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Abstract: In this study, sixteen unique staphylococcal enterotoxin B (SEB)-reactive nanobodies (nbs),
including ten monovalent and six bivalent nbs, were developed. All characterized nbs were highly
specific for SEB and did not cross-react with other staphylococcal enterotoxins (SE). Several formats of
highly sensitive enzyme-linked immunosorbent assays (ELISAs) were established using SEB nbs and
a polyclonal antibody (pAb). The lowest limit of detection (LOD) reached 50 pg/mL in PBS. When
applied to an ELISA to detect SEB-spiked milk (a commonly contaminated foodstuff), a LOD as low
as 190 pg/mL was obtained. The sensitivity of ELISA was found to increase concurrently with the
valency of nbs used in the assay. In addition, a wide range of thermal tolerance was observed among
the sixteen nbs, with a subset of nbs, SEB-5, SEB-9, and SEB-62, retaining activity even after exposure
to 95 ◦C for 10 min, whereas the conventional monoclonal and polyclonal antibodies exhibited
heat-labile properties. Several nbs demonstrated a long shelf-life, with one nb (SEB-9) retaining
93% of its activity after two weeks of storage at room temperature. In addition to their usage in
toxin detection, eleven out of fifteen nbs were capable of neutralizing SEB’s super-antigenic activity,
demonstrated by their inhibition on IL-2 expression in an ex vivo human PBMC assay. Compared
to monoclonal and polyclonal antibodies, the nbs are relatively small, thermally stable, and easy to
produce, making them useful in applications for sensitive, specific, and cost-effective detection and
management of SEB contamination in food products.

Keywords: camelid single-domain antibody; bivalent nanobody; enzyme-linked immunosorbent
assay; limit of detection; milk; staphylococcal enterotoxin; thermal stability

Key Contribution: A collection of versatile and multivalent nanobodies were developed, having
outstanding thermal stability, affinity, and neutralization potency to SEB.

1. Introduction

Staphylococcus aureus (S. aureus) is a common opportunistic pathogen that colonizes
human skin as well as domestic animals. Approximately 50% of people are carriers
(persistent or intermittent) of S. aureus, which can lead to inadvertent contamination
during food preparation [1–5]. Consequently, over 200,000 foodborne illnesses in the US
result from S. aureus each year [6]. Complications resulting from staphylococcal food
poisoning (SFP) are largely caused by toxicity of the super-antigen (SA) staphylococcal
enterotoxin B (SEB) [7]. Super-antigens subvert the host immune system by nonspecifically
crosslinking T-cell receptors to the major histocompatibility complex class II (MHC II)
molecules on antigen-presenting cells (APCs) [8–11]. Up to 20% of T-cells are stimulated by
SAs (compared to 0.001% of the conventional peptide-specific T-cell response) [11–14]. The
resulting unregulated release of proinflammatory cytokines is characteristic of toxic shock
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and can be lethal [14,15]. Moreover, SEB is resistant to proteolytic digestion, heat treatment,
and low pH, allowing it to remain active in environments, such as the digestive tract or
processed foods, where even the organism that produces the toxin cannot persist [16–18].
Consumption of as little as 20 ng/kg of enterotoxin rapidly results in abdominal cramps,
nausea, vomiting, and sometimes diarrhea [19–21]. Due to its high stability, toxicity, and
ease of dissemination, SEB has been classified as a class B priority toxin (https://www.
niaid.nih.gov/research/emerging-infectious-diseases-pathogens, accessed on 1 June 2023)
and is considered a potential bioterrorism agent [22].

Due to the classification of SEB as a bioterrorism agent and its propensity to cause
SFP, there is a need for continued improvement of diagnostic and surveillance strategies
against SEB. Conventional monoclonal (mAb) and polyclonal antibodies (pAb) have been
shown to be effective at neutralizing the immune response to SEB [23] as well as protecting
against a lethal dose of SEB in vivo [24]. There are also a myriad of immunoassays using
mAb for the detection of SEB [25–27]. However, mAbs are laborious to screen, costly to
produce, and limited in applications due to their heat-labile nature, while pAbs often lack
specificity in antigen binding. As an alternative to conventional antibodies, single-domain
antibodies (sdAb) are a versatile tool compatible with most immunoassay formats and are
being developed for an array of promising therapeutics [28].

