the antigen must
have multiple epitopes for antibody binding, or a repeating,
spatially distant, single epitope. Such an assay can be very
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sensitive and specific. The use of a monoclonal antibody as the
capture antibody usually results in a finished assay of high
specificity and low background. However, the addition of a
polyclonal antibody can greatly increase the breadth of the
assay to detect multiple isolates of the same species of bacteria,
virus, or fungus. With minor modifications, this assay can de-
tect serum immune complexes. The antibody isotypes of the
immune complexes can be determined and quantified by using
a panel of isotype-specific antiglobulin conjugates on the same
test samples in repeated assays.

TRF ASSAYS

Assays based on TRF use lanthanide chelate labels with
unique fluorescence properties (24, 25, 33, 34, 55, 56, 58, 78,
79). Key among these properties is a very long fluorescence
decay time and an exceptionally large Stokes’ shift. The long
fluorescence decay time allows the user to measure fluores-
cence after the background has fully subsided. Additionally,
the label, a lanthanide chelate, is dissociated from the antibody
or reporter molecule into a new, highly fluorescent chelate
within a protective micelle. Most importantly, these lanthanide
chelates can be used in place of other labels typically used in
ELISA-based procedures. Cumulatively, these factors contrib-
ute to the high sensitivity and low backgrounds characteristic
of immunologic assays based on TRF.

TREF assays are set up in a traditional 96-well two-site anti-
gen-capture ELISA format. As illustrated in Fig. 1C, a capture
antibody (most often a monoclonal of high affinity) affixed to
the solid phase is exposed to a test sample (as well as to
positive- and negative-control samples) and, after washing, the
complex is exposed further to diluted detector antibody spe-
cific to the same antigen which is labeled with a lanthanide
chelate (europium, samarium, terbium, or dysprosium). Eu-
ropium, Eu®*, is the label that is mainly used. A low-pH
enhancement solution is then added, which causes the lan-
thanide to dissociate from the labeled compound. This form of
the lanthanide is highly fluorescent. As in an ELISA, the an-
tigen must have multiple epitopes for antibody binding, or a
repeating, spatially distant, single epitope. TRF assays have
many of the same limitations as ELISAs; primarily, these are a
function of the antibodies used. Additionally, special care must
be taken with these assays to avoid lanthanide contamination,
including the use of dedicated measuring devices and rigorous
washing techniques.

A key advantage of TRF assays is that they can be up to one
order of magnitude more sensitive because of the highly fluo-
rescent nature of the lanthanide label (68). Recently several
papers have been published which report the use of this re-
porter technology in clinical specimens for the detection of
low-level proteins that are below the sensitivity limit of tradi-
tional ELISAs as well as BW agents in both clinical and envi-
ronmental specimens (18-20, 26, 39, 40, 68, 85, 97). Also, as
with ELISAs, these assays can be modified to detect serum
immune complexes (1). The antibody isotypes of the immune
complexes can be determined and quantified by using a panel
of isotype-specific antiglobulin conjugates on the same test
samples in repeated assays.
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IMS-ECL ASSAYS

Recent advances in IMS and ECL have led to the develop-
ment of several related technologies and systems including the
ORIGEN immunoassay system (Igen, Inc., Rockville, Md.),
QPCR 5000 (Applied Biosystems, Foster City, Calif.), and
magnetic ECL detection systems (11, 98, 99).

IMS has been used for soluble and particulate antigen cap-
ture, separation, purification, and concentration efficiently with
high-affinity antibodies for several decades (32, 51, 86). A key
feature of this technology is its ability to capture and concen-
trate antigens from a variety of complex biological matrices.
One of the major advantages of IMS is the increased reaction
kinetics as a result of the potentially greater surface area on
the magnetic beads compared to conventional ELISA and im-
munological reaction within a turbulent bead suspension (62,
80). Additionally, beads can be mixed rapidly or slowly to
encourage rapid capture of soluble antigens or gentle docking
with particulate antigens. A further advantage of the magnetic
beads is the rapid separation of antibody-captured materials
from the surrounding milieu when placed in a magnetic field.
These beads contain paramagnetic magnetite (FE;O,) that is
magnetizable in the presence of an external field but not in its
absence. The beads have a large number of different sizes,
ranging from a few nanometers to several micrometers. They
are usually spherical, but the shape is dependent on the man-
ufacturing process and the needs of the end user.

