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Abstract:

Food safety has attracted extensive attention around the world, and food-borne
diseases have become one of the major threats to health. Staphylococcus aureus is
a major food-borne pathogen worldwide and a frequent contaminant of foodstuffs.
Staphylococcal enterotoxins (SEs) produced by some S. aureus strains will lead to
staphylococcal food poisoning (SFP) outbreaks. The most common symptoms
caused by ingestion of SEs within food are nausea, vomiting, diarrhea and cramps.
Children will suffer SFP by ingesting as little as 100 ng of SEs, and only a few
micrograms of SEs are enough to cause SPF in vulnerable populations. Therefore,
it is a great challenge and of urgent need to detect and identify SEs rapidly and
accurately for governmental and non-governmental agencies, including the
military, public health departments, and health care facilities. Herein, an overview

of SE detection has been provided through a comprehensive literature survey.
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1. Introduction

Currently, food-borne disease caused by bacterial contamination is one
of the biggest issues affecting human health and food safety. From 2011 to
2014, 4211 foodborne disease outbreaks were reported in China. Of the 3183
outbreaks with a known etiologic agent, pathogenic microorganisms were
confirmed in 1244 (39%), which resulted in 27,479 illnesses [1,2]. Among
these illnesses, Staphylococcus aureus was recognized as one of the most
prominent culprits, resulting in 3269 illnesses (11.9%) [1,2]. S. aureus is a
Gram-positive microorganism that colonizes the nasal passages and skin of

approximately 50% of healthy individuals. S. aureus grows in a wide range of

temperatures and pH, from 7 "'C to 48.5 'C, and 4.2 to 9.3, respectively. S.
aureus can adapt to grow in various foods and causes food poisoning by
secreting enterotoxins[3].

Staphylococcal enterotoxins (SEs) are members of a family of more than 20
different staphylococcal and streptococcal exotoxins, sharing a common
phylogenetic relationship, structure, function, and sequence homology.
Presently, 23 enterotoxins have been identified as distinct serological entities [4],
including SEA, SEB, SEC, SED, and SEE. These toxins are basic proteins made
up of approximately 220-240 amino acids and have similar molecular weights
of 25-30 kDa. The most common SEs  are SEA and SEB. SEA is most
frequently involved in food poisoning caused by staphylococcus [5]. SEB is not
only involved in food poisoning but identified as a potential biological weapon
of war and terrorism [6]. Various foods can be contaminated by SEs, especially
moist foods containing starch and protein, such as meat and meat products,
poultry and egg products, and milk and other dairy products. Most of the SFP
outbreaks are due to improper food handling either in the food industry or in

the home. Few outbreaks can be traced directly to contamination during food
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processing. Production of SEs rapidly increases at suitable temperatures (20—37

‘C) and pH (4-7.4) [7,8]. The most common symptoms resulting from the
ingestion of food contaminated by SEs are nausea, vomiting, diarrhea and
abdominal cramps, which occur within 26 h of eating SE-contaminated food
[9,10]. The mechanism of SE-induced food poisoning is still not fully understood.
Some researchers have produced evidence that SFP results in an inflammatory
response throughout the gastrointestinal tract, characterized by serious damage in
the jejunum and ileum [10]. Other researchers have shown that SEs do not
directly act on the gastrointestinal tract, but indirectly affect the expression of
cytokines and metabolites produced by T cells, macrophages, monocytes and
mastocytes [11,12]. Children will suffer SFP by ingesting as little as 100 ng of
SEs, and vulnerable populations may develop staphylococcal food poisoning
with a few micrograms of toxin [13,14]. In addition, SEB has been identified as
a restricted agent by the Centers for Disease Control and Prevention (CDC) [15].
A very small amount of enterotoxin will cause intoxication, and the LDs, of SEB
in monkeys is 0.02 pg/kg of body weight [16].
As a result, SEs are a threat to both food safety and food security if they are
produced in a purified

form that can be used as a deliberate adulterant. Consequently, it is crucial to
develop reliable, sensitive, and rapid methods for the detection of SEs. A large
number of sensitive and selective detection methods based on different
principles have been reported. This review provides a brief overview of
conventional methods and focuses on immunosensors, which are currently used

to detect SEs in food. Finally, future trends and conclusions are discussed.

2. SE Identification Using Conventional Methods

2.1. Animal Tests

Animal tests were among the earliest methods developed to detect SEs and

2



include kitten and monkey studies. SEs are fed to animals, and the resultant
physiological changes, such as vomiting and diarrhea, are studied. As early as
1936, Dolman, Wilson and Cockcroft introduced the kitten test for the detection
of enterotoxins in staphylococcal filtrates [17]. The test has been widely used in
public health and in the fundamental study of the nature of enterotoxins.
However, this test has low sensitivity and specificity. Thus, a direct skin test was
developed by using highly sensitized guinea pigs to detect SEB in food, such as
chicken meat and salami [18]. The assay could measure 10-100 pg of SEB per
mL of prepared food sample, and the entire process required less than 20 min.
However, the other SEs failed to produce a similar skin response to that of SEB.
The practicability was so poor that the method has not been widely applied.
Overall, the use of animal tests are restricted as a result of difficulties in animal
origin and individual differences. Because of these shortcomings, along with the
expense of animals, this method for the detection of SEs has fallen into

desuetude.

2.2. Serologic Tests

Serologic tests are some of the earlier methods applied for SEs’ detection,
including the gel diffusion test and agglutination test. These tests are essentially
reactions based on antigen/antibody binding. Because antibodies mainly exist in
serum, in vitro antigen/antibody reactions have been regarded as serologic tests
characterized by precipitation and agglutination reactions. The gel diffusion test
is based on the precipitation produced by antigen/antibody interaction, whereas
the agglutination test is based on the agglutination of antibody coated cells or
particles. Hall and co-workers [19] developed a single-gel diffusion test to
determine SEB in custard, chicken, shrimp and other solid foods in 1963. Then,
in 1965, double-gel diffusion procedures were reported to assay SEA and SEB
in cheese, with respective detection limits as low as 0.02 and 0.05 pg per gram

of cheese [20]. In 1968, Salomon and Tew introduced a latex agglutination test
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for SEB detection [21]. This assay used latex particles coated with specific anti-
SEB antibodies as indicators and the limit of detection was 0.2 ng/mL. After that,
a latex agglutination inhibition test for SEB detection was developed with a
detection limit of 0.5 mg/mL [22]. In addition, reverse passive latex

agglutination (RPLA) test kits were developed

and applied for SE determinations in pasta, beef, ham, cooked turkey, and some
dairy products [23,24]. However, serologic tests are semi quantitative and lack
specificity and sensitivity. Thus, they have not been further developed for

detection of SEs.

3. SE ldentification Using Molecular Biological Methods

Molecular biological methods include nucleic acid hybridization and
polymerase chain reaction (PCR). Nucleic acid hybridization techniques have
been used as an additional means of analyzing strains containing toxin genes by
using gene-specific nucleotide sequences as probes. Gemski and co-workers
[25] first reported that oligonucleotide probes targeting different enterotoxins
genes would allow specific detection and differentiation of toxigenic S. aureus
isolates by colony blot hybridization. Since then, dot blot hybridization
techniques have been developed and applied to determine SE genes in
staphylococcal strains [26]. In addition, PCR has been widely used to detect SEs
by amplifying corresponding genes [27]. The detection of SEs by PCR was first
reported by Wilson et al. [28], who used two sets of primers to amplify the SEB
and SEC genes (entB and entC1) and the staphylococcal nuclease gene (nuc).
This process allowed the detection of ca. 1 fg of purified target DNA in dried
skimmed milk. Currently, several PCR variants have been developed to detect
SEs, such as multiplex PCR [29,30], real-time PCR [31,32], reverse-
transcriptase PCR (RT-PCR) [33,34], and loop-mediated isothermal
amplification (LAMP) [35-37]. Compared to the other PCR-based techniques,
the distinct advantage of multiplex PCR is simultaneous detection of several SEs
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with different primers. PCR also has the advantage of being combined with other
techniques, such as most probable number (MPN-PCR) [38], and PCR-enzyme
linked immunosorbent assay (PCR-ELISA) [39], which can provide sensitive
results. Among the conventional techniques available (compared with animal
tests), PCR is much faster and can be applied to detect SEs in most kinds of
food, such as vegetable pulav, milk, cheese, and meat products. However,
because of interference with target-cell lysis necessary for nucleic acid
extraction, nucleic acid degradation and/or direct inhibition of PCR, false
negative PCR results may occur. Moreover, routine detection of microbes using
PCR can be expensive and complicated, and professional operators are required

to perform the assays.

4. SE Identification Using Chromatography Methods

SEs are basic proteins that can be enzymatically degraded to peptides, which
can be subsequently separated by liquid chromatography (LC), and analyzed by
collision-induced dissociation tandem mass spectrometry (MS/MS), yielding
information regarding the analyte based on the molecular weights or primary
sequences of amino acids. Kientz and co-workers [40] first used liquid
chromatography electrospray ionization mass spectrometry (LC-ESI-MS) with
TSK gel Phenyl-5PW column packing to detect SEB at concentrations as low as
3 pmol/mL. Since then, there have been several successful reports about
quantitative tests for detection of SEs in juices, milk, green beans, crackers,
chicken meat, and shrimp by using LC-MS/MS [41-45]. LC-ESI/MS has many
advantages over traditional techniques, such as avoiding preliminary steps to
isolate the toxins from food, the possibility of quantification and lower limits of
detection. However, LC-ESI/MS is usually used for the detection of SEs in food
samples with low concentrations of soluble proteins rather than high protein
samples, such as milk, since digestion of milk proteins will produce a large
number of peptides and suppress electrospray.
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5. SE Identification Using Immunoassays

Immunoassay is an analytical method that is widely applied in many fields,
including pharmaceutical analysis, toxicological analysis, bioanalysis, clinical
chemistry, and environmental analysis based on specific recognition between
antigens and antibodies. Immunoassays are highly sensitive and specific, rapid
to operate, and can be used to detect SEs in complex samples without extensive
pre-treatment. Combining antibodies as a recognition component with an
appropriate transducer formed biosensors called immunosensors. In
Immunosensors, sensing elements play an important role in the detection

process and are basic devices giving an output quantity in the

form of measurable energy that is correlated with the input quantity. According
to the applied transduction patterns, these sensors can be classified into three
main types: (1) optical detection techniques, (2) electrochemical detection

techniques and (3) mass detection techniques.

5.1. Optical Immunoassays

Compared with conventional analytical techniques, optical-based detection
methods have good application prospects in biomolecular analysis, as they exploit
light absorption, fluorescence/luminescence, chemiluminescence, Raman
scattering and refractive index for change detection (Figure 1). Optical-based
detection methods provide fast, highly sensitive, real-time, and high-frequency
monitoring which can make the detection of SEs less time-consuming, lower
sample concentration, as well as easier sample pre-treatment. In recent decades,

optical-based immunoassays have been widely applied for SE detection in food.
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Figure 1. Schematic illustration of optical immunosensors.

5.1.1. Colorimetric Immunoassays

Colorimetric immunoassays determine analytes by comparing or measuring
the absorbance of a colorful substance. The transducer moiety is a key
component of colorimetric immunoassays that affects performance with respect
to sensitivity, specificity, response time, and the signal-to-noise ratio, due to its
function of translating the detecting behavior into light absorption ranging from
390 to 750 nm, characterized by an eye-sensitive color change.