A nanobody (nb) is a recombinant sdAb derived from the variable region of the heavy-
chain-only antibody (VHH) found in camelids [29] or sharks [30]. It is small (~15 kDa),
highly soluble [31], and thermally stable [32,33] when compared to traditional antibodies.
Moreover, the ease of recombinant expression and multimerization [34,35] of nbs make for
facile customization of a single functional molecule with multiple binding properties.

Previous studies have demonstrated the effectiveness of isolating SEB nbs and ap-
plying them in different immunoassays for the detection of SEB. However, most of these
studies only focused on the development and characterization of a single or very few
nbs [36–39]. Here, we report the isolation and characterization of 16 unique SEB-reactive
nbs (10 monovalent and 6 bivalent) and their physical and chemical properties, including
their binding affinity and specificity to SEB in ELISAs, thermostability, shelf-life, and capac-
ity to neutralize the immune response to SEB. The information will help readers to gain a
comprehensive understanding of nbs and their potential use in different applications.

2. Results
2.1. Identification of SEB-Reactive Nanobodies

To generate nanobodies against SEB, one camelid was immunized with a SEB toxoid as
the antigen. Total RNA was isolated from PBMCs of the immunized camelid and the coding
sequences of VHH were amplified by RT-PCR for construction of an enriched SEB-binding
phage display library. Upon transformation into E. coli strain TG1, a VHH phagemid library
was constructed with a diversity of 1.7× 109. Phage antibody particles displaying the VHH
were produced and subjected to three cycles of bio-panning in plates coated with SEB. Forty
clones were randomly picked from the 3rd round-enriched pool to validate the specificity
of enrichment. Through DNA sequencing, 12 unique VHH sequences were identified
and a neighbor-joining tree revealed clusters of similar sequences (Figure 1A–C). There
were several highly similar VHHs that only differed in a few amino acids in framework
or CDR regions, such as VHHs SEB-1, SEB-15, SEB-10, SEB-13, and SEB-18. However,
highly divergent VHHs were also identified. For example, VHHs SEB-6 and SEB-9 are 98%
identical but share at most 75% sequence identity with the other ten nbs. VHHs SEB-5
and SEB-20 shared the least sequence similarity to the other 10 nbs. We suspected that
differences in the framework sequences would result in heterogeneity of protein stability
or solubility, whereas CDR sequence variability might affect SEB reactivity. Therefore, we
set out to further purify and characterize these VHH nbs.

https://www.niaid.nih.gov/research/emerging-infectious-diseases-pathogens
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Figure 1. Identification and purification of unique SEB nbs. (A) Sequence alignment of nbs. Sequence 

alignment was generated using Clustal Omega. An asterisk (*) indicates positions with conserved 

residues, a period (.) indicates conservation between groups of weakly similar properties, and a 

colon (:) indicates conservation between groups of strongly similar properties. CDR’s are indicated 

above the alignment. (B) Phylogenetic tree of unique nbs. A neighbor-joining tree was generated 

using the Clustal Omega aligning feature in Lasergene MegAlign Pro software from DNASTAR, 

Inc. Scale bar represents the branch length. (C) Distance matrix table. The matrix shows the uncor-

rected pairwise distance with global gap removal. (D,E) Analysis of purified SEB nbs. Panel (D) 

shows Coomassie-stained SDS-PAGE with 0.5 µg of SEB nbs that were only soluble in monomeric 

form. Panel (E) shows Coomassie-stained SDS-PAGE with 0.5 µg of SEB nbs that were soluble in 

both monomeric and dimeric forms. The molecular weights (kDa) of protein markers (M) are indi-

cated next to the markers. Expected monomeric and dimeric sizes are indicated by the grey and 