The format and principle of an ECL assay is similar to that
of assays based on ELISA and TRF technologies (Fig. 1D).
Detection is accomplished by the heavy metal chelate ruthe-
nium (II) tris-bipyridal Ru(bpy);>" conjugated to a detector
antibody. Initially Ru(bpy);** and tripropylamine (TPA) are
oxidized at the surface of an anode. TPA immediately loses a
proton, becoming a powerful reducer. This causes Ru(bpy);>*
to enter a high-energy state by a high-energy electron transfer
from the electron carrier, TPA. Relaxation to the ground state
results in light emission detectable at 620 nm. Ru(bpy);>" is
not consumable during the reaction and may be oxidized and
excited again due to excess TPA used in the buffer (98). The
ECL assay format has been used by several groups to detect
BW agents, including B. anthracis and staphylococcal entero-
toxin B (28, 44, 99).

As with TRF assays, assays based on IMS and ECL technol-
ogy have limitations similar to those of ELISA, and again,
these are primarily a function of the antibodies used—the
better the avidity and affinity of the antibody, the more sensi-
tive and specific the assay. As with other highly sensitive assays,
signal-to-noise ratios need to be closely studied and the limit of
detection needs to be carefully analyzed (68, 77).

FUTURE TRENDS

The advances in immunological reagents and assay formats
are being matched by improvements in complementary labo-
ratory technology, ranging from automated analyzers and mi-
croarrays that facilitate the analysis of large numbers of sam-
ples, to self-contained miniaturized devices that enable an
immunoassay to be performed at the point of care or in a field
setting. Together, these novel reagents and new technologies
are likely to transform diagnostic medicine over the next dec-

CLIN. DIAGN. LAB. IMMUNOL.

ade as much as our recognition of the civilian public health
threat posed by BW/ID agents has.

On the horizon are even further advances in sensitivity and
throughput. Most are based a combination of existing immu-
nological systems coupled with electronic sensing modules
(12). An automated system has been described that utilizes
solid-phase ELISA coupled with a multichannel optical flow
cell with a sensor composed of a light-emitting diode and a
photodetector (46). Simultaneous detection of staphylococcal
enterotoxin B, bacteriophage M13, and Escherichia coli has
been accomplished with this immunosensor. Another proto-
type system that uses a light-addressable potentiometric sensor
and a flowthrough immunofiltration enzyme assay can detect
eight agents simultaneously within 15 min (87). While the limit
of specific detection is considerably higher than that of more
mature assays, the speed and multiplexing offered by this ap-
proach are promising. Other approaches, based on microflu-
idic arrays and photosensors, have also been reported and
show promising improvements in sensitivity with no loss in
specificity (81, 82). The main advantages offered by these ex-
perimental systems is that in addition to automation, multi-
plexing, and throughput, they offer a quantitative assessment
of the agent present, detecting in some instances fewer than 50
copies of target agent.

While the systems described above are all fairly elaborate,
laboratory-based systems, similar improvements in handheld
immunoassays are also on the horizon. Recently, a self-con-
tained handheld biosensor has been described that uses immu-
noaffinity for specificity and fluorescence for quantitation (14).
The prototype is automated and requires no special storage. It
is also multiuse: approximately 100 measurements can be made
before refurbishment is required. Sensitivity is also promising.
Using aflatoxins, a detection limit has been demonstrated at
concentrations from 0.1 to 50 ppb in less than 2 min. The
design flexibility suggests that it could be readily adapted for
the detection of other biological analytes.

Besides these advances in automation and throughput, an-
other technique has been demonstrated that may significantly
improve the sensitivity of current solid-phase immunoassays.
This approach, based on force differentiation, subjects a la-
beled antigen-antibody complex to a magnetic field of defined
magnitude and orientation, displacing weakly bound nonspe-
cific particles while leaving the specific immunochemical com-
plex intact (52). The number of antigen-antibody complexes
bound to the surface after applying the differentiation force
was related to the analyte concentration, permitting the devel-
opment of an optical detection scheme to count the number of
such complexes. In this prototype, the sensitivity of the force
differentiation assay was one to two orders of magnitude
higher than conventional solid-phase immunoassay techniques,
while retaining 99% specificity.

Although new and improved assays and sensor formats will
continue to be developed, the most critical component of any
immunological test will likely remain the antibody itself. Ulti-
mately, improvements in the affinity, specificity, and mass pro-
duction of antibodies will dictate the success or failure of a
given immunoassay technology. Sensitive and specific detec-
tion of BW and ID agents by immunoassays has improved by
several orders of magnitude over the past 30 years. If recent
scientific progress is a fair indicator, the future promises con-
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tinued improvements in immunoassays with an ever-increasing
array of applications.
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