Enzyme-linked immunosorbent assay (ELISA) is a fundamental and widely
used colorimetric method. ELISAs are commonly performed by immobilizing
artificial antigens or capturing antibodies on plastic supports. The antigen
captured by the antibody support can be detected either by an enzyme-
labeled antibody specific for the same determinant as the capture antibody
or by an enzyme-labeled antibody recognizing a different epitope on the

captured, multivalent antigen. Quantification of antigens is achieved by

monitoring the cleavage of the chromogenic substrate (e.g., 3,31,551-
tetramethylbenzidine (TMB)) by the enzyme (e.g., horseradish peroxidase
(HRP)), which produces a blue metabolite for signal detection. These methods
have many advantages, such as

being easy to use, specific, and applicable for high throughput screening. SEs

are routinely assayed immunologically by ELISA.
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Saunders and Bartlett [46] introduced an ELISA for SEA detection by the

color reaction of ABTS (2,21-azino-di(3-ethyl-benzthiazoline-6-sulfonate)) and
HRP. The effective monitoring range was from

0.4 ng/mL (20 h detection time) to 3.2 ng/mL (1-3 h detection time). Several
ELISA techniques have since been developed for the detection of SEs in culture
supernatants and in food samples such as cheese, potato salad, ham, and milk
[47-57]. Toincrease detection sensitivity, alternative methods were developed to
maximize signal amplification using a process in which the enzyme-antibody
conjugate is formed with a high enzyme to antibody ratio. By incorporating the
avidin-biotin system into the ELISA, the sensitivity for detecting SEA and SEB
can be improved because there are four binding sites for biotin in one avidin which
can amplify the signal [58]. Morissette and co-workers [59] developed a

sensitive

screening sandwich ELISA for the detection of SEB in cheese using avid
polyclonal antibodies to SEB and a biotin-streptavidin amplification system.
SEB could be detected in the minimum range from 0.5 to 1.0 ng/mL. Another
colorimetric capture ELISA for SEA and SEB was established in test buffer
and undiluted human urine with high sensitivity and accuracy. This assay had
linear working curves in the range of 0.05 to 1 ng/mL, with a lower detection
limit of 0.05 ng/mL in assay buffer and 0.1 ng/mL in human urine using the
reaction of substrates (p-nitrophenyl phosphate) and neutravidin-linked alkaline
phosphatase bound with biotinylated antibody [60]. In summary, ELISA is a
common method of SE detection, which can normally be inspected with the
naked eye or no instrumentation or a simple portable spectrometer, and is perfect
for on-site detection. However, long incubation times and multiple wash steps
may lengthen the assay time and it is difficult to apply ELISAs in multi-SEs
detection due to the relative one-fold color reaction of chromogenic substrate

and enzyme.



5.1.2. Fluorescent Immunoassays

Currently, fluorescent immunoassays are the most popular approach for the
detection of SEs. A variety of labels have been used in the development of SE
immunoassays including fluorescent dyes or fluorescent nanoparticles
producing optical signals that can be correlated with the concentration of the
analyte (Figure 2). Compared with enzyme-mediated immunoassays, it was
determined that fluorescent-based immunoassays possessed greater potential to

provide high-throughput analysis and increased sensitivity.

Cy5
Fluorescent dye: { FITC
Alexa Fluor488 ...
. ' ’ < QDs
? i\ A Fluorescent nanoparticles:{ Core-shell NPs
o e Ve v time-resolved NPs. ..
ARYS 48 $ ‘N

Figure 2. Schematic of a fluorescent immunosensor based on fluorescent dye

and fluorescent nanoparticles as labels.

Tempelman and co-workers [61] first reported a sandwich fluorescent
immunoassay for the detection of SEB. In this work, capture antibody was
designed as an affinity-purified rabbit anti-SEB, and detection antibody was
designed as an affinity-purified sheep anti-SEB labeled with cyanine dye (Cy5).
The limit of detection for SEB in PBS buffer is 0.5 ng/mL. Thereafter, Cy5-
labeled mouse anti-SEB antibody adsorbed on a membrane of a 96-well plate
was used for the detection of SEB. The sensitivity was improved to 0.1 ng/mL
[62]. This fluoroimmunoassay is faster due  to direct labeling compared with

classical ELISA. However, organic fluorophore spectroscopy is characterized
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by a narrow excitation band and a broad emission band. Additionlly, many
organic dyes exhibit low resistance to photodegradation [63]. These
characteristics limit their use as effective labels. Luminescent nanoparticles,
such as quantum dots (QDs) and lanthanide ion chelate-doped nanoparticles,
have been employed to improve optical assay performance via their advantages
such as high photostability, quantum yield, and broad absorption with narrow
emission spectra. Goldman and co-workers [64] prepared size-dependent
tunable photoluminescence CdSe-ZnS core-shell quantum dots (QDs) which

possessed narrow emission bandwidths and broad adsorption spectra for the

detection of SEB. In addition, they developed a novel conjugation strategy based
on electrostatic interactions between negatively charged dihydrolipoic acid
(DHLA)-capped CdSe-ZnS core-shell QDs and a positively charged leucine
zipperlO interaction domain appended onto the C-terminus of engineered
recombinant proteins, which was a departure from previously reported
conjugation techniques, such as avidin-biotin technology. Vinayaka and Thakur
[65] utilized bioconjugated CdTe with immobilized anti-SEB antibody to
establish a competitive fluoroimmunoassay for SEB using an immunoreactor
column with a limit of detection of 8.15 ng. Later, they developed a fluorescence
resonance energy transfer (FRET)-based immunoassay for the detection of SEB
[66]. In this work, two tunable photoluminescence cadmium telluride (CdTe)
QDs, QD523 and QD601, were synthesized and bound with anti-SEB IgY
antibody and SEB, respectively. The specific combination between SEB and
anti-SEB antibody resulted in efficient energy transfer between respective QDs,
resulting in fluorescence quenching of QD523 and fluorescence enhancement
of QD601. FRET is a typical homogeneous assay technique. It could achieve
direct detection without a separation step, which makes the experimental
procedure simple and efficient.

In addition to QDs, time-resolved fluorescence (TRF) from lanthanide ion

chelate-doped nanoparticles is also an excellent label that exhibits good stability
10



against photobleaching, low cytotoxicity, and desirable biocompatibility. There
are several immunoassays developed based on TRF for SEB determination
[67,68]. The TRF assay can greatly increase signal-to-noise ratio and showed
greater sensitivity. Besides, fluorescent dye-doped, core-shell, silica
microspheres, such as Alexa Fluor 488 and Rubpy, were also used for SE
detection in fluorescent immunoassays [69-71]. Although, fluorescence
Immunoassays have potential advantages for simultaneous detection of multiple
SEs due to multi-dyes and fluorescent nanoparticles as labels, there are few
reports about the simultaneous detection of multiple SEs. Rubina and co-
workers [72] developed an approach to the simultaneous determination of
Staphylococcal enterotoxins A, B, C1, D, E, G, and | in a diagnostic detection

system.

5.1.3. Chemiluminescence Immunoassays

Chemiluminescence (CL) is also a promising analytical technology with
high sensitivity, wide linear range, simple instrumentation, and no background
scattering light interference. CL-based immunoassays have been widely used for
SE determination. HRP is a commonly used regent in CL detection with the
luminol-H,0,-HRP-PIP (p-iodophenol)-enhanced CL system. [73,74]. The Jin
group [75] used a pair of highly specific mAbs as well as a highly sensitive
chemiluminescent substrate for the HRP-luminol-H,O, system and established
a microplate chemiluminescent enzyme immunoassay. This work greatly
enhanced the detection sensitivity with a limit of detection (LOD) of
0.01 ng/mL. Moreover, good feasibility was achieved by applying this CL-based
iImmunoassay to roast beef, peanut butter, cured ham, milk, and orange juice.
Subsequently, a similar strategy was used for SEA detection, which exhibited
high performance, with a wider working curve range from 6.4 pg/mL to 1.6
ng/mL and a lower LOD of 3.2 pg/mL [76]. To enhance sensitivity, poly
(horseradish peroxidase) (PolyHRP40) was used as a label instead of HRP to
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develop a CL immunoassay for SEB detection [77]. The chemiluminescence
signal was amplified using PolyHRP40, which is a super-molecular complex
composed of five identical covalent HRP homopolymer blocks covalently
coupled to streptavidin molecules, resulting in a large number of signal-
generating enzyme molecules per one bound analyte molecule. The Zhang group
[78] developed a novel CL immunoassay using HRP functionalized mesoporous
silica nanoparticles (MSNs) as the label. The highlight of this assay is a signal
amplification process, where a large amount of HRP was introduced onto the
MSN carriers to maximize the ratio of enzyme per sandwich immunoassay. The
sensitivity was improved to as low as 4 pg/mL. Prior to this, the research group
coupled CL with a charge-coupled device (CCD) imaging detector to establish a
method for SEC,; detection. CCD detectors can be exposed to CL for long
periods of time and obtain low background noise, thus making signal to

background ratios high. Benefitting from the

advantages of CL imaging, SEC1 was detected by this powerful detection
system with a detection limit of 0.5 ng/mL [73].

Nanoparticles have the potential to enhance the sensitivity of biodetection
because of their large surface area and electrical conductivity. Recently, attention
has been paid to a novel class of newly discovered nanocarbons, that is, carbon
nanotubes (CNTSs) because of their electronic properties combined with a large
specific surface area for antibody immobilization and low absorption in the
visible range. Several studies on CNT applications have been conducted by the
Rasooly group. They reported a CNT-based CL immunoassay for SEB
detection in soy milk, apple juice and baby food [79,80]. In their reports, they
utilized CNT to immobilize primary antibody and enhanced CL signal by CCD
for detection. In this system, anti-SEB primary antibodies were fixed onto
the CNT surface by electrostatic adsorption, and then the antibody—CNT
mixture was fixed onto  a polycarbonate surface. The SEB was then detected

by a “sandwich-type” CL immunoassay on the CNT-polycarbonate surface.
12



This combination achieved highly sensitive detection levels with relatively
simple and inexpensive equipment. Although effective, the CNTs were toxic and
difficult to manipulate. Therefore, other types of nanoparticles were investigated
with the purpose of enhancing the sensitivity of the SEB immunoassays
detection. The surface area and geometric and physical properties of gold
nanoparticles make them well-suited for enhancing interactions with biological
molecules in assays. The Rasooly group established a gold nanoparticle-based
CL immunosensor for the detection of SEB using a CCD detector with a
detection limit of 0.01 ng/mL [81]. This developed method was also applied to
real food samples, such as mushrooms, tomatoes, and baby food meat. They
concluded that gold nanoparticles are generally preferable because of their lower
toxicity and easier immobilization of antibodies than CNTs. In addition to the
luminol-H,O,-HRP-PIP system, abis(2,4,6-trichlorop henyl) oxalate (TCPO)-
H,0,-glyoxaline-PHPPA dimer chemiluminescent system was also used to
detect SEB [82]. This method showed a detection limit of 3.3 pg/mL and was
successfully applied in the analysis of serum, lake water and milk samples.
Compared with fluorescence and UV-visible spectrophotometry, CL-based
Immunoassays have
the advantages of simple instrumentation, low cost, and easy automation due to the

lack of an excitation source and optical filters.

5.1.4. Electrochemiluminescence Immunoassays

Electrochemiluminescence (ECL) is a means of converting electrochemical
energy into radiative energy at the surface of an electrode through an applied
potential. Luminescence signals can be obtained from the excited states of an

ECL luminophore generated at the electrode surface during the electrochemical
reaction.  Considerable  attention ~was  focused on  tris(2,21-

bipyridyl)ruthenium(ll) (Ru(bpy)s2*) (including its analogues) and its

coreactants in the ECL system. ECL biosensors possess the advantages of
13



rapidity and high sensitivity, a simplified set-up, low background signal and
ease of miniaturization and have thus received considerable attention from many
researchers in recent decades. [83,84]. However, there are few reports of
applying ECL to SE detection.