black arrows, respectively. 
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Figure 1. Identification and purification of unique SEB nbs. (A) Sequence alignment of nbs. Sequence
alignment was generated using Clustal Omega. An asterisk (*) indicates positions with conserved
residues, a period (.) indicates conservation between groups of weakly similar properties, and a
colon (:) indicates conservation between groups of strongly similar properties. CDR’s are indicated
above the alignment. (B) Phylogenetic tree of unique nbs. A neighbor-joining tree was generated
using the Clustal Omega aligning feature in Lasergene MegAlign Pro software from DNASTAR, Inc.
Scale bar represents the branch length. (C) Distance matrix table. The matrix shows the uncorrected
pairwise distance with global gap removal. (D,E) Analysis of purified SEB nbs. Panel (D) shows
Coomassie-stained SDS-PAGE with 0.5 µg of SEB nbs that were only soluble in monomeric form.
Panel (E) shows Coomassie-stained SDS-PAGE with 0.5 µg of SEB nbs that were soluble in both
monomeric and dimeric forms. The molecular weights (kDa) of protein markers (M) are indicated
next to the markers. Expected monomeric and dimeric sizes are indicated by the grey and black
arrows, respectively.

2.2. Production and Characterization of SEB nbs and pAb

To further characterize the SEB nbs, each nb sequence was cloned into a LIC vector
(https://www.addgene.org/29653/, accessed on 1 June 2023) and expressed in E. coli cells,
and the nb was purified. Three out of twelve nbs were insoluble (SEB-3 and SEB-11) or
poorly expressed (SEB-8) and were therefore excluded from further study. Among the
9 remaining nbs, 7 were soluble and well-expressed, yielding between 10 and 78 mg of
protein from a 1 L E. coli culture, which were significantly higher than the nbs yields
(5–20 mg/L) reported previously [37,38], and 2 (SEB-5 and SEB-9) were partially soluble
and when purified, resulted in a yield of only 0.32 mg and 6.8 mg of protein from a 1 L
E. coli culture, respectively (Table 1). Furthermore, SEB-5 required a second purification
step to produce a protein with a single distinct band at the correct size of 15 kDa on a
Coomassie-stained SDS-PAGE gel (Figure 1D,E).

https://www.addgene.org/29653/
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Table 1. SEB nb yields and LOD 1 in ELISA pairing with SEB pAb.

nb Yield (mg/L of Culture) LOD 1 Using nb as a Capturer LOD Using nb as a Detector
Monovalent Bivalent Monovalent Bivalent Monovalent Bivalent

SEB-1 78 24 3.12–6.25 2 0.19–0.39 3.12–6.25 0.05–0.10
SEB-5 0.32 -- 3 0.39 -- 0.19–0.39 --
SEB-6 24 35 62.5–125 6.25 1.5–3.15 6.25
SEB-9 6.8 -- 125 -- 3.125 --

SEB-10 22 60 250–500 3.125 3.125–6.25 0.78
SEB-13 11 60 125–250 3.9 3.125–6.25 0.78
SEB-15 69 6.8 3.12 0.39 0.19–0.39 0.39–0.78
SEB-18 10 42 25 12.5 3.12 0.78–1.5
SEB-20 9.4 -- 0.39–0.78 -- 0.39 --

1 LOD was defined as the lowest toxin concentration at which the average ELISA reading was three standard
deviations above the negative control. It is reported here in ng/mL. 2 Each toxin concentration in one experiment
was performed in triplicate—the experiment was repeated 3 times. If the LOD obtained varied between each
independent experiment, then both values are reported. 3 No data due to insolubility of the nb.

The purified nbs were then tested for their reactivity to SEB by direct ELISA. Figure 2
shows that the nine nbs bound SEB in different capacities, with nb SEB-5 producing the
highest signal. However, the sensitivity of detection was poor, with the limit of detection
(LOD) being above 10 ng/mL for all nbs tested by direct ELISA. This result was similar to
the results reported previously [36].
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Figure 2. Detection of SEB by direct ELISA using nbs. The 96-well plates were coated with SEB
0 ng/mL (white bars), 10 ng/mL (grey bars), and 100 ng/mL (black bars), and then incubated with
each nb conjugated with biotin (200 ng/mL), and then with streptavidin-HRP before ELISA signal
development with the SuperSignal West Pico Chemiluminescent substrate. Bars represent the mean
of triplicate readings ± one standard deviation from a representative experiment. Each experiment
was repeated 3 times.

