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ABSTRACT

Botulinum toxins are the most toxic compounds
known. The lethal dose for mice is 0.3 ng/kg, and the lethal
dose for humans is thought to be 0.2 to 2.0 mg/kg (45).
The seven different serotypes (A through G) of botulinum
neurotoxin (BoNT), each produced by different strains of
Clostridium botulinum, cause flaccid muscle paralysis by
blocking the release of the neurotransmitter acetylcholine
at neuromuscular junctions. No effective chemical antidote
currently is available for botulism, primarily because of the
lack of knowledge about the molecular structure and activity of BoNTs (76). Antitoxin can be given in certain cases
of foodborne botulism but not in cases of infant botulism.
Early administration of antitoxin limits the extent of paralysis but does not reverse it. Detection of C. botulinum neurotoxins has always been a major challenge for researchers
because of the complex nature of their toxicity. To our
knowledge, this is the only known example of a bacterial
toxin in which a group of nontoxic proteins protects the
neurotoxins from environmental extremes.
Comprehensive biochemical analysis of botulinum toxin is needed to understand the complex nature of its activity
and to develop accurate detection techniques. Analytical
techniques such as high-performance liquid chromatography (3) and mass spectrophotometry (85, 86) have been
used for accurate and sensitive detection of toxin in highoutput screening situations. Gas chromatography also has
been used for the detection of toxin in food samples (44).
Although these methods are reliable and sufficiently sensitive, they require special equipment, extended laboratory
time, and trained personnel to carry out the complex analysis. Common obstacles in all currently available biosensor
technologies, such as those using surface plasmon resonance (35, 46), fluorescence (1, 47, 87), chemiluminescence
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(60, 92, 93), and refractometry (16, 38), include lack of
sensitivity, specificity, or repeatability when compared with
the standard enzyme-linked immunosorbent assay (ELISA)
and/or the more rapid assays such as hand-held assays
(HHAs). The mouse bioassay remains the only validated
method for food analysis of BoNTs, but promising new
detection methods are being developed and are the subject
of the this review.
ORGANISM
The genus Clostridium is defined as consisting of
strictly anaerobic endospore-forming rods. Clostridia are
widely distributed in soil, sewage, marine sediments, milk,
fresh meat, and the intestines of humans and animals. Bacteria in this genus form spores and therefore are very resistant to heat treatment. BoNTs are produced by various
strains of the anaerobic spore-forming bacilli: C. botulinum,
Clostridium butyricum, and Clostridium barati (4, 30, 74).
The seven serotypes (A through G) (62) are taxonomically
divided into four groups (13, 28, 34, 80). Group I organisms are slightly curved rods with peritrichous flagella.
They grow optimally at 378C, are proteolytic, and produce
A, B, or F toxins. Group II organisms are straight rods with
peritrichous flagella. They grow optimally at 308C, are not
proteolytic, and produce B, E, or F toxins. The spores of
C. botulinum type E have characteristic appendages that are
randomly distributed over the entire surface of the spores.
Group III organisms are straight rods and have peritrichous
flagella. They grow optimally at 37 to 408C, range from
being slightly to nonproteolytic, and produce C1, C2, or D
toxins. Group IV organisms are also straight rods with peritrichous flagella. They grow at 25 to 458C, are proteolytic,
and produce G toxin. All four groups form subterminal ellipsoidal spores. Humans are sensitive to type A, B, E, and
F toxins. Because the preformed BoNT rather than the organism itself is the pathogenic agent, the first step in the
toxicoinfection process is the ingestion and absorption of
the BoNT at the intestinal wall. After absorption in stomach
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Botulism is a deadly disease caused by ingestion of the preformed neurotoxin produced from the anaerobic spore-forming
bacteria Clostridium botulinum. Botulinum neurotoxins are the most poisonous toxins known and have been a concern in the
food industry for a long time. Therefore, rapid identification of botulinum neurotoxin using molecular and biochemical techniques is an essential component in the establishment of coordinated laboratory response systems and is the focus of current
research and development. Because of the extreme toxicity of botulinum neurotoxin, some confirmatory testing with the mouse
bioassay is still necessary, but rapid methods capable of screening large numbers of samples are also needed. This review is
focused on the development of several detection methods for botulinum neurotoxins in foods.
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FIGURE 1. Structure of botulinum neurotoxin type A showing
common features of clostridial toxins. Adapted from (76).