Kijek and co-workers first developed an ECL system for the detection of

SEB using capture antibody-coated magnetic beads and detector antibody

conjugated ruthenium (1) tris-bipyridal (Ru(bpy)s2*) [85]. By virtue of
Immunomagnetic separation and the high luminescent signal-to-noise ratios of
ECL, SEB can be reproducibly detected as low as 1 pg/mL in serum, urine,
tissue or buffer samples. ECL could also be combined with ELISA-lab-on-a-
chip (LOC) for the immunological detection of SEB [86]. A charge-coupled
device detector was used to measure the light signal of ECL for detection of
SEB and achieved a detection limit of 0.1 ng/mL. To simplify the experimental
procedures and to reduce testing costs, an automated point-of-care (POC)
immunodetection system, combining the ELISA-LOC format with a sensitive
ECL detector, was designed and fabricated for SEB determination [87]. This
POC system can be used for a variety of targets without dedicated laboratories and

complex equipment.

5.1.5. Surface Plasmon Resonance (SPR) Immunoassays

Surface plasmon resonance (SPR) is one of the most exciting surface-
sensitive methods for SE detection. In an SPR immunoassay, antibodies were
coated onto the sensor chip and the reflection intensity changed when the target
bound with the antibodies. The refractive index changes were realized through
the vicinity of thin metal layers (i.e., gold, silver, or aluminum films) in response
to interactions between antibodies and targets. SPR features surface-sensitive
response, label-free detection, and real-time measurement capability. Therefore,
the presence of the analyte can be determined directly without the use of labeled

molecules, which makes continuous real-time detection of biomolecular analytes
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possible.

Numerous studies have applied SPR to SE detection. The Rasooly group
[88] introduced a sandwich SPR immunoassay to monitor SEA in milk,
hotdogs, mushrooms and potato salad with a detection limit of 10-100 ng/g. In
this sandwich-type SPR immunosensor, two antibodies were used. The
capturing antibody was fixed on the surface of the biosensor chip to bind with
the antigen, and a second antibody binds to the captured antigen. The second
antibody not only makes antigen verification possible but also amplifies the
signal. The Rasooly group also utilized the sandwich SPR immunosensor to
detect SEB spiked in potted meat at 10-1000 ng/g and with a minimum SEB
detection of 10 ppb [89]. Another sandwich immunoassay using SPR was also
used for the determination of
2.5 ppb SEB-spiked ham tissue [90]. Moreover, a competitive pattern of SPR
biosensor for detecting SEA and SEB in whole egg was established with the
concentration range of 1-40 ng/mL SEA [91] and the LOD of SEB was lower
than 1 ng/mL in fresh fluid milk [92]. SPR immunoassay combined mass
spectrometry was established to detect SEB in spiked milk and mushrooms, and
achieved a detection limit of 1 ng/mL [93,94]. To enhance sensitivity,
Homola and co-workers developed a dual-channel SPR immunoassay based
on wavelength modulation and achieved the detection of 5 ng/mL of SEB [95].
Gupta and co-workers developed an SPR immunoassay for SEB determination
utilizing a carboxymethyldextran-modified gold chip [96]. This SPR biosensor
displayed good linearity from 2.0 to 32.0 pM, with a detection limit of 1.0 pM.
SPR immunosensor based on antibody-coated super paramagnetic nanobeads
was used for SEB detection [97]. With the help of immunomagnetic beads, the
separation and concentration of SEB in analyte-spiked samples became easier,
and the SPR detection signal was significantly amplified, making it easy to

detect SEB in both buffer and stool samples at a concentration of 100 pg/mL.
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5.1.6. Surface-Enhanced Raman Scattering (SERS)-Based Immunoassay

SERS(Surface-enhanced Raman scattering), a Raman spectroscopy
technique that is capable of obtaining species fingerprint information by
detecting vibrational bands, has been used for qualitative and quantitative
analyses, giving a rapid, reliable, and sensitive result. However, SERS-based
immunoassays for SE detection have not been popular. Pekdemir and co-
workers reported a SERS-based immunoassay for the detection of SEB by
polyclonal-antibody functionalized magnetic gold nanorod particles as capture
probes, and 5,5-dithiobis (2-nitrobenzoic acid) (DTNB) on gold nanoparticles
as a Raman-active reporter molecule [98]. The detection limit for the assay was
768 aM. SERS-based immunoassays should be expanded to SE detection due to
their wide linear range, good sensitivity, operational simplicity, and short assay

time.

5.2. Electrochemical Immunoassays

Electrochemical immunoassays are another possible method for the
quantification of SEs based on the change in an electric signal. The electric
signal can be observed as a current, potential, impedance or conductance, which
may be classified as amperometric, potentiometric, impedimetric and
conductometric sensors. Electrochemical immunoassays are simple, sensitive,
portable, cheap, and reproducible, having outstanding compatibility with the
latest technology. Recently, electrochemical detection methods of SEs based on

impedance and current were reported by various researchers.

Dong and co-authors conducted an electrochemical immunoassay for the
detection of SEC1 using cyclic voltammetry and AC impedance measurements,
and the LOD was 1 mg/mL [99]. An amperometric immunosensor was
developed for the detection of SEA based on a sandwich assay. The sensitivity
was as low as 33.9 ng/mL. Chatrathi et al. [100] developed a sandwich

electrochemical immunoassay for the detection of SEB. This sandwich assay
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consisted of thiolated antibodies immobilized onto the electrode and a second
antibody of alkaline phosphatase (ALP)-tagged anti-SEB. With the addition of a-
naphthyl phosphate (a-NPP), the ALP tag caused the biocatalytic conversion of
non-electroactive substance, a-NPP, into the electroactive substance, o-NP. The
detection limit estimated from a representative dose-response curve was 1
ng/mL.

Toachieve high sensitivity, different labeling methods and technologies have
been employed for the signal amplification of the antigen—antibody interaction.
Mishra and co-authors [101] reported a sensitive electrochemical immunoassay
for the detection of SEB using polysilicon nanowires for signal amplification.
The detection limit was observed in the range of 10-35 fM. Based on
horseradish  peroxidase-nanosilica-doped multiwalled carbon nanotubes
(HRPSICNTSs) for signal amplification, a novel sandwich-type electrochemical
immunoassay was designed for detecting SEB [102]. The antibodies of rabbit
polyclonal anti-SEB were immobilized on screen-printed carbon electrodes
(SPCE) and covalently targeted to the HRPSICNTSs, and then they were used as
capture antibodies and detection antibodies, respectively. SEB can be detected
at concentrations as low as 10 pg/mL. Wu et al. established an electrochemical
immunosensor based on a gold electrode modified with a composite film of
magnetosomes/1,2-dimethyl-3-butylimidazolium hexafluorophosphate ([D(n-
C4)Im][PF6])/polyaniline nano-gold composite (PANI/Au) for the detection of
SEB [103]. With the larger surface area offered by the magnetosomes, enhanced
response signals of PANI/Au, and good conductivity and stable electrochemical
response provided by [D(n-C4)Im][PF6], the immunosensor showed a detection
limit as low as 0.017 ng/mL. Furthermore, the developed method was
successfully applied to milk sample detection with high recoveries from 81% to
118%.

5.3. Mass-Based Immunoassays
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Mass-based immunoassays are another sensitive detection method, in
which transduction is based on small changes in mass. The basic means of mass
analysis depends on the use of piezoelectric crystals and amorphous
ferromagnetic ribbons or wires. Piezoelectric (PZ) devices consist of an
oscillating quartz crystal with an adsorbent on its surface with selectivity toward
the analyte. The adsorption of the analyte increases the mass of the crystal and
proportionally decreases the resonance frequency of oscillation. Harteveld
and co-workers [104] introduced a piezoelectric crystal immunosensor for SEB
detection based on a competition scheme using polyclonal antibodies (anti-
SEB), and a LOD of 0.1 pg/mL was obtained. Later, a reusable PZ
iImmunosensor was developed for the detection of SEC, by coating SEC,
antibody on PZ crystals [105]. The immunosensor could be reused six times. In
addition, a quartz crystal microbalance biosensor using sol-gel imprinting was
developed for SE detection [106]. Moreover, Mutharasan’s group [107,108]
reported a highly sensitive and rapid method for the detection of SEB using a
piezoelectric-excited, millimeter-sized cantilever (PEMC) sensor by
immobilizing antibody on the animated cantilever glass surface. The detection of
SEB was accomplished by monitoring the sensor’s fundamental resonance
frequency. In addition, there are similar piezoelectric immunosensors for the
detection of SEB [109] and SEA [110,111]. Magnetoelastic sensors are
analogous to piezoelectric acoustic wave sensors, which measure parameters of
interest by tracking the changes in their resonance behavior. The basic operating
principle of these sensors involves a change in sensor resonance frequency
because of mass loading, which is related to the binding of an analyte to a
receptor that immobilized on the surface of the ribbon-like magnetoelastic
sensor. Grimes and co-authors [112] described a magnetoelastic immunosensor
for the detection of SEB with affinity-purified rabbit anti-SEB antibody
covalently immobilized on magnetoelastic sensors. With the use of alkaline

phosphatase as the labeled enzyme to induce biocatalytic precipitation, the
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biosensor demonstrated a detection limit of 0.5 ng/mL. The most important
advantages of piezoelectric and magnetoelastic sensors are the high sensitivity for
detection and the absence of the necessity to introduce additional labels, which
reduce the response time and the cost.

Although immunobioassays are a reliable and technology for SE detection,
which exhibit high sensitivity, wide linear range and feasibility, they require
high quality antibodies. The preparation of the antibodies via animal
immunization experiments is tedious and time-consuming. Besides, the

obtained antibodies may be unstable, and susceptible to modification issues.

6. New Trends

6.1. Aptamer-Based Bioassays

To rival antibodies, aptamers with high affinity and selectivity are starting
to emerge. Aptamers are short SSDNA or RNA molecules that were selected
through in vitro selection or the systematic evolution of ligands by exponential
enrichment (SELEX) [113,114]. Aptamers bind to target molecules with similar
affinity and specificity as antibodies, but they possess many competitive
advantages over antibodies. [115]. Aptamers can be easily produced by chemical
synthesis at higher purity, and flexibly modified with various chemical tags that
do not influence the affinity. Moreover, aptamers have small molecular weights
and superior stability that can bear repetitious denaturation and renaturation.
Overall, these unique characteristics make aptamers an ideal recognition
element for biosensors. Recently, aptamers have been alternative recognition
elements applied to SEs detection.

Bruno and Kiel [116] first selected aptamers targeted to SEB using magnetic
bead-based SELEX. Affinity selection of aptamers was accomplished by
conjugating the SEB to tosyl-activated magnetic beads and five rounds of

SELEX. Unfortunately, the specificity of the SEB aptamer was not studied, and
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Its sequence has not been revealed, which severely limits its wide applications
in public health protection. A decade later, DeGrasse [117] reported an aptamer

sequence that selectively binds to SEB based on magnetic bead-SELEX and

aptamer-precipitation experiments. The aptamer APTSEB was characterized to
bind to SEB with high selectivity amongst other SEs. Liu et al. [118] obtained
a panel of aptamers against SEB by optimizing the procedure of SELEX. Then,
an unmodified AuNPs-based colorimetric method employing the selected
aptamers was developed to detect SEB, and the detection limit was 10 ng/mL.
DeGrasse and Liu’s research has raised the possibility of  the application of
aptamers in SE determination and promoted their development. By employing
the aptamers as recognition elements, piezoresistive cantilever-based
aptasensors were developed for SEB detection both itn buffer and skim milk
[119]. The results demonstrate that piezoresistive cantilever-based aptasensors
can detect SEB in food with sufficient sensitivity and build a foundation for the
development of on-site SE detection systems.