One way to increase the sensitivity of detection without a loss of specificity is to
utilize sandwich ELISAs [40]. A sandwich ELISA measures the amount of antigen between
two layers of antibodies (capture and detection antibodies). The antigen to be measured
must contain at least two antigenic sites capable of binding to antibodies, since at least
two antibodies act in the sandwich. Therefore, a new pAb was developed using the SEB
toxoid as the antigen. The two rabbits immunized with the toxoid showed high serum
antibody titers (≥1:8000) in ELISA using plates coated with 10 ng/mL of SEB (Figure S1A).
Western blot analysis showed that the pAb IgG detected the SEB active toxin (Figure S1B).
Each nb was then re-evaluated by pairing with the pAb in sandwich ELISAs. As expected,
pairing nbs with the pAb in a sandwich ELISA remarkably increased the sensitivity of
detection. Table 1 indicates that the best ELISAs were obtained by using the pAb as a
capturer and SEB-5 or SEB-15 nbs as a detector. The LOD from these two ELISAs was
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190 pg/mL, much lower than the ELISA results obtained from direct ELISAs. Compared
with the LOD obtained from a similar assay format that used a mAb as a capturer and
a nb-alkaline phosphatase fusion protein as a detector [36], this LOD was about 7.5-fold
lower. To avoid the need of biotinylating the detection antibodies, we also used the nbs as
capture antibodies and the pAb as the detecting antibody. The best antibody pair in this
setting was SEB-5/pAb, with a LOD of 390 pg/mL (Table 1).

It has been reported that the binding affinity of a nb for its substrate/antigen can be
easily increased through oligomerization without compromising the intrinsic properties
of the nb [34,41,42]. Therefore, bivalent nbs were generated by expressing tandem VHH
sequences connected by a flexible serine-glycine linker sequence (bivalent forms of nb are
indicated by either SEB-#2 or are explicitly stated to be bivalent). The yields of generated
bivalent nbs are indicated in Table 1. Bivalent nbs SEB-52, SEB-92, and SEB-202 were
insoluble. It is notable that the corresponding monovalent forms of these three insoluble
bivalent nbs had poor solubility and low protein yields. However, the remaining 6 nbs
in bivalent form were successfully expressed as 30 kDa soluble proteins (Figure 1E). As
previously reported [34,41,42], the bivalent forms of the nbs had a stronger binding affinity
than their monovalent forms in most cases (Table 1). It was found that the sandwich ELISA
using SEB pAb as a capturer and the SEB-1 bivalent nb as a detector exhibited the best
sensitivity, with a LOD of 50 pg/mL (Figure 3). This is the most sensitive ELISA for SEB, to
our knowledge.
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Figure 3. Detection of SEB in PBS by sandwich ELISA. SEB polyclonal antibody (1 ug/mL) was used
as a capture antibody and biotinylated nb SEB-12 (0.2 µg/mL) was used as a detection antibody.
Black circles represent the mean of three replicates ± one standard deviation. The horizontal dashed
line equals the mean counts from PBS (no toxin control) plus three SD.

Nbs with sequence variations in CDR may suggest that these nbs bind to distinct
SEB epitopes and thus might serve as compatible antibody pairs in a sandwich ELISA. To
identify the best nb pair for a sandwich ELISA, all possible combinations of nb pairs were
evaluated using each of the nbs, with significant variations in CDR as either the capture or
the detector antibody. We found that the best result was obtained when using nb SEB-12 as
a capture antibody and biotinylated nb SEB-20 as a detector. This ELISA detected as little
as 780 pg/mL of SEB. The five most sensitive nb pairs are shown in Table 2. Based on the
ELISA data, we inferred that SEB-1 and SEB-9 bind distinct epitopes from either SEB-5 or
SEB-20. Further, there was no signal from SEB-1 when paired with SEB-9 or when SEB-5
was paired with SEB-20 (data not shown). It is possible that these pairs bind to overlapping
epitopes or in some way occlude binding of the second nb.

