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Staphylococcal contamination of food products and staphylococcal food-borne illnesses continue to be a problem world-
wide. Screening of food for the presence of Staphylococcus aureus and/or enterotoxins using traditional methods is labori-
ous. Reliable and rapid multiplex detection methods from a single food extract or culture supernatant would simplify test-
ing. A fluorescence-based cytometric bead array was developed for the detection of staphylococcal enterotoxin B (SEB),
using magnetic microspheres coupled with either an engineered, enterotoxin-specific V� domain of the T-cell receptor
(V�-TCR) or polyclonal antibodies. The binding affinity of the V�-TCR for SEB has been shown to be in the picomolar
range, comparable to the best monoclonal antibodies. The coupled beads were validated with purified enterotoxins and
tested in a variety of food matrices spiked with enterotoxins. The V�-TCR or antibody was shown to specifically bind SEB
in four different food matrices, including milk, mashed potatoes, vanilla pudding, and cooked chicken. The use of tradi-
tional polyclonal antibodies and V�-TCR provides a redundant system that ensures accurate identification of the entero-
toxin, and the use of labeled microspheres permits simultaneous testing of multiple enterotoxins from a single sample.

Staphylococcus aureus is among the top five common pathogens
associated with food-borne illness nationwide. The Centers for

Disease Control and Prevention (CDC) estimates that there are
about 240,000 illnesses with 1,000 hospitalizations and 6 deaths
associated with staphylococcal food poisoning (SFP) annually (1).
SFP is directly linked to small (25- to 30-kDa) exotoxins, known as
staphylococcal enterotoxins (SEs), that are heat resistant, tolerate
low pH, and often persist long after the microbe has been rendered
nonviable. SEs are superantigens that induce nonspecific T-cell
activation, which can rapidly cascade to a massive release of in-
flammatory mediators and may lead to toxic shock (2, 3). SFP
occurs when improperly handled food contaminated with as little
as 100 ng of SE is consumed. SFP is marked by severe gastrointes-
tinal symptoms such as emesis, diarrhea, and/or abdominal pain
after a 4-h incubation period (4).

Suspect food products are typically analyzed by using tradi-
tional culture techniques followed by identification of enterotoxi-
genic staphylococcal strains. Food extracts positive for bacteria
may then be evaluated for the presence of preformed SEs (5). A
recent outbreak in Japan from milk contaminated with staphylo-
coccal enterotoxin A (SEA) illustrated the challenges of conven-
tional methods, since viable bacteria were not detected (6, 7). PCR
methods would be a useful screening tool for samples that are
culture negative and enterotoxin positive (8). PCR methods are
sensitive and can detect low levels of gene targets; however, this
does not verify the presence of expressed proteins, and it is unac-
ceptable as a definitive method for SE detection in the regulatory
arena. Therefore, immunological techniques using either mono-
clonal or polyclonal SE antibodies are commonly employed to
assess samples for the presence of SEs. The limit of detection for
commercially prepared sandwich assays ranges from 0.25 to 1.0
ng/ml (14); however, two limitations of the commercial assays are
an inability to analyze a single sample for multiple SEs and the
confirmatory testing requirements for some assays. Lower SE lev-
els can be detected using any method by concentrating samples, as
demonstrated during the Japanese outbreak attributed to milk

contaminated with SEA (6, 7), but one of our goals was to develop
sensitive and specific assays that minimize sample processing.

In this work, we explored the use of engineered soluble recep-
tor proteins that were developed as a way to neutralize SEs during
the disease process (9–12). The SE binds to the T-cell receptor
(TCR) variable region of the � chain (V�) (TCR-V�) on a T cell
and to the class II major histocompatibility complex (MHC) mol-
ecule on an antigen-presenting cell. The formation of this
“bridge” stimulates T cells that express a V� region for which the
SE has specificity (12). While the normal affinity of the SE-V�
interaction is quite low (in the micromolar range), the binding
affinities of several different V�s have been engineered to over
1-million-fold-higher affinities by yeast display (9–12). These V�
regions have been expressed in Escherichia coli, and the soluble
protein receptors have demonstrated high affinity, sensitivity, and
specificity and exhibited dissociation constants in the picomolar
range, as strong as, or stronger than, monoclonal antibodies
(MAbs) (9–12).