The Wang group developed an FRET bioassay to detect SEB by using an
aptamer-affinity method coupled with upconversion nanoparticles (UCNPs)
sensing, and the fluorescence intensity was prominently enhanced using an
exonuclease-catalyzed target recycling strategy [120]. In this aptasensor, both
fluorescence donor probes (cDNA 1-UCNPs) and fluorescence quencher probes
(cDNA 2-Black Hole Quencher 3 (BHQ3)) were hybridized to an SEB aptamer
to form a duplex, which quenched the fluorescence of the UCNPs via FRET
(Figure 3). The formation of an aptamer-SEB complex resulted in the
dissociation of aptamer from the duplex and the restoration of the UCNPs
fluorescence. Exonuclease | selectively degraded the single-stranded DNA
(ssDNA) in the aptamer—SEB complex, with the digestion finishing after the
sSDNA was fully consumed; however, the dsSDNA was not digested by the
solution. In this way, SEB was released and could change the aptamer

conformation from the dsDNA to the aptamer—SEB complex, which thereby
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amplified the fluorescence of the UCNPs in the circulatory system. With the
superior optical features of the UCNPs, the high affinity and specificity of SEB
aptamers, and the introduction of exonuclease | into the analyte recycling
system, excellent sensitivity (LOD of 0.3 pg/mL) was obtained using this

protocol.

Moreover, the Wang group enlarged the use of aptamer-based bioassay
application in SE detection by selecting aptamers targeted to SEA and SEC;,
based on magnetic separation technology [121,122]. Combining the SEB
aptamer selected by DeGrasse, the Wang group established the simultaneous
detection of multiplex SEs (SEA, SEB and SEC1) using multicolor lanthanide-
doped TRF labeled aptamers as bioprobes and graphene oxide (GO) as a
resonance energy acceptor [123]. This is the first report of aptasensor application
in the simultaneous detection of multiple SEs with the advantages of high-
throughput, sensitivity, and convenient performances. This work created a new
technology for SE detection and was significant in the development of methods

to improve food safety.
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Figure 3. Schematic illustration of an exonuclease-catalyzed target recycling
strategy for SEB detection based on FRET. (Adapted with permission from
reference [120] Copyright 2013. Elsevier).

Apart from ssDNA aptamers, peptide aptamers, especially those derived
from phage-displayed peptide libraries, are becoming popular as novel
recognition agents in bioassay and biosensor applications. The Boyaci research
group conducted a comprehensive and in-depth study on peptide aptamers
selection and the application to SEs. They first used a peptide-phage display
library to assess affinity of peptides for SEB [124]. The dissociation

constant of the selected peptide was

4.2 = 0.7 ~ 102 mol/L which shows strong binding ability. This study
suggested thatthe peptides

selected by rational approaches with improved affinity can be used in biosensors
instead of antibodies. However, this study did not involve an examination of the
mechanism of the peptide-SEB interaction. Two years later, Dudak et al.

reported a thermodynamic and structural analysis of the binding interactions
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between peptide ligands and SEB [125]. They studied the core amino acids
playing an important role in the binding between the peptides and SEB. The
approach to the thermodynamic and structural characterization of peptide
ligands can be used to develop aptamers with high affinity and selectivity for
SEB biosensor applications. Moreover, to improve the binding ability of the SEB
peptide aptamers, Dudak et al. explored new modification approaches by
repeating the 12-mer peptide sequences [126]. Based on these studies, they
developed a SERS biosensor [127] (Figure 4) and a SPR biosensor [128] to
demonstrate the potential application of peptide aptamers for SEB detection in

a complex matrix.
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Figure 4. Schematic illustration of peptide-based SERS sensor and SPR sensor
system for detection of SEB. (Adapted with permission from reference [127]

Copyright 2012. American Chemical Society).

6.2. Molecularly Imprinted Polymers (MIPs)-Based Bioassay

Molecularly imprinted polymers (MIPs) embody a new class of materials
possessing high selectivity and affinity for the target molecules. MIPs possess
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molecular recognition properties due to the cavities produced in the polymer
matrix that are complementary in size and shape to the target imprint molecule
[129]. Compared with proteins and nucleic acids, MIPs are more stable and can
resist much harsher conditions, such as high temperature, extreme pH, pressure
and organic solvents. In addition, MIPs preparation does not require animals,
which are essential for antibody production. MIPs are stable and economical
sensing elements and are suitable for the substitution of natural receptors and
antibodies in assays.

Recently, several methods have been developed for SE determination based
on MIPs as the recognition molecules for SEs. Gupta and co-workers [130]
reported SPR biosensor for the detection of SEB by employing MIPs as the
sensing material. In this assay, MIP film was prepared by in situ
electropolymerization of 3-aminophenylboronic-acid (3-APBA) on the bare
gold chip. In the presence of SEB, the MIP-based biosensor generates a signal by
specific molecular interaction between the MIPs and SEB with a detection limit
of 0.05 fM. In addition, protein-imprinted polyacrylamide gel beads (IPGB)
were also synthesized by using SEB as the template molecule based on inverse
suspension polymerization [131] (Figure 5). The maximum adsorption capacity
of SEB-IPGB can achieve 8.40 mg SEB/g imprinted beads. MIPs have potential
applications in SEB separation, extraction, and detection as economical

molecule recognition materials.
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Figure 5. Schematic representation of protein toxin imprinting and
illustration of the binding process. (Adapted with permission from reference
[131] Copyright 2014. Wiley-Blackwell).

The Gao group synthesized a two-dimensional (2D) molecularly imprinted
sol-gel thin film-coated quartz crystal microbalance (QCM) that immobilized on
the surface of a piezoelectric quartz crystal (PQC) Au-electrode for the detection
of SEB [132]. The LOD was 6.1 ng/mL, and the detection period was within 0.5
h. This method is simple, fast, sensitive, and low cost. Based on the former
research, they firstly apply the QCM sensor in the simultaneous detection of SEA
and SEB based on sol-gel thin film imprinting technology with the lower

detection limits of 7.97 and 2.25 ng/mL, respectively [133].

7. Summary and Future Prospects

Conventional SEs detection methods, such as animal tests and serologic tests,
are labor-intensive and unable to meet the needs of real-time detection. PCR-
based molecular biological analysisis areliable and much faster method with
conclusive results. However, PCR-based methods are aimed at DNA analysis,
not for the SEs themselves, and are therefore indirect detection methods. The
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chromatographic methods are efficient and sensitive, but the requirements of
tedious sample pre-treatment steps, expensive instruments and trained personnel
limit its application in on-site measurements. New technologies, such as
Immunosensors combined with optical, electrical and mass transducer detection
techniques, are reliable options. The developing bioassays based on new
recognition elements, such as aptamers, peptides, and MIPs, for SE detection
have superior characteristics of sensitivity, selectivity, rapidity and reliability.
Especially, aptamers bind target molecules with affinity and specificity equal or
superior to antibodies, and they are easily synthesized and modified and more
stable. The utility of aptamers improves biosensor characteristics and expense,
demonstrating that the aptasensors are adequate for practical use; and they also
are rapid, reliable, effective and suitable for in situ analysis. In the future, the
selection of aptamers to target SEs should be amplified and biosensors based on
aptamers for SE detection should also be developed. Moreover, the research into
detection methods for SEs will focus on progressing simultaneous multi-element
analysis. Miniaturized, portable and easily disposable commercial applications

facilitate testing on site without a laboratory and point of care detection of SEs.

26



8. References

10.

11.

China Health and Birth Control Statistics Yearbook-2013; Beijing Union
Medical University Press: Beijing, China, 2013.

China Health and Birth Control Statistics Yearbook-2015; Beijing Union
Medical University Press: Beijing, China, 2015.

Balaban, N.; Rasooly, A. Staphylococcal enterotoxins. Int. J. Food Microbiol.
2000, 61, 1-10. [CrossRef]

Schlievert, P.M.; Case, L.C. Molecular analysis of Staphylococcal
superantigens. In Methicillin-Resistant Staphylococcus Aureus (MRSA)
Protocols; Springer: New York, NY, USA, 2007; pp. 113-126.

Pinchuk, L.V.; Beswick, E.J.; Reyes, V.E. Staphylococcal enterotoxins.
Toxins 2010, 2, 2177-2197. [CrossRef] [PubMed]

Greenfield, R.A.; Brown, B.R.; Hutchins, J.B.; landolo, J.J.; Jackson, R.;
Slater, L.N.; Bronze, M.S. Microbiological, biological, and chemical
weapons of warfare and terrorism. Am. J. Med. Sci. 2002, 323, 326-340.
[CrossRef] [PubMed]

Tamarapu, S.; McKillip, J.L.; Drake, M. Development of a multiplex
polymerase chain reaction assay for detection and differentiation of
Staphylococcus aureus in dairy products. J. Food Protect. 2001, 64, 664—
668.

Wieneke, A.; Roberts, D.; Gilbert, R. Staphylococcal food poisoning in the
United Kingdom, 1969-1990.

Epidemiol. Infect. 1993, 110, 519-531. [CrossRef] [PubMed]

Tranter, H.S. Foodborne Staphylococcal illness. Lancet 1990, 336, 1044—
1046. [CrossRef]

Banwell, J.; Sherr, H. Effect of bacterial enterotoxins on the gastrointestinal
tract. Gastroenterology 1973, 65,

467. [PubMed]

Marrack, P.; Kappler, J. The Staphylococcal enterotoxins and their relatives.

27


http://dx.doi.org/10.1016/S0168-1605(00)00377-9
http://dx.doi.org/10.3390/toxins2082177
http://www.ncbi.nlm.nih.gov/pubmed/22069679
http://dx.doi.org/10.1097/00000441-200206000-00005
http://www.ncbi.nlm.nih.gov/pubmed/12074487
http://dx.doi.org/10.1017/S0950268800050949
http://www.ncbi.nlm.nih.gov/pubmed/8519317
http://dx.doi.org/10.1016/0140-6736(90)92500-H
http://www.ncbi.nlm.nih.gov/pubmed/4364400

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Science 1990, 248, 705-711. [CrossRef] [PubMed]

Kotzin, B.L.; Leung, D.; Kappler, J.; Marrack, P. Superantigens and their
potential role in human disease.

Adv. Immunol. 1992, 54, 99-166.

Evenson, M.L.; Hinds, M.W.; Bernstein, R.S.; Bergdoll, M.S. Estimation of
human dose of Staphylococcal enterotoxin A from a large outbreak of
staphylococcal food poisoning involving chocolate milk. Int. J. Food
Microbiol. 1988, 7, 311-316. [CrossRef]

Larkin, E.; Carman, R.; Krakauer, T.; Stiles, B. Staphylococcus aureus: The
toxic presence of a pathogen extraordinaire. Curr. Med. Chem. 2009, 16,
4003-4019. [CrossRef] [PubMed]

Poli, M.A.; Rivera, V.R.; Neal, D. Development of sensitive colorimetric
capture ELISAs for

Clostridium botulinum neurotoxin serotypes E and F. Toxicon 2002, 40, 797—
802. [CrossRef]

Gill, D.M. Bacterial toxins: A table of lethal amounts. Microbiol. Rev. 1982,
46, 86-94. [PubMed]

Fulton, F. Staphylococcal enterotoxin-with special reference to the kitten test.
Brit. J. Exp. Pathol. 1943, 24, 65.

Scheuber, P.H.; Mossmann, H.; Beck, G.; Hammer, D. Direct skin test in
highly sensitized guinea pigs for rapid and sensitive determination of
Staphylococcal enterotoxin B. Appl. Environ. Microbiol. 1983, 46, 1351
1356.