2.3. Heat Stability

One of the hallmarks of camelid-derived nbs is their ability to reversibly melt and
refold across a broad range of temperatures that are not permissible with conventional
antibodies [32,33]. We assessed the heat stability of the SEB nbs by measuring their activities
with a direct ELISA after incubation for 10 min at 63 ◦C, 75 ◦C, or 95 ◦C, compared to
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antibodies held at room temperature (Figure 4). The most stable molecules were SEB-5 and
SEB-9, which retained more than 80% of the binding activity, followed by the SEB-62 nb,
which retained more than 60% of the binding activity after 10 min at 95 ◦C. The next most
stable antibody tested was the pAb, which was partially active after treatment at 75 ◦C, but
completely inactivated after treatment at 95 ◦C for 10 min. Finally, SEB-12 and the mAb
were only partially active after treatment at 63 ◦C, and almost completely inactivated at
75 ◦C and above. Previous studies [33] showed that an SEB nb retained 100% of its binding
activity after 20 min at 95 ◦C, while a conventional antibody lost all binding after 10 min
at 95 ◦C. These data suggest that most nbs are more thermally stable than conventional
antibodies and could be preferable options in assays designed to minimize the effects of
temperature fluctuations.

Table 2. LOD for SEB (ng/mL) from sandwich ELISA using nb pairs.

Capture Detector LOD

SEB-12 SEB-20 0.78

SEB-5 SEB-12 1.87

SEB-20 SEB-12 3.75

SEB-5 SEB-9 3.75

SEB-20 SEB-9 3.75
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Figure 4. Thermostability of nbs. Antibodies including nbs, mAb, and pAb were diluted to
100 µg/mL in PBS and then incubated for 10 min at room temperature (black bars), 63 ◦C (light grey
bars), 75 ◦C (medium dark grey bars), and 95 ◦C (dark grey bars), respectively. These antibodies
were then diluted to 200 ng/mL for use in a direct ELISA. For the direct ELISA, plates were coated
with 5 µg/mL of SEB, and then incubated with antibodies. After adding appropriate secondary
antibodies, the plates were developed with 100 µL of substrate for signal generation. The ELISA
signal was corrected by subtracting the average of the negative control (PBS) and then scaled to the
room temperature-treated antibodies. Bars represent the mean of triplicate readings ± one standard
deviation from one representative experiment. Each experiment was repeated 2 times.

2.4. Shelf-Life

The shelf-life of immunoassay diagnostic tools is largely determined by the antibody
stability under certain storage conditions. To determine the suitability of the SEB nbs for
use in an ELISA kit stored at room temperature, changes in the binding activity of SEB nbs
stored at room temperature relative to nbs stored at 4 ◦C were measured. Unsurprisingly,
there was no significant loss of signal by the pAb stored for two weeks at room temperature
compared with that stored at 4 ◦C. In contrast, the signal of the mAb, SEB-12, and SEB-5
decreased by 25%, 36%, and 19%, respectively, over a two-week period. The nbs with the
longest shelf-life, SEB-9 and SEB-62, maintained 93% and 86% of binding activity after
storage at room temperature for two weeks (Figure 5).
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Figure 5. Shelf-life of nbs. Antibodies including nbs, mAb, and pAb were stored at room temperature
for 0 (black bars), 8 (dark grey bars), and 16 (light grey bars) days, respectively. Direct ELISA was
performed by coating plates with 5 µg/mL of SEB, and then incubated with antibodies stored at
room temperature for different time lengths, followed by adding secondary antibodies and signal
development. The ELISA signal was corrected by subtracting the average of the negative control
(PBS) and then scaled to the antibodies stored at 4 ◦C (0 day at room temperature). Bars represent
the mean of triplicate readings ± one standard deviation from one representative experiment. Each
experiment was repeated 2 times.

2.5. Specificity of SEB nbs

As many as 29 staphylococcal super-antigens have been identified [43]. Among them,
SEA, SEB, SEC, SED, and SEE are the five major SEs commonly associated with SFP. These
SAs are highly similar in structure [44]. To test if they are immunologically distinct, we
investigated the cross-reactivity of the nbs to SEA, SEE, and SED (note: SEC was not tested
because it was not available during this study). All the nbs developed in this study, as well
as the pAb, could not detect 100 ng/mL of SEA, SEE, or SED when tested in a direct ELISA
(Figure S2). We conclude that the nbs and pAb are highly specific for SEB.