TOXIN STRUCTURE AND FUNCTION
BoNTs are complexes of neurotoxin with one or more
neurotoxin-associated proteins (NAPs), resulting in molecular sizes of 12S, 16S, and 19S (58, 61, 82). The 16S complex is referred to as the large (L) toxin and the 19S complex is referred to as the extra large (LL) toxin. The pure
BoNT itself has been referred to as the small or 7S toxin
(58). BoNT/A complex can exist in three forms: M, L, or
LL (61). BoNT/B, BoNT/C, BoNT/D, and BoNT/E complexes exist in two forms: M and L (42, 58, 94). The BoNT/
F complex is known to exist only in the M form, and the
BoNT/G complex exists only in the L form (23). The M
complex consists of the BoNT and the neurotoxin-binding
protein (77), which is also commonly referred to as nontoxic nonhemagglutinin (57). The L complex consists of
BoNT, the neurotoxin-binding protein, and five other NAPs.
Genes for these proteins are topographically located in
close proximity to each other on the bacterial DNA strand,
and their expression is regulated in a coordinated manner
(15, 43).
The number of NAPs differs in all seven serotypes. For
example, there are seven NAPs in serotypes A and B and
only one in serotype E (58, 77). However, Singh et al. (78)
reported that type E serotype of the Alaska strain secretes
five associated proteins. NAPs increase the toxicity of the
neurotoxin and play a critical role in the toxicoinfection
process (6, 69). For example, without NAPs the oral toxicity of the purified neurotoxin is decreased by 43,000-fold
(77). NAPs protect neurotoxin against proteases, acidity,
and heat (40, 59, 67, 81), and they also may be involved
in translocating BoNT across the mucosal layer (58). However, a clear understanding of the translocation mechanism
is lacking.
Each neurotoxin (7S) consists of a heavy chain (Mr
approximately 100,000) and a light chain (Mr approximately 50,000) covalently linked by a single disulfide bond (Fig.
1). The heavy chain includes domains for binding to peripheral motor neurons and for toxin internalization, and
the light chain is a zinc metalloprotease, specific for proteins involved in acetylcholine release. BoNT/A, BoNT/C,
and BoNT/E cleave synaptosome-associated protein of Mr
25,000 (SNAP-25), and synaptobrevin or vesicle-associated
membrane protein (VAMP) is the target of BoNT/B, BoNT/

FIGURE 2. Model of the neurotransmitter release and action of
botulinum toxin. Botulinum toxin binds to the presynaptic membrane receptor mediating endocytosis. The light chain is translocated across the membrane and acts as a specific endopeptidase
(inset) and cleaves the substrate before the SNARE complex is
formed. Adapted from (76).

D, BoNT/F, and BoNT/G. In addition to SNAP-25, BoNT/
C also cleaves syntaxin (Fig. 2 and Table 1). Each neurotoxin hydrolyzes only a single bond in its substrate, which
is sufficient to prevent exocytosis of neurotransmitter (36,
62). The mode of action of BoNT can be divided into four
steps: ingestion and intestinal absorption, binding to neuronal membranes, internalization, and blockage of neurotransmitter release (18).
DETECTION
There are several methods available for the toxin detection (Table 2). Of all the methods for identification of
C. botulinum and detection of its toxin in foods, the intraperitoneal injection of mice remains the most reliable, sensitive, and definitive. The presence of the toxin is detected
by injection of the food extract into mice, which are then
observed for characteristic symptoms of botulism and ultimately death over a 48-h period. The mouse bioassay is
TABLE 1. Exclusive substrate for botulinum neurotoxins in neuronal cells
Serotype

Substratea

Reference(s)

BoNT/A
BoNT/B
BoNT/C
BoNT/D
BoNT/E
BoNT/F
BoNT/G

SNAP-25
VAMP/synaptobrevin
Syntaxin
VAMP/synaptobrevin cellubrevin
SNAP-25
VAMP/synaptobrevin cellubrevin
VAMP

68, 69
64
5
63
68
63
65

a

SNAP-25, synaptosome-associated protein of 25 kDa, a soluble
protein that plays a key role in vesicle membrane fusion events
with the plasma membrane; VAMP, vesicle-associated membrane protein or synaptobrevin. Cellubrevin is a member of the
synaptobrevin/VAMP family.
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and intestine, the toxin is transferred to the neuromuscular
junction, where it blocks acetylcoline.
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TABLE 2. Detection methods for C. botulinum neurotoxin and their detection limits