Hall, H.E.; Angelotti, R.; Lewis, K.H. Quantitative detection of
Staphylococcal enterotoxin B in food by gel-diffusion methods. Public
Health Rep. 1963, 78, 1089. [CrossRef] [PubMed]

Read, R.B.; Bradshaw, J.R.; Pritchard, W.L.; Black, L. Assay of
Staphylococcal enterotoxin from cheese.

J. Dairy Sci. 1965, 48, 420-424. [CrossRef]

Salomon, L.L.; Tew, R.W. Assay of Staphylococcal enterotoxin B by latex

28


http://dx.doi.org/10.1126/science.2185544
http://www.ncbi.nlm.nih.gov/pubmed/2185544
http://dx.doi.org/10.1016/0168-1605(88)90057-8
http://dx.doi.org/10.2174/092986709789352321
http://www.ncbi.nlm.nih.gov/pubmed/19747126
http://dx.doi.org/10.1016/S0041-0101(01)00288-4
http://www.ncbi.nlm.nih.gov/pubmed/6806598
http://dx.doi.org/10.2307/4592031
http://www.ncbi.nlm.nih.gov/pubmed/14090082
http://dx.doi.org/10.3168/jds.S0022-0302(65)88246-7

22.

23.

agglutination. Exp. Biol. Med. 1968,

129, 539-542. [CrossRef]

Lee, C.L.; Lin, C.C. Detection of Staphylococcal enterotoxin by latex
agglutination inhibition test. Chin. J. Microbiol. Immunol. 1984, 17, 77-80.
Park, C.E.; Szabo, R. Evaluation of the reversed passive latex agglutination
(RPLA) test kits for detection of Staphylococcal enterotoxins A, B, C, and
D in foods. Can. J. Microbiol. 1986, 32, 723-727. [CrossRef] [PubMed]

29


http://dx.doi.org/10.3181/00379727-129-33364
http://dx.doi.org/10.1139/m86-131
http://www.ncbi.nlm.nih.gov/pubmed/3779524

24.

25.

26.

27.

28.

29.

30.

31.

Rose, S.A.; Bankes, P.; Stringer, M. Detection of Staphylococcal
enterotoxins in dairy products by the reversed passive latex agglutination
(SET-RPLA) kit. Int. J. Food Microbiol. 1989, 8, 65-72. [CrossRef]

Neill, R.; Fanning, G.; Delahoz, F.; Wolff, R.; Gemski, P. Oligonucleotide
probes for detection and differentiation of Staphylococcus aureus strains
containing genes for enterotoxins A, B, and C and toxic shock syndrome
toxin 1. J. Clin. Microbiol. 1990, 28, 1514-1518. [PubMed]

Jaulhac, B.; Bes, M.; Bornsteint, N.; Plémont, Y.; Brun, Y.; Fleurette, J.
Synthetic DNA probes for detection of genes for enterotoxins A, B, C, D, E
and for TSST-1 in Staphylococcal strains. J. Appl. Bacteriol. 1992, 72, 386—
392. [CrossRef] [PubMed]

Bsat, N.; Wiedmann, M.; Czajka, J.; Barany, F.; Piani, M.; Batt, C. Food
safety applications of nuclei acid-based assays: Applications of
immunobiosensors and bioelectronics in food sciences and quality control.
Food Technol. 1994, 48, 142—-145.

Wilson, 1.G.; Cooper, J.E.; Gilmour, A. Detection of enterotoxigenic
Staphylococcus aureus in dried skimmed milk: Use of the polymerase chain
reaction for amplification and detection of Staphylococcal enterotoxin
genes entb and entcl and the thermonuclease gene nuc. Appl. Environ.
Microbiol. 1991, 57, 1793-1798.

Ding, D.; Huang, P.; Pan, Y.Q.; Chen, S.Q. Gene detection of Staphylococcal
enterotoxins in production strain of staphylococcin injection and
superantigenic activity of rSEK and rSEQ. World J. Microb. Biotechnol.
2011, 27, 2957-2967. [CrossRef]

Shylaja, R.; Murali, H.; Batra, H.; Bawa, A. A novel multiplex PCR system
for the detection of Staphylococcal enterotoxin B, TSST, Nuc and Fem genes
of Staphylococcus aureus in food system. J. Food Saf. 2010, 30, 443-454.
[CrossRef]

Letertre, C.; Perelle, S.; Dilasser, F.; Fach, P. Detection and genotyping by
30


http://dx.doi.org/10.1016/0168-1605(89)90081-0
http://www.ncbi.nlm.nih.gov/pubmed/2380378
http://dx.doi.org/10.1111/j.1365-2672.1992.tb01851.x
http://www.ncbi.nlm.nih.gov/pubmed/1618716
http://dx.doi.org/10.1007/s11274-011-0779-2
http://dx.doi.org/10.1111/j.1745-4565.2010.00218.x

32.

33.

34.

35.

36.

37.

38.

real-time PCR of the Staphylococcal enterotoxin genes SEA to SEJ. Mol.
Cell. Probes 2003, 17, 139-147. [CrossRef]

Rodriguez, A.; Gordillo, R.; Andrade, M.; Cérdoba, J.; Rodriguez, M.
Development of an efficient real-time PCR assay to quantify enterotoxin-
producing Staphylococci in meat products. Food Control 2016, 60, 302—-308.
[CrossRef]

Chiang, Y.C.; Chang, L.T.; Lin, CW.; Yang, C.Y.; Tsen, H.Y. PCR primers
for the detection of Staphylococcal enterotoxins K, L, and M and survey of
Staphylococcal enterotoxin types in Staphylococcus aureus isolates from
food poisoning cases in Taiwan. J. Food Protect. 2006, 69, 1072-1079.
Matsui, S.; Terabe, M.; Mabuchi, A.; Takahashi, M.; Saizawa, M.; Tanaka,
S.; Yokomuro, K. A unique response to Staphylococcal enterotoxin B by
intrahepatic lymphocytes and its relevance to the induction of tolerance in
the liver. Scand. J. Immunol. 1997, 46, 230-234. [CrossRef] [PubMed]
Goto, M.; Hayashidani, H.; Takatori, K.; Hara-Kudo, Y. Rapid detection of
enterotoxigenic Staphylococcus aureus harbouring genes for four classical
enterotoxins, SEA, SEB, SEC and SED, by loop-mediated isothermal
amplification assay. Lett. Appl. Microbiol. 2007, 45, 100-107. [CrossRef]
[PubMed]

Suwanampai, T.; Pattaragulvanit, K.; Pattanamahakul, P.; Sutheinkul, O.;
Okada, K.; Honda, T.; Thaniyavarn, J. Evaluation of loop-mediated
isothermal amplification method for detecting enterotoxin A gene of
Staphylococcus aureus in pork. Southeast Asian J. Trop. Med. Publ. Health.
2011, 42, 1489-1497.

Nkouawa, A.; Sako, Y.; Nakao, M.; Nakaya, K.; Ito, A. Loop-mediated
isothermal amplification method for differentiation and rapid detection of
Taenia species. J. Clin. Microbiol. 2009, 47, 168-174. [CrossRef]
[PubMed]

Méntynen, V.; Niemel4, S.; Kaijalainen, S.; Pirhonen, T.; Lindstrom, K.
MPN-PCR—~Quantification method for Staphylococcal enterotoxin C 1

gene from fresh cheese. Int. J. Food Microbiol. 1997, 36, 135-143.
31


http://dx.doi.org/10.1016/S0890-8508(03)00045-8
http://dx.doi.org/10.1016/j.foodcont.2015.07.040
http://dx.doi.org/10.1046/j.1365-3083.1997.d01-118.x
http://www.ncbi.nlm.nih.gov/pubmed/9315109
http://dx.doi.org/10.1111/j.1472-765X.2007.02142.x
http://www.ncbi.nlm.nih.gov/pubmed/17594468
http://dx.doi.org/10.1128/JCM.01573-08
http://www.ncbi.nlm.nih.gov/pubmed/19005142

39.

40.

41.

42.

[CrossRef]

Gilligan, K.; Shipley, M.; Stiles, B.; Hadfield, T.; Ibrahim, M.S. Identification
of Staphylococcus aureus

enterotoxins A and B genes by PCR-ELISA. Mol. Cell. Probes 2000, 14, 71—
78. [CrossRef] [PubMed]

Kientz, C.E.; Hulst, A.G.; Wils, E.R. Determination of Staphylococcal
enterotoxin B by on-line (micro) liquid chromatography-electrospray mass
spectrometry. J. Chromatogr. A 1997, 757, 51-64. [CrossRef]

Callahan, J.H.; Shefcheck, K.J.; Williams, T.L.; Musser, S.M. Detection,
confirmation, and quantification of Staphylococcal enterotoxin B in food
matrixes using liquid chromatography-mass spectrometry. Anal. Chem.
2006, 78, 1789-1800. [CrossRef] [PubMed]

Sospedra, I.; Soler, C.; Manes, J.; Soriano, J.M. Rapid whole protein
quantitation of Staphylococcal enterotoxins A and B by liquid
chromatography/mass spectrometry. J. Chromatogr. A 2012, 1238, 54-59.
[CrossRef] [PubMed]

32


http://dx.doi.org/10.1016/S0168-1605(97)01243-9
http://dx.doi.org/10.1006/mcpr.2000.0286
http://www.ncbi.nlm.nih.gov/pubmed/10799267
http://dx.doi.org/10.1016/S0021-9673(96)00661-9
http://dx.doi.org/10.1021/ac051292v
http://www.ncbi.nlm.nih.gov/pubmed/16536413
http://dx.doi.org/10.1016/j.chroma.2012.03.022
http://www.ncbi.nlm.nih.gov/pubmed/22498351

43.

44.

45.

46.

47.

48.

49.

50.

51.

Sospedra, I.; Marin, R.; Mafies, J.; Soriano, J.M. Rapid whole protein
quantification of Staphylococcal enterotoxin B by liquid chromatography.
Food Chem. 2012, 133, 163-166. [CrossRef]

Bao, K.D.; Letellier, A.; Beaudry, F. Analysis of Staphylococcus enterotoxin
B using differential isotopic tags and liquid chromatography quadrupole ion
trap mass spectrometry. Biomed. Chromatogr. 2012, 26, 1049-1057.
[CrossRef] [PubMed]

Muratovic, A.Z.; Hagstrom, T.; Rosén, J.; Granelli, K.; Hellends, K.E.
Quantitative analysis of Staphylococcal enterotoxins A and B in food
matrices using ultra high-performance liquid chromatography tandem mass
spectrometry (UPLC-MS/MS). Toxins 2015, 7, 3637-3656. [CrossRef]
[PubMed]

Saunders, G.C.; Bartlett, M.L. Double-antibody solid-phase enzyme
immunoassay for the detection of Staphylococcal enterotoxin A. Appl.
Environ. Microbiol. 1977, 34, 518-522.

Simon, E.; Terplan, G. Detection of Staphylococcal enterotoxin B using
ELISA test. J. Vet. Med. B. 1977, 24, 842-844.