2.6. Detection of SEB in Milk

S. aureus is capable of growing and producing toxins in dairy products, which if
consumed could result in illness in as few as three hours [5,19,45]. Therefore, we wanted to
determine if the nbs developed here can be used in assays for the detection of SEB in milk.
The four most sensitive capture nbs were tested in a sandwich ELISA, paired with the pAb.
No matrix effect was found in toxin-spiked milk (whole and 2%) compared to PBS. The
most sensitive ELISA for SEB in milk was using the antibody pair SEB-12/pAb (Table 3),
which had a LOD between 190 and 390 pg/mL. Nb-based immunoassays with similar
sensitivity for the detection of SEB in milk were also previously reported [36,37,39]. We
conclude that these SEB-reactive nbs could be reliably applied for use with dairy products.

2.7. Nanobody Neutralization of SEB

As a super-antigen, SEB is a potent activator of the immune system, capable of pro-
moting the unregulated release of proinflammatory cytokines that can result in toxic shock.
Currently, there are no approved therapies for SEB. Passive immunotherapy with engi-
neered nbs could be an option for SEB exposure. Therefore, the anti-SEB nanobody panel
was screened for neutralization properties in an ex vivo human PBMC assay. IL-2 expres-
sion was measured using an ELISA (Biolegend) after PBMCs were co-incubated with SEB
alone, SEB with anti-SEB pAb, or SEB with nanobodies for 24 h. Of the 15 nbs screened,
11 exhibited significant neutralization of SEB compared to the control group without anti-
body treatment (p ≤ 0.05), but the greatest reductions in IL-2 expression were with SEB-6,
SEB-20, SEB-18, and SEB-62 (Figure 6). These data demonstrate that the nanobodies have
neutralization properties and that their applications can extend beyond detection assays.
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Table 3. LOD for SEB-spiked (ng/mL) milk.

sdAb Matrix LOD

SEB-12
Whole 0.19–0.39 *

2% 0.19–0.39
PBS 0.19–0.39

SEB-5
Whole 0.39

2% 0.19–0.39
PBS 0.39

SEB-152
Whole 0.39

2% 0.39
PBS 0.39

SEB-20
Whole 0.39

2% 0.39–0.78
PBS 0.78

* If the LOD varied between assays, then both values are reported.
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Figure 6. Nanobody neutralization of SEB toxin ex vivo. Human PBMCs were co-incubated with
25 ng/mL of SEB or 25 ng/mL of SEB with an equal concentration of nanobody or anti-SEB polyclonal
antibody for 24 h at 37 ◦C. IL-2 expression was measured from the culture supernatant using an
ELISA and normalized to the group of PBMCs treated with SEB (without antibodies). Results display
combined data from three independent experiments, n = 9. Statistics used were the Mann–Whitney
test with SEM. ns indicates p > 0.05, statistically insignificant; *, **, ***, and **** indicate statistically
significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, and p ≤ 0.0001, respectively.

3. Discussion

SEB is one of the most potent super-antigens responsible for SFP and is an NIH class B
priority toxin [22]. The low toxic dose of SEB and its potential use as a bioterrorism agent
necessitate sensitive tools for detection and neutralization [19–21]. Several nbs and nb-based
immunoassays for detection of SEB in buffer and milk have been reported, with varying
degrees of sensitivity and specificity [36–39]. However, the diverse properties of nbs were
not well-reflected in those studies because very few nbs were characterized. In this study,
we identified 16 SEB-reactive nbs and assessed their utility in various applications under
multiple conditions. We found that all the nbs screened here varied in solubility, sequence,
and binding affinity to SEB when tested in ELISAs, as well as thermal and temporal stability
and neutralization capability. Although not all nbs may be capable of competing with
conventional mAbs and pAbs in terms of detection sensitivity and neutralization capability,
they had advantages such as small size, stability in harsh conditions, low production costs,
and their potential to be engineered to fit the needs of the final applications.