Method

Format

ng/ml

MLD50 unit/ml

Time required
(including
sample
preparation)

Mouse bioassay
ELISA
Hand-held assay
ORIGENa
Functional assay

In vivo, functional
Immunoassay
Immunoassay
Chemluminescent
Peptide substrate

0.01
0.1–1
10–20
0.05–0.1
0.005

1
10–100
1,000–2,000
5–10
;1

48 h
8h
15 min
2h
4–5 h

Detection limit

a

Reference(s)

88
21
24, 25
88

From Igen Technology, now BioVeris Corporation.

Mouse bioassay. In the mouse bioassay, the biological
activity of freshly prepared toxin from food samples is
quantified by comparing its potency to that of a standard
(sensitivity, 10 pg of the toxin). This method causes pain
and suffering to animals and, therefore, should not be used
without justification. The assay is severely limited because
a single sample requires 6 to 10 min of individual preparation time, 6 to 16 mice, and up to 2 days for positive
samples to be recognized. The concentration of the toxin
can be estimated by serial dilutions of the toxin and injection into multiple additional mice. In the mouse assay, the
presence of functionally active neurotoxin is recognized by
specific symptoms or death in the mice. Typical botulism
symptoms in mice sequentially consist of ruffled fur, labored but not rapid breathing, weakness of the limbs progressing to total paralysis, gasping for breath (opening of
lower jaw), and finally death due to respiratory failure. Toxins type can also be determined by using mice protected
with a monovalent type of specific antitoxin serum administrated 30 min before injection with the toxin. This method
has been used successfully by the U.S. Food and Drug Administration (FDA), Centers for Disease Control and Prevention, and state public health laboratories to identify the
causative food and toxin type associated with cases of botulism.
A variation of the mouse bioassay in which only one
mouse is needed was developed to test the toxicity of BoNT
(70). However, this assay is considered an in vitro assay.
Intact hemidiaphragms and attached phrenic nerves are removed from the mouse, and the nerve-muscle preparations
are mounted in a tissue bath. The phrenic nerve is then
stimulated with single supramaximal pulses. The resulting
muscle twitches are measured with an isometric force transducer, and the data are stored and analyzed by computer.
The peak isometric tension following each stimulus is converted to the fraction of the control twitch tensions obtained
before addition of the toxin. The efficacy of the assay was

compared with the classical mouse survival assay. In some
experiments, the sensitivity was not equal to that of mouse
survival assay. However, in studies in which toxin was neutralized with equine antiserum, the in vitro muscle assay
was three times more sensitive to the presence of antiserum
than was the equivalent mouse survival assay. This assay
can be used in the development of new drugs to treat botulism where the antagonistic sensitivity is a primary consideration in determining relative efficacy during structural
activity studies.
ELISA. The ELISA is used to measure interaction between antigen and antibody and can be used for detection
of a variety of protein antigens from pathogenic organisms.
There are five basic steps in the ELISA procedure. First,
the wells of a plastic microtiter plate are coated with a
suitable concentration of antibody against each protein antigen of the pathogen. The antibody is strongly adsorbed
by the plastic and remains attached to the well surface
throughout the rest of the procedure. In the second step,
any sites on the plastic surface still capable of binding protein are blocked by addition of an unrelated protein such
as gelatin, bovine serum albumin, or nonfat dried milk. The
application of blocking proteins reduces nonspecific binding of the primary or secondary antibodies to sites in the
microtiter plate wells. The excess blocking protein is then
removed by washing the plates with suitable buffer. In the
third step, food sample extracts containing toxin antigen are
added to the wells so that any toxin antigen present in the
samples can bind to the antibody. The remaining antigen
and other proteins present in the sample are then removed
by washing the plate with buffer. In the fourth step, the
bound antigen is detected by the addition of an enzymeconjugated antibody, which binds to the antigen but does
not react with the blocking protein. There are separate antibodies for each toxin type (A, B, E, and F), and each toxin
type should analyzed separately. In the fifth step, the substrate for the enzyme bound to the antibody is added to the
wells. The amount of enzyme-conjugated antibody bound
in each well is measured by the ability of the enzyme to
hydrolyze a colorless substrate to yield a colored product,
and the color intensity is quantitatively measured in a specially adapted spectrophotometer (microplate reader). Several modifications, such as direct or indirect antigen-antibody interaction signal amplification by enzyme or substrate manipulation, can enhance the sensitivity and repro-
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the only standard validated method for the detection of botulinum toxin in foods (8).
Comparisons between the mouse bioassay and current
in vitro tests for botulinum neurotoxins can be made to
identify the relative strengths and weakness of the in vitro
tests. Major limitations of the in vitro assays are the lack
of quantitative correlation and poor sensitivity compared
with the in vivo mouse bioassay (70).