Notermans, S.; Verjans, H.; Bol, J.; Van Schothorst, M. Enzyme linked
immunosorbent assay (ELISA) for determination of Staphylococcus aureus
enterotoxin type B. Health Lab. Sci. 1978, 15, 28-31. [PubMed]
Stiffler-Rosenberg, G.; Fey, H. Simple assay for Staphylococcal
enterotoxins A, B, and C: Modification of enzyme-linked immunosorbent
assay. J. Clin. Microbiol. 1978, 8, 473-479. [PubMed]

Kauffman, P. Enzyme immunoassay for Staphylococcal enterotoxin A. J.
Assoc. Off. Anal. Chem. 1980, 63, 1138-1143. [PubMed]

Berdal, B.; Olsvik, O.; Omland, T. A sandwich ELISA method for detection
of Staphylococcus aureus

enterotoxins. Acta Pathol. Microbiol. Scand. Sect. B Microbiol. 1981, 89,

411-415.
33


http://dx.doi.org/10.1016/j.foodchem.2011.12.083
http://dx.doi.org/10.1002/bmc.1742
http://www.ncbi.nlm.nih.gov/pubmed/22102423
http://dx.doi.org/10.3390/toxins7093637
http://www.ncbi.nlm.nih.gov/pubmed/26378579
http://www.ncbi.nlm.nih.gov/pubmed/346534
http://www.ncbi.nlm.nih.gov/pubmed/365877
http://www.ncbi.nlm.nih.gov/pubmed/6997261

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Freed, R.C.; Evenson, M.L.; Reiser, R.F.; Bergdoll, M.S. Enzyme-linked
iImmunosorbent assay for detection of Staphylococcal enterotoxins in foods.
Appl. Environ. Microbiol. 1982, 44, 1349-1355.

Fey, H.; Pfister, H.; Ruegg, O. Comparative evaluation of different enzyme-
linked immunosorbent assay systems for the detection of Staphylococcal
enterotoxins A, B, C, and D. J. Clin. Microbiol. 1984, 19, 34-38. [PubMed]
Peterkin, P.1.; Sharpe, A.N. Rapid enumeration of Staphylococcus aureus in
foods by direct demonstration of enterotoxigenic colonies on membrane
filters by enzyme immunoassay. Appl. Environ. Microbiol. 1984, 47, 1047—
1053.

Wieneke, A.A.; Gilbert, R. The use of a sandwich ELISA for the detection
of Staphylococcal enterotoxin A in foods from outbreaks of food poisoning.
J. Hyg. 1985, 95, 131-138. [CrossRef] [PubMed]

Windemann, H.; Baumgartner, E. Application of enzyme-linked
immunosorbent assay (ELISA) with labeled antigen for detection of
Staphylococcal enterotoxins A, B and C in foods. Zent. Bakteriol. Mikrobiol.
Hyg. Abt. Orig. B 1985, 181, 320-344.

Windemann, H.; Baumgartner, E. Application of sandwich-ELISA with
labelled antibody for detection of Staphylococcal enterotoxins A, B, C and
D in food. Zent. Bakteriol. Int. J. Med. 1985, 181, 345-363.

Hahn, 1.; Pickenhahn, P.; Lenz, W.; Brandis, H. An avidin-biotin ELISA for
the detection of Staphylococcal enterotoxins A and B. J. Immunol. Methods
1986, 92, 25-29. [CrossRef]

Morissette, C.; Goulet, J.; Lamoureux, G. Rapid and sensitive sandwich
enzyme-linked immunosorbent assay for detection of Staphylococcal
enterotoxin B in cheese. Appl. Environ. Microbiol. 1991, 57, 836-842.
Poli, M.A.; Rivera, V.R.; Neal, D. Sensitive and specific colorimetric
ELISAS for Staphylococcus aureus

enterotoxins A and B in urine and buffer. Toxicon 2002, 40, 1723-1726.
[CrossRef]

Tempelman, L.A.; King, K.D.; Anderson, G.P.; Ligler, F.S. Quantitating
34


http://www.ncbi.nlm.nih.gov/pubmed/6361061
http://dx.doi.org/10.1017/S0022172400062367
http://www.ncbi.nlm.nih.gov/pubmed/3926871
http://dx.doi.org/10.1016/0022-1759(86)90499-0
http://dx.doi.org/10.1016/S0041-0101(02)00202-7

62.

63.

64.

65.

Staphylococcal enterotoxin B in diverse media using a portable fiber-optic
biosensor. Anal. Biochem. 1996, 233, 50-57. [CrossRef] [PubMed]

Khan, A.S.; Cao, C.J.; Thompson, R.G.; Valdes, J.J. A simple and rapid
fluorescence-based immunoassay for the detection of Staphylococcal
enterotoxin B. Mol. Cell. Probes 2003, 17, 125-126. [CrossRef]
Hermanson, G.T. Homobifunctional Cross-Linkers. Bioconjugate
Techniques; Academic Press: San Diego, CA, USA, 1996; pp. 219-220.
Goldman, E.R.; Anderson, G.P.; Tran, P.T.; Mattoussi, H.; Charles, P.T,;
Mauro, J.M. Conjugation of luminescent quantum dots with antibodies using
an engineered adaptor protein to provide new reagents for
fluoroimmunoassays. Anal. Chem. 2002, 74, 841-847. [CrossRef]
[PubMed]

Vinayaka, A.C.; Thakur, M.S. An immunoreactor-based competitive
fluoroimmunoassay for monitoring Staphylococcal enterotoxin B using
bioconjugated quantum dots. Analyst 2012, 137, 4343-4348. [CrossRef]
[PubMed]

35


http://dx.doi.org/10.1006/abio.1996.0006
http://www.ncbi.nlm.nih.gov/pubmed/8789146
http://dx.doi.org/10.1016/S0890-8508(02)00109-3
http://dx.doi.org/10.1021/ac010662m
http://www.ncbi.nlm.nih.gov/pubmed/11866065
http://dx.doi.org/10.1039/c2an35760g
http://www.ncbi.nlm.nih.gov/pubmed/22858836

66.

67.

68.

69.

70.

71.

72.

73.

74.

Vinayaka, A.C.; Thakur, M.S. Facile synthesis and photophysical
characterization of luminescent cdte quantum dots for Forster resonance
energy transfer based immunosensing of Staphylococcal enterotoxin B.
Luminescence 2013, 28, 827-835. [CrossRef] [PubMed]

Hale, M.L.; Campbell, T.A.; Campbell, Y.G.; Fong, S.E.; Stiles, B.G.
Development of a time-resolved immunofluorometric assay for quantitation
of mucosal and systemic antibody responses. J. Immunol. Methods 2001,
257, 83-92. [CrossRef]

Peruski, A.H.; Johnson, L.H.; Peruski, L.F. Rapid and sensitive detection of
biological warfare agents using time-resolved fluorescence assays. J.
Immunol. Methods 2002, 263, 35-41. [CrossRef]

Haes, A.J.; Terray, A.; Collins, G.E. Bead-assisted displacement
immunoassay for Staphylococcal enterotoxin B on a microchip. Anal. Chem.
2006, 78, 8412-8420. [CrossRef] [PubMed]

Hun, X.; Zhang, Z. A novel sensitive Staphylococcal enterotoxin C1
fluoroimmunoassay based on functionalized fluorescent core-shell
nanoparticle labels. Food Chem. 2007, 105, 1623-1629. [CrossRef]

Lian, W.; Wu, D.H.; Lim, D.V.; Jin, S.G. Sensitive detection of multiplex
toxins using antibody microarray.

Anal. Biochem. 2010, 401, 271-279. [CrossRef] [PubMed]

Rubina, A.Y.; Filippova, M.; Feizkhanova, G.; Shepeliakovskaya, A.;
Sidina, E.; Boziev, K.M.; Laman, A.; Brovko, F.; Vertiev, Y.V.; Zasedatelev,
A. Simultaneous detection of seven Staphylococcal enterotoxins:
Development of hydrogel biochips for analytical and practical application.
Anal. Chem. 2010, 82, 8881-8889. [CrossRef] [PubMed]

Luo, L.R.; Zhang, Z.J.; Chen, L.J.; Ma, L.F. Chemiluminescent imaging
detection of Staphylococcal enterotoxin C1 in milk and water samples. Food
Chem. 2006, 97, 355-360. [CrossRef]

Luo, L.R.; Zhang, Z.J.; Ma, L.F. Determination of recombinant human tumor
36


http://dx.doi.org/10.1002/bio.2440
http://www.ncbi.nlm.nih.gov/pubmed/23192990
http://dx.doi.org/10.1016/S0022-1759(01)00448-3
http://dx.doi.org/10.1016/S0022-1759(02)00030-3
http://dx.doi.org/10.1021/ac061057s
http://www.ncbi.nlm.nih.gov/pubmed/17165834
http://dx.doi.org/10.1016/j.foodchem.2007.03.068
http://dx.doi.org/10.1016/j.ab.2010.02.040
http://www.ncbi.nlm.nih.gov/pubmed/20226158
http://dx.doi.org/10.1021/ac1016634
http://www.ncbi.nlm.nih.gov/pubmed/20843007
http://dx.doi.org/10.1016/j.foodchem.2005.05.008

75.

76.

77.

78.

79.

80.

81.

necrosis factor-a in serum by

chemiluminescence imaging. Anal. Chim. Acta 2005, 539, 277-282.
[CrossRef]

Liu, F.; Li, Y.; Song, C.; Dong, B.; Liu, Z.; Zhang, K.; Li, H.; Sun, Y.; Wei,
Y.; Yang, A. Highly sensitive microplate chemiluminescence enzyme
immunoassay for the determination of Staphylococcal enterotoxin B based
on a pair of specific monoclonal antibodies and its application to various
matrices. Anal. Chem. 2010, 82, 7758-7765. [CrossRef] [PubMed]

Zhang, C.M.; Liu, Z.J.; Li, Y.M.; Li, Q.; Song, C.J.; Xu, ZW.; Zhang, Y.;
Zhang, Y.S.; Ma, Y.; Sun, Y.J. High sensitivity chemiluminescence enzyme
immunoassay for detecting Staphylococcal enterotoxin A in multi-matrices.
Anal. Chim. Acta 2013, 796, 14-19. [CrossRef] [PubMed]

Szkola, A.; Linares, E.; Worbs, S.; Dorner, B.; Dietrich, R.; Martlbauer, E.;
Niessner, R.; Seidel, M. Rapid and simultaneous detection of ricin,
Staphylococcal enterotoxin B and saxitoxin by chemiluminescence-based
microarray immunoassay. Analyst 2014, 139, 5886-5893. [CrossRef]
[PubMed]

Chen, L.L.; Zhang, Z.J.; Zhang, X.M.; Fu, A.H.; Xue, P.; Yan, R.F. A novel
chemiluminescence immunoassay of Staphylococcal enterotoxin B using
HRP-functionalised mesoporous silica nanoparticle as label. Food Chem.
2012, 135, 208-212. [CrossRef]

Yang, M.H.; Kostov, Y.; Bruck, H.A.; Rasooly, A. Carbon nanotubes with
enhanced chemiluminescence immunoassay for CCD-based detection of
Staphylococcal enterotoxin B in food. Anal. Chem. 2008, 80, 8532-8537.
[CrossRef] [PubMed]

Yang, M.H.; Sun, S.; Kostov, Y.; Rasooly, A. Lab-on-a-chip for carbon
nanotubes based immunoassay detection of Staphylococcal enterotoxin B
(SEB). Lab Chip 2010, 10, 1011-1017. [CrossRef] [PubMed]

Yang, M.H.; Kostov, Y.; Bruck, H.A.; Rasooly, A. Gold nanoparticle-based
enhanced chemiluminescence  immunosensor  for  detection of

Staphylococcal enterotoxin B (SEB) in food. Int. J. Food Microbiol. 2009,
37


http://dx.doi.org/10.1016/j.aca.2005.02.046
http://dx.doi.org/10.1021/ac101666y
http://www.ncbi.nlm.nih.gov/pubmed/20799707
http://dx.doi.org/10.1016/j.aca.2013.07.044
http://www.ncbi.nlm.nih.gov/pubmed/24016577
http://dx.doi.org/10.1039/C4AN00345D
http://www.ncbi.nlm.nih.gov/pubmed/25237676
http://dx.doi.org/10.1016/j.foodchem.2012.04.071
http://dx.doi.org/10.1021/ac801418n
http://www.ncbi.nlm.nih.gov/pubmed/18855418
http://dx.doi.org/10.1039/b923996k
http://www.ncbi.nlm.nih.gov/pubmed/20358108

82.