In this study, several nbs were highly similar. In fact, SEB-10, SEB-13, and SEB-18
were identical in their CDR sequence and only differed by one amino acid (AA) in the
framework. All three were soluble and stable in a bivalent form but were poor detectors
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for SEB toxin. In contrast, SEB-1 and SEB-15, which shared 97% sequence identity with the
SEB-10/13/18 cluster, were among the most sensitive bivalent nbs when tested by ELISA.
The two AA differences between the SEB-10/13/18 cluster and the SEB-1/15 cluster, one
in CDR2 and one in CDR3, are likely responsible for the variation in the toxin reactivity
of the two groups. Of all the nbs, SEB-12 produced the lowest LOD when paired with
either a capturing pAb or a detecting SEB-20 nb, so it might be a good candidate for further
development in sandwich ELISAs.

Reagent shelf-life is an issue for biosensors. As such, nbs are ideally suited for use
in immuno-biosensors due to their stability and long shelf-life. The nbs developed here
demonstrated a range of stability over a two-week period when stored at room temperature.
SEB-12 was one of the more sensitive nbs in the ELISA, however, it was the least stable over
time. In contrast, SEB-62 and SEB-9 maintained 86% and 93% activity, respectively, after
long-term storage. SEB-62 or SEB-9 might be suitable tools for use in detection platforms,
such as lateral flow strips that are commonly packaged and stored at ambient temperatures.

S. aureus is a common dairy contaminant, and environments encountered during food
production and processing can result in fluctuations in SEB production [17]. Therefore, it is
important for tools used in food safety to be able to function in nonstandard lab conditions.
When challenged to temperatures commonly used during pasteurization, several of the SEB
nbs demonstrated high thermal tolerance. Indeed, SEB-5, SEB-9, and SEB-62 maintained
partial functionality after exposure to 95 ◦C, with SEB-5 retaining over 80% activity. With
the high degree of thermal stability combined with an activity that persists in the presence
of dairy products, SEB-5 is a good candidate for further development as a reagent used in
dairy production.

In summary, a suite of SEB-reactive nbs were developed. Each had its own unique
characteristics, with some suited to applications that require tolerance to high temperatures,
or high sensitivity for diagnostics, whereas others were more suited for therapeutics or
assays requiring a long shelf-life. One of the advantages of using nbs instead of conventional
antibodies is the ease at which they can be genetically manipulated. We generated bivalent
nbs by utilizing a flexible linker between two monovalent nbs and found that in most
cases, the bivalent nbs outperformed the monovalent nbs when they were tested in ELISAs.
According to previous reports, it is possible to increase the valency well-above two through
genetic approaches [41,46]. As such, the nbs developed here could be used to generate a
monospecific multimer, exhibiting multiple functions with respect to the SEB reactivity. For
example, SEB-62 linked with SEB-12 could generate a molecule that can both detect and
neutralize SEB. Further, the SEB nbs could be combined with heterospecific nbs to generate
a multimeric protein that can target multiple foodborne toxins simultaneously.

4. Materials and Methods
4.1. Immunization of Camelid and Antibody Phage Display Library Screening

SEB-reactive nbs were screened by phage display technology using a library developed
from an immunized camel (Creative Biolabs, Ramsey Road, Shirley, NY, USA). A SEB toxoid
(List Biological, Campbell, CA, USA LIST Labs) was used as an antigen for subcutaneous
immunization of one camelid (Camelus bactrianus) and the subsequent generation of a SEB
nb phage display library. Briefly, the camel was immunized five times with a three-week
interval between injections of an emulsion of the mixed toxoids, with an equal volume of
complete Freund adjuvant (600 µg/600 µL). Peripheral blood mononuclear cells (PBMCs)
from 400 mL of blood were isolated by centrifugation with Ficoll Hypaque density gradient
centrifugation. Total RNA was isolated from PBMCs using TRIzol reagent and used for
RT-PCR of the nb sequences. The nb coding sequences were then ligated into pDISPLAY-
3MTm and used to generate the nb phage display library. SEB-binding nbs were enriched
by four rounds of bio-panning against the SEB toxoid, and unique nbs were identified by
DNA sequencing.
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4.2. Bioinformatics

The unique nb sequences were aligned using Clustal Omega [47]. Lasergene MegAlign
Pro software (DNASTAR, Inc, Madison, WI, USA) was used to generate a neighbor-joining
tree and a distance matrix table, showing the uncorrected pairwise distance with global
gap removal.