In the present study, polyclonal antibodies or a superantigen-
specific V�-TCR was coupled to uniquely labeled paramagnetic
microspheres serving as the capture entity for the superantigen, to
create a sandwich capture assay. Our objectives and initial studies
focused on the sensitivity and specificity of assays for the detection
of SEB in cell-free culture supernatants and minimally processed
spiked food matrices. The specificity of the assay was verified by
mass spectral analysis. Sensitivity and affinities for other SEs and
V�-TCRs were also evaluated.
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MATERIALS AND METHODS
Bacterial cultures. Bacterial strains were obtained from the Network on
Antimicrobial Resistance in Staphylococcus aureus (NARSA, Chantilly, VA)
and the American Type Culture Collection (ATCC, Manassas, VA). The
strains were frozen at �80°C in nutrient broth with glycerol (15%, vol/vol).

Antibodies and V�-TCR. Affinity-purified polyclonal staphylococcal
antibodies targeting either enterotoxins (SEB and SEC) or toxic shock
syndrome toxin (TSST) were purchased from Toxin Technology (Sara-
sota, FL). The V�-TCRs for SEB (G5-8), SEC (L3), and TSST (D10V) were
developed and purified in-house (9–12). Polyclonal antibodies and V�-
TCRs were used as capture proteins for the SEs, providing the assay with
redundancy.

Microsphere coupling and validation. Each antibody and V�-TCR (5
�g/ml) was covalently coupled to activated unique paramagnetic color-
coded microspheres (1.25 � 106 beads/ml) by using an amine coupling kit
(Bio-Rad, Hercules, CA) according to the manufacturer’s instructions.
Reagents required, but not included in the kit, were 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (50 mg/ml) and N-hydroxysulfosuccinimide
(50 mg/ml) (Pierce ThermoFisher, Rockford, IL). Following coupling, the
microspheres were washed with phosphate-buffered saline (PBS),
blocked using the blocking buffer provided in the kit, washed, and finally
resuspended in storage buffer, also provided in the kit. The final bead
concentration was determined by using a TC10 automated cell counter
(Bio-Rad, Hercules, CA).

Validation of ligand attachment to the beads was performed in dupli-
cate by adding biotinylated toxins SEB, SEC, and TSST (2 �g/ml) (Toxin
Technology, Sarasota FL) to separate wells containing approximately
10,000 beads/ml. Following a 30-min incubation on an orbital shaker in
the dark, the enterotoxin was removed, and the beads were resuspended in
50 �l of staining buffer with the reporter dye streptavidin R-phycoeryth-
rin conjugate (SA-PE) (2 �g/ml) (Qiagen, Valencia, CA). SA-PE was re-
moved after 10 min of incubation in the dark without shaking, and the
beads were resuspended in storage buffer and then analyzed by using the
BioPlex 200 system (Bio-Rad, Hercules, CA) (Fig. 1). Once coupling was
validated for specific pairs, i.e., anti-SEB antibody and G5-8 with SEB,

multiplex assays using combinations of antibodies, SEs, and V�-TCRs
were evaluated by pooling the coupled microspheres into one well and
testing as described above by using biotinylated enterotoxins. Each sam-
ple was run in duplicate (Fig. 2).

Flow cytometry. The BioPlex 200 flow cytometer is intended to read
assays performed utilizing multiplexing suspension array technology. The
assay components include paramagnetic fluorescently labeled micro-
spheres, a flow cytometer, and a digital signal processor equipped with
two lasers. One laser identifies the bead, and the second laser measures the
fluorescence intensity of the reporter dye that distinguishes a positive or
negative result. Readings were conducted and expressed as the median
fluorescence intensity (MFI) of 100 beads, as suggested by the manufac-
turer.