83.

84.

85.

86.

133, 265-271. [CrossRef] [PubMed]

Xue, P.; Li, Y.; Zhang, Z.; Fu, A,; Liu, F.; Zhang, X.; Sun, Y.; Chen, L.; Jin,
B.; Yang, K. Novel chemiluminescent assay for Staphylococcal enterotoxin
B. Microchim. Acta 2011, 174, 167-174. [CrossRef]

Richter, M.M. Electrochemiluminescence (ECL). Chem. Rev. 2004, 104,
3003-3036. [CrossRef] [PubMed]

Miao, W. Electrogenerated chemiluminescence and its biorelated
applications. Chem. Rev. 2008, 108, 2506-2553. [CrossRef] [PubMed]
Kijek, T.M.; Rossi, C.A.; Moss, D.; Parker, R.W.; Henchal, E.A. Rapid and
sensitive  immunomagnetic- electrochemiluminescent detection of
Staphyloccocal enterotoxin B. J. Immunol. Methods 2000, 236, 9-17.
[CrossRef]

Sun, S.; Yang, M.H.; Kostov, Y.; Rasooly, A. ELISA-LOC: Lab-on-a-chip for

enzyme-linked immunodetection.

Lab Chip 2010, 10, 2093-2100. [CrossRef] [PubMed]

38


http://dx.doi.org/10.1016/j.ijfoodmicro.2009.05.029
http://www.ncbi.nlm.nih.gov/pubmed/19540011
http://dx.doi.org/10.1007/s00604-011-0604-5
http://dx.doi.org/10.1021/cr020373d
http://www.ncbi.nlm.nih.gov/pubmed/15186186
http://dx.doi.org/10.1021/cr068083a
http://www.ncbi.nlm.nih.gov/pubmed/18505298
http://dx.doi.org/10.1016/S0022-1759(99)00234-3
http://dx.doi.org/10.1039/c003994b
http://www.ncbi.nlm.nih.gov/pubmed/20544092

87.

88.

89.

90.

91.

92.

93.

9.

95.

Yang, M.H.; Sun, S.; Kostov, Y.; Rasooly, A. An automated point-of-care
system for immunodetection of Staphylococcal enterotoxin B. Anal.
Biochem. 2011, 416, 74-81. [CrossRef] [PubMed]

Rasooly, L.; Rasooly, A. Real time biosensor analysis of Staphylococcal
enterotoxin A in food. Int. J. Food Microbiol. 1999, 49, 119-127.
[CrossRef]

Rasooly, A. Surface plasmon resonance analysis of Staphylococcal
enterotoxin B in food. J. Food Protect. 2001,

64, 37-43.
Medina, M.B. Detection of Staphylococcal enterotoxin B (SEB) with surface

plasmon resonance biosensor.
J. Rapid Methods Autom. Microbiol. 2003, 11, 225-243. [CrossRef]

Medina, M.B. A biosensor method for detection of Staphylococcal
enterotoxin A in raw whole egg. J. Rapid Methods Autom. Microbiol. 2006,
14,119-132. [CrossRef]

Medina, M.B. A biosensor method for a competitive immunoassay detection
of Staphylococcal enterotoxin B (SEB) in milk. J. Rapid Methods Autom.
Microbiol. 2005, 13, 37-55. [CrossRef]

Nedelkov, D.; Rasooly, A.; Nelson, R.W. Multitoxin biosensor—mass
spectrometry analysis: A new approach for rapid, real-time, sensitive
analysis of Staphylococcal toxins in food. Int. J. Food Microbiol. 2000, 60,
1-13. [CrossRef]

Nedelkov, D.; Nelson, R.W. Detection of Staphylococcal enterotoxin B via
biomolecular interaction analysis mass spectrometry. Appl. Environ.
Microbiol. 2003, 69, 5212-5215. [CrossRef]

Homola, J.R.; Dostalek, J.; Chen, S.F.; Rasooly, A.; Jiang, S.Y.; Yee, S.S.
Spectral surface plasmon resonance biosensor for detection of
Staphylococcal enterotoxin B in milk. Int. J. Food Microbiol. 2002, 75, 61—

69. [CrossRef]
39


http://dx.doi.org/10.1016/j.ab.2011.05.014
http://www.ncbi.nlm.nih.gov/pubmed/21640067
http://dx.doi.org/10.1016/S0168-1605(99)00053-7
http://dx.doi.org/10.1111/j.1745-4581.2003.tb00042.x
http://dx.doi.org/10.1111/j.1745-4581.2006.00035.x
http://dx.doi.org/10.1111/j.1745-4581.2005.00005.x
http://dx.doi.org/10.1016/S0168-1605(00)00328-7
http://dx.doi.org/10.1128/AEM.69.9.5212-5215.2003
http://dx.doi.org/10.1016/S0168-1605(02)00010-7

96.

97.

98.

99.

100.

101.

102.

103.

Gupta, G.; Singh, P.K.; Boopathi, M.; Kamboj, D.; Singh, B,
Vijayaraghavan, R. Surface plasmon resonance detection of biological
warfare agent Staphylococcal enterotoxin B using high affinity monoclonal
antibody. Thin Solid Films 2010, 519, 1171-1177. [CrossRef]

Soelberg, S.D.; Stevens, R.C.; Limaye, A.P.; Furlong, C.E. Surface plasmon
resonance detection using antibody-linked magnetic nanoparticles for
analyte capture, purification, concentration, and signal amplification. Anal.
Chem. 2009, 81, 2357-2363. [CrossRef] [PubMed]

Pekdemir, M.E.; Ertiirkan, D.; Kiilah, H.; Boyaci, |.H.; Ozgen, C.; Tamer, U.
Ultrasensitive and selective

homogeneous sandwich immunoassay detection by Surface Enhanced Raman
Scattering (SERS). Analyst

2012, 137, 4834-4840. [CrossRef] [PubMed]

Dong, S.Y.; Luo, G.A.; Feng, J.; Li, QW.; Gao, H. Immunoassay of
Staphylococcal enterotoxin C1 by ftir spectroscopy and electrochemical
gold electrode. Electroanal. 2001, 13, 30—33. [CrossRef]

Chatrathi, M.P.; Wang, J.; Collins, G.E. Sandwich electrochemical
immunoassay for the detection of Staphylococcal enterotoxin B based on
immobilized thiolated antibodies. Biosens. Bioelectron. 2007, 22, 2932—
2938. [CrossRef] [PubMed]

Mishra, N.N.; Maki, W.C.; Cameron, E.; Nelson, R.; Winterrowd, P,
Rastogi, S.K.; Filanoski, B.; Maki, G.K. Ultra-sensitive detection of
bacterial toxin with silicon nanowire transistor. Lab Chip 2008, 8, 868-871.
[CrossRef] [PubMed]

Tang, D.P.; Tang, J.; Su, B.L.; Chen, G.N. Ultrasensitive electrochemical
immunoassay of Staphylococcal enterotoxin B in food using enzyme-
nanosilica-doped carbon nanotubes for signal amplification. J. Agric. Food
Chem. 2010, 58, 10824-10830. [CrossRef] [PubMed]

Wu, L.Y.; Gao, B.; Zhang, F.; Sun, X.L.; Zhang, Y.Z.; Li, ZJ. A novel
electrochemical immunosensor based on magnetosomes for detection of

staphylococcal enterotoxin B in milk. Talanta 2013, 106, 360-366.
40


http://dx.doi.org/10.1016/j.tsf.2010.08.064
http://dx.doi.org/10.1021/ac900007c
http://www.ncbi.nlm.nih.gov/pubmed/19215065
http://dx.doi.org/10.1039/c2an35471c
http://www.ncbi.nlm.nih.gov/pubmed/22943047
http://dx.doi.org/10.1016/j.bios.2006.12.013
http://www.ncbi.nlm.nih.gov/pubmed/17223337
http://dx.doi.org/10.1039/b802036a
http://www.ncbi.nlm.nih.gov/pubmed/18497904
http://dx.doi.org/10.1021/jf102326m
http://www.ncbi.nlm.nih.gov/pubmed/20873791

104.

105.

106.

107.

[CrossRef] [PubMed]

Harteveld, J.L.N.; Nieuwenhuizen, M.S.; Wils, E.R.J. Detection of
Staphylococcal Enterotoxin B employing a piezoelectric crystal
immunosensor. Biosens. Bioelectron. 1997, 12, 661-667. [CrossRef]

Gao, Z.X.; Chao, F.H.; Chao, Z.; Li, G.X. Detection of Staphylococcal
enterotoxin C2 employing a piezoelectric crystal immunosensor. Sens.
Actuators B Chem. 2000, 66, 193-196. [CrossRef]

Liu, N.; Li, X.; Ma, X.; Ou, G.; Gao, Z. Rapid and multiple detections of
Staphylococcal enterotoxins by two-dimensional molecularly imprinted
film-coated QCM sensor. Sens. Actuators B Chem. 2014, 191, 326-331.
[CrossRef]

Campbell, G.A.; Medina, M.B.; Mutharasan, R. Detection of Staphylococcus
enterotoxin B at picogram levels using piezoelectric-excited millimeter-
sized cantilever sensors. Sens. Actuators B Chem. 2007, 126, 354—-360.
[CrossRef]

41


http://dx.doi.org/10.1016/j.talanta.2012.12.053
http://www.ncbi.nlm.nih.gov/pubmed/23598138
http://dx.doi.org/10.1016/S0956-5663(97)00024-9
http://dx.doi.org/10.1016/S0925-4005(00)00377-4
http://dx.doi.org/10.1016/j.snb.2013.09.086
http://dx.doi.org/10.1016/j.snb.2007.03.021

108.

109.

110.

111.

112.

113.

114.

115.

116.

Maraldo, D.; Mutharasan, R. Detection and confirmation of Staphylococcal
enterotoxin B in apple juice and milk using piezoelectric-excited millimeter-
sized cantilever sensors at 2.5 fg/mL. Anal. Chem. 2007, 79, 7636—7643.
[CrossRef] [PubMed]

Lin, H.C.; Tsai, W.C. Piezoelectric crystal immunosensor for the detection of
Staphylococcal enterotoxin B.

Biosens. Bioelectron. 2003, 18, 1479-1483. [CrossRef]

Salmain, M.; Ghasemi, M.; Boujday, S.; Spadavecchia, J.; Técher, C.; Val,
F.; Le Moigne, V.; Gautier, M.; Briandet, R.; Pradier, C.M. Piezoelectric
immunosensor for direct and rapid detection of Staphylococcal enterotoxin
A (SEA) at the ng level. Biosens. Bioelectron. 2011, 29, 140-144.
[CrossRef] [PubMed]

Karaseva, N.; Ermolaeva, T. A regenerable piezoelectric immunosensor on
the basis of electropolymerized polypyrrole for highly selective detection of
Staphylococcal enterotoxin A in foodstuffs. Microchim. Acta 2015, 182,
1329-1335. [CrossRef]

Ruan, C.; Zeng, K.F.; Varghese, O.K.; Grimes, C.A. A Staphylococcal
enterotoxin B magnetoelastic immunosensor. Biosens. Bioelectron. 2004,
20, 585-591. [CrossRef] [PubMed]

Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential
enrichment: RNA ligands to bacteriophage T4 DNA polymerase. Science
1990, 249, 505-510. [CrossRef] [PubMed]

Ellington, A.D.; Szostak, J.W. In vitro selection of RNA molecules that bind
specific ligands. Nature 1990, 346, 818-822. [CrossRef] [PubMed]
Nimjee, S.M.; Rusconi, C.P.; Sullenger, B.A. Aptamers: An emerging class
of therapeutics. Annu. Rev. Med.