J. Food Prot., Vol. 68, No. 6

1259

ric ELISAs that can be used to detect minute toxin concentration.
All the serotypes of BoNT are immunogenic and can
evoke neurotoxin-neutralizing antibodies (7, 41). Although
polyclonal antibodies in general do not cross-react among
different serotypes of BoNT (except between C1 and D and
between E and F) (41), certain monoclonal antibodies and
peptide-specific antibodies react with several serotypes of
the neurotoxin (32, 83, 84). Both polyclonal and monoclonal antibodies were used with ELISAs for the detection and
typing of the neurotoxins (27, 48, 53, 54, 71, 78, 83).
Where comparative studies of monoclonal and polyclonal
antibodies were conducted, polyclonal antibodies were
more effective in detecting the neurotoxin (48, 50). Polyclonal antibodies have also been used in modified ELISAs
such as the amplified ELISA (21, 53), the ELISA with
ELCA (14), and the ELISA with passive hemagglutination
assay (33, 37).
Recently, the FDA developed a sensitive and specific
ELISA to detect C. botulinum neurotoxins A, B, E, and F.
The assay uses polyclonal antibodies specific for each toxin
type as both capture and digoxigenin-labeled detector molecules. The sensitivity of the assay was less than 60 pg/ml
for all toxin types. Assay sensitivity to purified toxin and
toxin complexed to NAPs was comparable (,25 mouse
LD50/ml) for types A, B, E, and F (2).
Lateral flow device. Immunochromatographic assays,
also called lateral flow tests or simply strip HHAs, are rapid
detection tests. The best example of such a test is that for
early pregnancy detection in which the presence of human
chorionic gonadotropin (hCG) is detected by anti-hCG antibodies. These tests are a logical extension of the technology used in latex agglutination tests, the first of which was
developed in 1956 by Singer and Plotz (75). The benefits
of immunochromatographic tests include (i) user-friendly
format, (ii) very short turnaround time for results (typically
15 min), (iii) suitability for field use and where sophisticated equipment is not available, (iv) stability of test kit
over time and over a wide range of climatic conditions, and
(v) relatively inexpensive.
In principle, any ligand that can be bound to a visually
detectable solid support, such as dyed microspheres, can be
qualitatively and in many cases semiquantitatively tested.
In these assays, a visible line is formed on a test strip when
a liquid containing a particular biological agent of interest
is applied to a test well. The liquid sample migrates via
capillary action along the nitrocellulose membrane. A positive sample reacts with the agent-specific labeled antibody
conjugate that is bound to the membrane and forms a visible line. In the absence of the specific agents, no line will
develop where the conjugate is bound, indicating a negative
result.
Limited literature is available on validation of HHAs
compared with other established immunology-based and
ELISA detection methods. This lack of interest may be because HHAs have sensitivities of 10 to 20 ng/ml of toxin
and thus are less sensitive than the ELISA or mouse bioassays. However, these HHAs have been used successfully

Downloaded from http://meridian.allenpress.com/jfp/article-pdf/68/6/1256/1676742/0362-028x-68_6_1256.pdf by guest on 19 January 2021