Cell-free culture supernatant preparation. Stock strains of S. aureus
were transferred onto nutrient agar, and one colony was then inoculated
into brain heart infusion (BHI) broth (pH 5.5) and incubated overnight at
35°C. Broth culture aliquots were centrifuged at 5,300 � g for 30 min to
remove cellular debris. The supernatant was diluted 1:5 in PBS with 0.1%
(wt/vol) bovine serum albumin (BSA) (PBS-BSA), and 100 �l of sample
was added to 50 �l of the microspheres, with 4.5 � 104 beads/ml per well.
The beads were incubated in the dark for 30 min on an orbital shaker and
then washed twice with PBS-BSA. Biotinylated detection antibody was
added (0.5 �g/ml), and the beads were incubated in the dark on an orbital
shaker for 20 min and then washed twice with PBS-BSA. SA-PE (2 �g/ml)
was added to each well, and the plate was incubated in the dark for 10 min
without shaking. Unbound SA-PE was removed, and beads were resus-
pended in storage buffer and then analyzed by using the BioPlex 200
system.

Evaluation of receptor and antibody specificity by LC-MS. Twenty
micrograms of either anti-SEB antibody or G5-8 V� was covalently cou-
pled to 2 mg of Dynabeads M-270 epoxy using the Dynabeads coimmu-
noprecipitation kit (final concentration, 10 �g/�l; Life Technologies,
Grand Island, NY). Two hundred micrograms of coupled Dynabeads was
washed three times with 500 �l phosphate-buffered saline with Tween
(PBS-T) and then incubated with 1 ml of cell-free culture supernatant for
30 min at room temperature. After the supernatant was removed, the
beads were washed three times with 500 �l PBS-T and once with 500 �l of
50 mM ammonium bicarbonate (Pierce, Rockford, IL). The beads were
finally resuspended in 50 �l of 50 mM ammonium bicarbonate in 9%
acetonitrile. The proteins were enzymatically digested by the addition of 1
�g of the serine protease trypsin. Digestion was allowed to proceed at 60°C
for 4 h before being quenched by the addition of 1% acetic acid (final
volume). The peptide samples were removed from the beads and analyzed
via liquid chromatography (LC) (nanoAcquity; Waters, Milford, MA)
followed by mass spectrometry (MS) (LTQ; Thermo Scientific, Waltham,
MA). Details of the LC-MS analysis were described previously (13).

Food extract testing. Aliquots of milk (6 ml) purchased from a local
grocery store were spiked with SEB to a final concentration ranging from
0.1 to 7.0 ng/ml. A duplicate experiment that tested assay reproducibility
was performed using SEB purchased from a different supplier (Sigma, St.
Louis, MO). The pH of each spiked milk aliquot was adjusted to 4, the
sample was centrifuged at 5,300 � g and filtered, and the pH was adjusted
to 7. The extracted milk samples were diluted 1:5 in PBS-BSA, and 100 �l
of sample was added to a flat-bottomed 96-well plate containing 50 �l of
the microspheres, with 4.5 � 104 beads/ml per well. The plate was incu-
bated in the dark for 30 min on an orbital shaker and then washed twice
with PBS-BSA. Biotinylated detection antibody was added (0.5 �g/ml),
and the plate was incubated in the dark on an orbital shaker for 20 min and
then washed twice with PBS-BSA. SA-PE (2 �g/ml) was added to each
well, and the plate was incubated in the dark for 10 min without shaking.
SA-PE was removed, and the beads were resuspended in storage buffer
and then analyzed by using the BioPlex 200 system (Fig. 1).

Canned chicken, prepared mashed potatoes, and prepared vanilla
pudding were purchased from a local grocery store. Each food product
was diluted 1:1 with PBS, homogenized, and split into two portions. One

FIG 1 Concept diagram for the BioPlex assay. Paramagnetic beads were cou-
pled with specific SE antibodies or V�-TCRs. SEs were incubated with approx-
imately 10,000 beads/ml, followed by an incubation with detection antibodies
and the reporter agent SA-PE. The analysis was performed by using two-chan-
nel flow cytometry (BioPlex). SAg, superantigen.
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portion was spiked with SEB to a final concentration of 8 ng/ml, and the
second portion was used as the negative control. Both portions were cen-
trifuged and filtered, and the pH was adjusted to 7, as required. Twofold
dilutions were prepared prior to mixing with the bead sets and analyzed by
using the BioPlex 200 system, as described above.