2005, 56, 555-583. [CrossRef] [PubMed]

Bruno, J.G.; Kiel, J.L. Research report use of magnetic beads in selection

and detection of biotoxin aptamers by electrochemilumines-cence and
42


http://dx.doi.org/10.1021/ac070589l
http://www.ncbi.nlm.nih.gov/pubmed/17874846
http://dx.doi.org/10.1016/S0956-5663(03)00128-3
http://dx.doi.org/10.1016/j.bios.2011.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21872461
http://dx.doi.org/10.1007/s00604-015-1456-1
http://dx.doi.org/10.1016/j.bios.2004.03.003
http://www.ncbi.nlm.nih.gov/pubmed/15494243
http://dx.doi.org/10.1126/science.2200121
http://www.ncbi.nlm.nih.gov/pubmed/2200121
http://dx.doi.org/10.1038/346818a0
http://www.ncbi.nlm.nih.gov/pubmed/1697402
http://dx.doi.org/10.1146/annurev.med.56.062904.144915
http://www.ncbi.nlm.nih.gov/pubmed/15660527

117.

118.

119.

120.

121.

122.

123.

124.

enzymatic methods. BioTechniques 2002, 32, 178-183. [PubMed]
DeGrasse, J.A. A single-stranded DNA aptamer that selectively binds to

Staphylococcus aureus enterotoxin B.
PLoS ONE 2012, 7, e33410. [CrossRef] [PubMed]
Liu, AP.; Zhang, Y.X.; Chen, W.F,; Wang, X.H.; Chen, F.S. Gold

nanoparticle-based colorimetric detection of Staphylococcal enterotoxin B
using sSDNA aptamers. Eur. Food Res. Technol. 2013, 237, 323-329.
[CrossRef]

Zhao, R.; Wen, Y.Z.,; Yang, J.C.; Zhang, J.L.; Yu, X.M. Aptasensor for
Staphylococcus enterotoxin B detection using high SNR piezoresistive
microcantilevers. J. Microelectromech. Syst. 2014, 23, 1054-1062.
[CrossRef]

Wu, S.J.; Duan, N.; Ma, X.Y.; Xia, Y.; Wang, H.X.; Wang, Z.P. A highly
sensitive fluorescence resonance energy transfer aptasensor for
Staphylococcal enterotoxin B detection based on exonuclease-catalyzed
target recycling strategy. Anal. Chim. Acta 2013, 782, 59-66. [CrossRef]
[PubMed]

Huang, Y.K.; Chen, X.J.; Xia, Y.; Wu, S.J.; Duan, N.; Ma, X.Y.; Wang, Z.P.
Selection, identification and application of a DNA aptamer against
Staphylococcus aureus enterotoxin A. Anal. Methods UK 2014, 6, 690-697.
[CrossRef]

Huang, Y.K.; Chen, X.J.; Duan, N.; Wu, S.J.; Wang, Z.P.; Wei, X.L.; Wang,
Y.F. Selection and characterization of DNA aptamers against
Staphylococcus aureus enterotoxin C1. Food Chem. 2015, 166, 623-629.
[CrossRef] [PubMed]

Huang, Y.K.; Zhang, H.; Chen, X.J.; Wang, X.L.; Duan, N.; Wu, S.J.; Xu,
B.C.; Wang, Z.P. A multicolor time-resolved fluorescence aptasensor for the
simultaneous detection of multiplex Staphylococcus aureus enterotoxins in
the milk. Biosens. Bioelectron. 2015, 74, 170-176. [CrossRef] [PubMed]

Soykut, E.A.; Dudak, F.C.; Boyaci, | .H. Selection of Staphylococcal

enterotoxin B (SEB)-binding peptide using
43


http://www.ncbi.nlm.nih.gov/pubmed/11808691
http://dx.doi.org/10.1371/journal.pone.0033410
http://www.ncbi.nlm.nih.gov/pubmed/22438927
http://dx.doi.org/10.1007/s00217-013-1995-9
http://dx.doi.org/10.1109/JMEMS.2014.2345666
http://dx.doi.org/10.1016/j.aca.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23708285
http://dx.doi.org/10.1039/C3AY41576G
http://dx.doi.org/10.1016/j.foodchem.2014.06.039
http://www.ncbi.nlm.nih.gov/pubmed/25053102
http://dx.doi.org/10.1016/j.bios.2015.06.046
http://www.ncbi.nlm.nih.gov/pubmed/26141103

125.

126.

127.

128.

129.

phage display technology. Biochem. Biophys. Res. Commun. 2008, 370, 104—
108. [CrossRef] [PubMed]

Dudak, F.C.; Soykut, E.A.; Og uz, M.E.; Yasar, F.; Boyaci, [.H.
Thermodynamic and structural analysis of interactions between peptide
ligands and SEB. J. Mol. Recognit. 2010, 23, 369-378. [CrossRef]
[PubMed]

Dudak, F.C.; Kilig, N.; Demir, K.; Yasar, F.; Boyaci, I .H. Enhancing the
affinity of SEB-binding peptides by

repeating their sequence. J. Pept. Sci. 2012, 98, 145-154. [CrossRef]
[PubMed]

Temur, E.; Zengin, A.; Boyaci, |.H.; Dudak, F.C.; Torul, H.; Tamer, U.u.
Attomole sensitivity of Staphylococcal enterotoxin B detection using an
aptamer-modified surface-enhanced Raman scattering probe. Anal. Chem.
2012, 84, 10600-10606. [CrossRef] [PubMed]

Dudak, F.C.; Boyaci, | .H. Peptide-based surface plasmon resonance biosensor

for detection of Staphylococcal
enterotoxin B. Food Anal. Meth. 2014, 7, 506-511. [CrossRef]
Piletsky, S.A.; Piletska, E.V.; Bossi, A.; Karim, K.; Lowe, P.; Turner, A.P.

Substitution of antibodies and receptors with molecularly imprinted

polymers in enzyme-linked and fluorescent assays. Biosens. Bioelectron.
2001, 16, 701-707. [CrossRef]

44


http://dx.doi.org/10.1016/j.bbrc.2008.03.065
http://www.ncbi.nlm.nih.gov/pubmed/18359289
http://dx.doi.org/10.1002/jmr.1003
http://www.ncbi.nlm.nih.gov/pubmed/19941320
http://dx.doi.org/10.1002/bip.22012
http://www.ncbi.nlm.nih.gov/pubmed/22733526
http://dx.doi.org/10.1021/ac301924f
http://www.ncbi.nlm.nih.gov/pubmed/23140575
http://dx.doi.org/10.1007/s12161-013-9739-9
http://dx.doi.org/10.1016/S0956-5663(01)00234-2

130.

131.

132.

133.

Gupta, G.; Singh, P.K.; Boopathi, M.; Kamboj, D.; Singh, B.;
Vijayaraghavan, R. Molecularly imprinted polymer for the recognition of
biological warfare agent Staphylococcal enterotoxin B based on surface
plasmon resonance. Thin Solid Films 2010, 519, 1115-1121. [CrossRef]
Yao, W.; Ning, B.; Yin, H.; Gao, Z. Polyacrylamide gel beads for the
recognition of Staphylococcal enterotoxin B.

Polym. Adv. Technol. 2014, 25, 900-904. [CrossRef]

Liu, N.; Zhao, Z.; Chen, Y.; Gao, Z. Rapid detection of Staphylococcal
enterotoxin B by two-dimensional molecularly imprinted film-coated quartz
crystal microbalance. Anal. Lett. 2012, 45, 283-295. [CrossRef]

Liu, N.; Li, X.L.; Ma, X.H.; Ou, G.R.; Gao, Z.X. Rapid and multiple
detections of Staphylococcal enterotoxins by two-dimensional molecularly
imprinted film-coated QCM sensor. Sens. Actuators B Chem. 2014, 191,
326-331. [CrossRef]

45


http://dx.doi.org/10.1016/j.tsf.2010.08.054
http://dx.doi.org/10.1002/pat.3301
http://dx.doi.org/10.1080/00032719.2011.633186
http://dx.doi.org/10.1016/j.snb.2013.09.086

list of Contents

Lo INEFOUUCTION. ...ttt sttt ettt e b e bt s bt e b e s b et e s et e st enteneeseebenbeneenan 1
2. SE Identification Using Conventional Methods ..............ccoueviiieiecieciiceeeeeceeee et 2
2.0, ANIMAL TESES ..ttt ettt ettt ettt e st e st et e et et ese et e esessestensensesseseeseeseesessensensensenseneeseesensensan 2
2.2, SEIOIOQIC TESES .. uietitieeieteeeetesteetete et este st e st e testeesbestesssesseaseessesseessessasssassansesssassenssessesseessensensenns 3
3. SE Identification Using Molecular Biological Methods.............cccooieeieninieriieieiereeeeeceeieeie s 4
4.  SE Identification Using Chromatography Methods...........cceoieieriiiiesienieeeeieeeetete e 5
5. SE Identification USING IMMUNOGSSAYS .....c.c.ccuveierieerieiieteeteeitiereeiteereectesteeseetesteesesseessessesssesesseeseens 6
5.1, OpPLICAl IMMUNOASSAYS......ecveereeriereeirieeeiteeteetesteereestesteeseesseeseesesseesessaessesesseessassesssessesssesesseeseans 6
5.1.1. COolOrMELriC IMMUNOASSAYS .....ccveeveererrieierteseeetesteeeesteereesesseessessesssessessesssessesseessessesssessesseesees 7
5.1.2. FIUOIESCENT IMMUNOASSAYS .....veeveeerereeeerenteeeeetiereetesteesesteessessesseessesseessessesseessessesssessesseessessensees 9
5.1.3. Chemiluminescence IMMUNOBSSAYS .......ccverreeeerrieeeieriietestesreetesresseesesseessesseessessesseessesseseens 11
5.14. Electrochemilumingscence IMMUNOASSAYS.......c.ccveeveereeeeireereeeeereeeeereereesesreereeseeseeneereeseenns 13
5.1.5. Surface Plasmon Resonance (SPR) IMMUNOASSAYS........cc.eeveereeereereeeeereereereeereeseeereereesseeseesnens 14
5.1.6. Surface-Enhanced Raman Scattering (SERS)-Based Immunoassay ..........ccccceeeeeeverveecvenrennnns 16
5.2, Electrochemical IMMUNOGSSAYS.........cccverrerrieciirreeeeiieeeiesreetesteseeessesseesesseessessesssessessesssessesseenes 16
5.3, Mass-Based IMMUNOGSSAYS ......c..coveirieieiriireeiriereeeeeteeteeteereeteeteereesseeseessesseessesesssesesseessesesseenns 17
6. INEBW TTEINAS. ....eetieeeetictetetetettett ettt ettt ettt se e s e st e s b e s b et e s enseseeseeseeseesessesensensenseseeseeseasensensans 19
6.1.  APtamMEr-Based BIOASSAYS.......c.ccuiiuievieereerieteeteeieeteeeeieeeteeteeteereeesesseeseeeseessesesseessessesseesesseesnens 19
6.2.  Molecularly Imprinted Polymers (MIPS)-Based BiOassay ...........ccceeveeveerviereervenreeceenieseeresieennens 23
7. SUMMArY and FULUIE PrOSPECTS .....ccvivuieieieeeieieeieeeete et ete st etestesveessesteereessesseesaesseessessesseessesesseens 25
8. RETEIBICES.....oceeetieteeteteee ettt ettt ettt et et et et stese e b e et e e b e b et e s enae st eseeseeseesenaensens 27

46