ducibility of the methods. However, the basic principle of
protein-protein (antibody-antigen) interaction remains the
same in almost all ELISAs.
The high affinity and specificity of avidin-biotin and
antibody-hapten interactions have been exploited for diverse applications in immunology, histochemistry, affinity
chromatography, and many other areas (11). Biotinylation
provides the ‘‘tag’’ that transforms molecules that are difficult to detect into probes that can be recognized by a
labeled detection reagent or an affinity-capture matrix.
Once tagged with biotin, a molecule of interest, such as an
antibody, can be used to probe toxins. This tagged molecule
can then be detected with the appropriate avidin or antihapten antibody conjugate that has been labeled with an
enzyme. An amplified ELISA that uses the biotin-streptavidin system was developed and compared with standard Association of Official Analytical Chemists methods for detection of C. botulinum toxins. This amplified ELISA was
used to screen suspect cultures for botulinal toxins in food
(19, 20, 22). The total time required to run a set of samples
by ELISA, including sample preparation, is approximately
5 to 6 h. Validations of the ELISA detection assay were
reported by several laboratories (10, 52, 72), but these assays lacked the sensitivity of the mouse bioassay.
An enzyme-linked coagulation assay (ELCA) was reported to be as sensitive as the mouse bioassay (14). This
assay is highly sensitive, but it relies on a sophisticated
amplification system utilizing a snake venom coagulation
factor and is limited by its complexity and the expense of
the reagents. In this assay, a complex consisting of toxin
bound to chicken antibody (or biotinylated antibody) and
an antibody labeled with Russell’s viper venom factor X
activator is formed in a solution phase. The solution phase
complex is then captured onto a plate coated with antichicken immunoglobulin G or avidin, and the resulting color is measured.
Although ELCA is highly sensitive, it has limitations
for food testing. The combination of antibodies (chicken
antibodies and biotinylated antibodies) cannot be used to
test samples in which either chicken meat or egg yolk are
present, and the biotinylated antibodies cannot be used in
samples containing either biotin or avidin (e.g., egg white
and milk). Nevertheless, Roman et al. (55) successfully
used ELCA to detect botulinum toxin type E in fish.
A sequence comparison revealed 40% amino acid and
50 to 60% nucleotide sequence homology among various
serotypes of BoNT (79). The antibody against the heavy
chain C-fragment may be less subject to binding interference or nonspecific binding than those antibodies directed
against whole toxin. Poli et al. (52) developed a modified
ELISA for serotypes E and F using affinity-purified horse
polyclonal antibodies directed against the 50-kDa C-fragment. The sensitivities of the assay were 0.5 ng/ml for
BoNT/E and 2 ng/ml for BoNT/F in the assay buffer. A
similar approach was employed by Szilagyi et al. (83) for
serotypes A and B. Detection was possible at 20 pg per
well, and accurate quantitation was obtained at 50 pg per
well. These assays are good examples of simple colorimet-
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to detect neurotoxins in a wide variety of foods, suggesting
that they may still be useful as a preliminary screening
system for triaging food samples with elevated BoNT concentrations in the event of a C. botulinum contamination
event (66). Although these devices appear to be ideal, they
have limitations. Their limits of detection are many fold
higher than the toxic dose. They can also give false-positive
results because of contaminants in the food. Therefore, the
appropriate use of HHAs requires a thorough understanding
of their limitations in sensitivity and capability. Most important, the user must have a preplanned series of confirmatory tests and follow-up assays when the device gives a
positive result (17).