Data analysis. The BioPlex system results were calculated with MFI
software. Since each matrix may be variable, negative samples (matrix
plus beads) without the enterotoxin were used as the negative controls. A
sample was considered positive if the value was �3 times the negative
value, as described previously for a cytometric assay (16).

RESULTS AND DISCUSSION

The major challenge with immunoaffinity assays for enterotoxin
detection is the availability of good-quality monoclonal antibod-
ies. Therefore, the use of an engineered protein with high specific-
ity and affinity was appealing, since cross-reactivity associated
with polyclonal antibody use can be minimized and the produc-
tion process for the engineered proteins can yield high-quality,
standardized preparations. To examine the use of the V�-TCR
reagents in a multiplex assay, polyclonal antibodies or a V�-TCR
was coupled to uniquely labeled paramagnetic microspheres serv-
ing as the capture entity for the superantigen, to create a sandwich
capture assay (Fig. 1).

Our data from the singleplex validation assays detected SEB,
SEC, and TSST at approximately 0.1-ng/ml levels (Fig. 2A). Beads
coupled with anti-SEB antibody, G5-8 (a V� against SEB but not
SEC), anti-SEC antibody, and L3 (a V� against SEC but with a
lower affinity for SEB) were pooled and tested with biotinylated
SEB or SEC. The reactions with the V�-TCRs against SEB and SEC
showed higher MFI than the antibody-coupled counterparts, a
possible indicator of greater sensitivity (Fig. 2B). The V� reagents

showed minimal cross-reactivity with other reagents (Fig. 3 and
data not shown).

To begin to assess the potential use of the V� reagents in a
detection format with samples that contain unknown superanti-
gens, we assayed the culture supernatants from four different
strains with different genotypes for the superantigens (Fig. 3).
Strain B1751 served as a negative control, as it expresses some
superantigen genes but not SEB, SEC, or TSST-1. Strain B1747
(SEB positive [SEB�]) was positive for SEB protein with both the
polyclonal detection agent and the V�-TCR G5-8. Strains N111
(SEC3� TSST-1�) and N109 (SEC2�) were strongly positive with
the V�-TCR L3 but only weakly positive with the polyclonal anti-
SEC reagent. Strain N111 (SEC3� TSST-1�) was strongly positive
with the anti-TSST-1 polyclonal reagent and the TSST-1-specific
V�-TCR D10V. Polyclonal detection reagents often yield cross-
reactivity with SEB and SEC due to their structural similarities, but
the G5-8 reagent’s specificity for SEB can mitigate this cross-reac-
tivity when used as the immobilized capture reagent.

One of the tools that we used to determine binding specificity
was mass spectral analysis. Mass spectral evaluations were per-
formed on cell-free staphylococcal culture supernatants. Dyna-
beads were coated with either anti-SEB or G5-8 capture agents,
followed by incubation with culture supernatants of nine staphy-
lococcal strains. Mass spectral analysis identified only SEB from
the culture supernatants of the strains that were positive, as de-
tected by the multiplex system (data not shown).

To apply the multiplex approach to food samples, various food
matrices were spiked with different concentrations of SEB and
assayed with various reagents. The milk spiked with SEB was eval-
uated with beads coupled with anti-SEB antibody, G5-8, anti-SEC

FIG 2 Pooled bead sets tested with polyclonal detection agents or biotinylated enterotoxins. (A) Various concentrations of the indicated superantigens were
added in a singleplex format to beads coupled with one of the six reagents (anti-SEB antibody [Ab], G5-8, anti-SEC antibody, L3, anti-TSST-1 antibody, or
D10V). Biotinylated polyclonal antisuperantigen detection reagents were added, followed by SA-PE, and beads were assayed by flow cytometry (MFI values are
shown). Reactions were run in duplicate, except for TSST. (B) In a multiplex format, biotinylated SEB and SEC were added directly to bead sets coupled with one
of four capture agents, anti-SEB antibody, G5-8, anti-SEC antibody, or L3, followed by SA-PE. Beads were assayed by flow cytometry (MFI values are shown).
Bead assays were evaluated in a single reaction.
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antibody, L3, anti-TSST antibody, and D10V. The V�-TCR G5-8
and polyclonal antibodies exhibited similar levels of sensitivity
and specificity (0.1 to 7.0 ng/ml) (Fig. 4). These experimental re-
sults were reproducible with SEB obtained from a different man-
ufacturer (data not shown).