plexes on the waveguide surface. This array biosensor was
used to detect botulinum toxin (toxins and toxoids) at 50
ng/ml in the samples.
ECL. Recent advances in electrochemiluminescence
(ECL) detection were incorporated in the ORIGEN immunoassay system (Igen, Inc., Rockville, Md., now BioVeris Corporation). The technology offers the advantage of
magnetic bead antigen capture and concentration from a
variety of complex biological matrices. Unlike the typical
ELISA in which either antibodies or antigens are directly
bound to a polystyrene or polyvinyl microplate, antibodies
are attached on the magnetic particles in a large volume of
sample suspension and then captured and bound in a small
area. ECL detection provides increased sensitivity because
of high luminescent signal-to-noise ratios (26, 39, 90–92).
There are several advantages to an immunoassay using
magnetic beads compared with the traditional ELISA: (i)
potentially larger surface area (9, 29, 49, 93) on the beads
provides for high density of antibody immobilization, (ii)
kinetics of the antibody-antigen reaction in suspension is
enhanced because the beads are not fixed (51), and (iii) high
throughput. Moreover, a large number of food or environmental samples can be tested in a very short period of time
when the sample processing and analysis procedures occur
simultaneously (24, 25, 91). Although the immunomagnetic
assay has been used for the detection of botulinum toxin in
a variety of samples (24, 25), this assay has not been validated in a wide variety of food products, particularly solid
and semisolid foods. Despite its unique technology, this
system has received limited development for botulinum
toxins. However, considering its use for several other biothreat agents, it is a promising method for detection of botulinum toxin in food.
Functional assay. The functional role of neurotoxin
has opened new avenues for neurotoxin detection. Because
BoNTs block neurotransmitter release by selective cleavage
of synaptic proteins, an assay could be based on the detection of biologically active toxin. At present, the mouse bioassay is the only validated method for detection of biologically active toxin. In other in vitro methods, the presence
of toxin molecules is measured by immunological methods,
but the toxin may not necessarily be active, for example if
the food had been heated. Attempts have been made to use
an appropriate peptide substrate for quantifying the proteolytic activity of each neurotoxin. Schmidt et al. (65) developed high-throughput solid-phase protease activity assays
for serotypes A, B, D, and F. Each assay consists of a cleavable oligopeptide based on natural substrate sequence that
is labeled with fluorescein and covalently attached to a multiwell plate. When present, the toxin cleaves the oligopeptides and releases the fluorescein molecules. A toxin concentration of 2 ng/ml gave reproducible positive results.
Hallis et al. (31) developed a solid-phase immobilized peptide-based assay system for the detection of BoNT/B based
on the cleavage of a synthetic peptide substrate representing
amino acid residues 60 to 94 of the intracellular target protein VAMP. In this assay system, immobilized VAMP peptide substrate (amino acids 60 to 94) is cleaved by BoNT/
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Immunofluorescence assay and biosensors. In recent
years, various sensor technologies have been developed and
tested for detection of foodborne pathogens (12), including
botulinum toxins (50, 79). Biosensors, defined as analytical
devices combining the molecular recognition capabilities of
biomolecules with electronics for signal measurement, continue to capture the imagination of an ever-increasing number of scientists and engineers.
Ogert et al. (50) developed a fiber optic–based biosensor utilizing the evanescent wave of a fiber optic wave
guide in combination with a sandwich immunoassay at the
surface of the tapered optical fiber. In this format, the assay
relies on the formation of a florescent complex of the botulinum toxin, an immobilized capture antibody, and a fluorescent antibody. By utilizing the evanescent wave of the
fiber, the binding events along the surface of the tapered
fiber can be transduced as an increase in fluorescence intensity. This biosensor technique is unique because only
one step is required for the rapid detection of the botulinum
toxin and continuous monitoring can be done. The sensor
detected botulinum toxin A at 1 ng/ml. By careful selection
of immobilized antibody, a set of sensors can be constructed that are specific and sensitive for each botulinum serotype.
Shriver-Lake et al. (73) further modified the fiber optics biosensor by employing fluorescence-based assays to
improve signal-to-background ratios over those achievable
with absorbance-based assays. Both distal and evanescentwave fiber-optic fluorescence sensors were developed for
the detection of large molecules (89). Evanescent-wave sensors have a particular advantage for fluorescence assays.
The characteristic penetration depth of the evanescent wave
provides a spatial separation of fluorescence signals associated with bound and free complexes. The long optical
fibers facilitate easy handling of hazardous materials. Detection limits for botulinum toxins using this type of sensor
were approximately 0.02 nM. A sensor that offers specificity and can detect all serotypes simultaneously has been
developed by Rowe-Taitt and coworkers (56). In this type
of sensor, a simple patterned array of antibodies is immobilized on the surface of a planar waveguide that captures
antigens (BoNT) that are then bound by fluorescent tracer
antibodies. Upon excitation of the fluorophore complex by
a small diode laser, a charge couple device camera detects
the assay pattern of the fluorescent antibody–antigen com-
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SUMMARY
During the past 5 years, significant progress has been
made in deciphering the mode of action of BoNTs, primarily because botulinum toxin is being used as a therapeutic agent. In the mouse bioassay, only a limited number
of samples can be analyzed at one time. Therefore, there is
a critical need for new rapid diagnostics that can be validated as substitutes for the mouse bioassay. This need is
particularly urgent for detection of the toxin in situations
where there are large numbers of samples. Although potential in vitro methods, including the digoxigenin ELISA,
may be useful as preliminary screening tools, further evaluation of these assays for their performance with foods and
clinical specimens is required before they can be considered
effective for large-scale screening of the food supply. Development of biosensors, especially multichannel immunosensors, offers the promise of simultaneous detection of
the four serotypes of C. botulinum and other threat agents.
An interdisciplinary approach to research on the diagnostics
of botulinum toxins in food is urgently needed.
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