In contrast to the results with milk, the V�-TCR showed less
interference than the polyclonal antibodies for the other food ma-
trices, cooked chicken, prepared mashed potatoes, and prepared
vanilla pudding (Fig. 5). The assays detected SEB at 0.125 ng/ml,
lower than levels detected by commercial assays and with minimal
sample processing. For example, the SEA outbreak in Japan re-
quired extensive sample concentration steps to identify the en-
terotoxin in milk powder (6, 7).

While our results from the chicken, mashed potatoes, and va-
nilla pudding suggested that the maximum signal of detection at
the higher SEB concentrations was higher for the G5-8 V�, it is
unclear why this was not observed with the standard SEB assays

FIG 3 S. aureus culture supernatant assays. Cell-free culture supernatants of characterized Staphylococcus aureus strains were tested in multiplex assays for SEB,
SEC, and TSST to determine assay sensitivity and specificity. The top panels show a multiplex reaction for SEB using the indicated immobilized reagents and an
anti-SEB polyclonal detection agent. The middle panels show a multiplex reaction for SEC using the indicated immobilized reagents and an anti-SEC polyclonal
detection agent. The bottom panels show a multiplex reaction for TSST-1 using the indicated immobilized reagents and an anti-TSST-1 polyclonal detection
agent. The strains tested are indicated at the bottom right. The first panel shows a multiplex reaction for SEB. The bead set coupled with G5-8 shows a higher level
of detection than the polyclonal anti-SEB antibody, with low-level detection with L3. This affinity can be attributed to homology between L3 and SEB. The second
panel testing anti-SEC antibody shows a high level of detection using L3 but a very low level of detection with the bead set coupled with anti-SEC antibody. The
bead sets coupled with anti-TSST antibody and D10V were highly specific and showed high levels of sensitivity.

FIG 4 Milk spiked with SEB. Milk was spiked with SEB and tested by using a
multiplex assay for SEB, SEC, and TSST. The beads coupled with anti-SEB
antibody and G5-8 showed a limit of detection of SEB of 0.1 ng/ml, while all
other beads showed negative results.
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(Fig. 2A). This could be related to other components of these food
matrices that inhibit the antibody-based assay but not the V�-
based assay (Fig. 5).

Identification of contaminated food is essential for food safety
and key for public health. A critical element toward this goal is the
availability of reliable and sensitive assays that can rapidly detect
bacterial toxins such as SEs. The use of monoclonal antibodies and
now the engineered V�-TCRs allows for low-level detection in a
multiplex fluorescent bead-based assay to enable accurate identi-
fication and quantification of staphylococcal enterotoxins from a
single minimally processed sample.

The aim of our study was to design a robust, rapid immuno-
affinity cytometric bead array for the detection of several staphy-
lococcal enterotoxins in a single sample from either food matrices
or cell-free culture supernatants. To this end, we have developed a
redundant system using polyclonal antibodies and V�-TCRs that
specifically bind SEB, SEC, or TSST. The lower limit of detection
of our assay was at least as sensitive as or more sensitive than
commercial assays, including the VidasSET2 assay (14, 17), and
similar assays developed by other researchers (15). Further assay
optimization may allow even more sensitive detection, and it will
be useful to test spiked food in dual-multiplex assays using the
V�-TCRs and antibodies that target other enterotoxins, such as
SEA and SEC. For example, the ability to use smaller proteins such
as the V�-TCRs (10 times smaller than intact antibodies) should
enable the coating of beads at higher probe densities for possible
improvements in sensitivity. This approach may also benefit from
the controlled immobilization of the V�-TCRs using specific tags
(e.g., C-terminal biotin), rather than the random linkage of free
amines, which could lead to less optimal orientations. Finally, the
use of engineered and bacterially expressed proteins such as V�-
TCRs is advantageous since the use of traditional animal-ex-
pressed antibodies could be reduced and perhaps eliminated.
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