4.3. nb Cloning, Expression, and Purification

Monovalent nb DNA fragments with a LIC fusion tag (5′TACTTCCAATCCAATGCA3′

at the N-terminus and 5′TTATCCACTTCCAATGTTATTA3′ at the C-terminus) were syn-
thesized by IDT (Coralville, IA, USA). The synthesized DNA was then cloned into the
pET His6 TEVLIC vector-1B following the instructions for the Addgene plasmid #29653
(https://www.addgene.org/29653/, accessed on 1 June 2023). The ligated plasmid was
verified by PCR and transformed into either BL21 (ThermoFisher, Emeryville, CA) or T7
Shuffle cells (New England Biolabs, Ipswich, MA) for protein expression.

Bivalent nb fragments were produced by overlapping PCR. Primers (Table S1) encod-
ing the sequence of a serine glycine linker (GGGSGGGSGGGS) on either the 5′ or 3′ end
were used to amplify DNA from the synthesized DNA from IDT. The resulting fragments
were then gel-extracted for purity, mixed in equal molar ratios, and used as the template
for a second round of PCR using the LIC primers. The resulting cemented amplicon was
then cloned into the pET His6 TEVLIC vector-1B, as described above, and transformed into
Shuffle T7 cells.

For monovalent and bivalent nb expression, an overnight culture (20 mL) was diluted
1:50 into 1 L of Lysogeny Broth (LB) medium supplemented with 50 µg/mL of kanamycin.
The cell cultures were then incubated with shaking at 37 ◦C (BL21) or 30 ◦C (T7 Shuffle)
until reaching an optical density of 0.6 at the wavelength 600 nm (OD600); at this point,
protein production was induced by the addition of isopropylβ-d-1-thiogalactopyranoside
(IPTG) at a final concentration of 1 mM at 16 ◦C for 20 h (BL21) or 30 ◦C for 3 h (T7 Shuffle).
The cells were harvested by centrifugation at 8000× g for 10 min at 4 ◦C. The cell pellet
was lysed in a 1:10 volume of nickel NTA buffer (20 mM Tris pH 8, 300 mM NaCl, 20 mM
Imidazole, 10% Glycerol). Lysates were clarified by centrifugation at 15,000× g for 10 min
at 4 ◦C and purified by affinity chromatography using a nickel NTA column HisTrap™
Fast Flow (Sigma-Aldrich, Inc. St. Louis, MO, USA) with elution buffer (20 mM Tris pH 8,
300 mM NaCl, 10% glycerol, 500 mM imidazol). The purified protein was concentrated, and
buffer-exchanged into 1× phosphate-buffered saline (PBS), and when needed, biotinylated
using the Lightning-Link® Rapid Type A Biotin Antibody Labeling Kit (Novus biologics,
Centennial, CO, USA). The nb identified as SEB-5 was further purified by gel filtration on
an AKTA FPLC using the Superdex 200-XK 26/70 column (GE Healthcare, Marlborough,
MA, USA), as previously described [48,49].

4.4. Production and Purification of Rabbit Polyclonal Antibodies against SEB

The polyclonal antibody (pAb) raised against the SEB toxoid was produced by Pacific
Immunology Corp (Ramona, CA, USA). Briefly, the SEB toxoid (List Biological, Campbell,
CA, USA) was emulsified with either complete Freund’s adjuvant (1st immunization) or
incomplete adjuvant (2nd to 4th boosts) prior to immunization. The emulsion was injected
into two rabbits, 14,809 and 14,810, at 3-week intervals (~300 g of toxoid was injected
per rabbit at each time point). The toxoid injection did not result in cytotoxicity to either
rabbit. Following the 3rd injection, bleeds were collected and evaluated for anti-SEB activity
by ELISA.

Sera from the first and second bleed of rabbit 14,809 and the third and fourth bleed
of rabbit 14,810 were pooled and antibodies were purified by affinity chromatography on
a Protein A-conjugated agarose column (Pierce Protein A IgG Purification Kit–Thermo
Scientific, Waltham, MA, USA), and then bound antibodies were eluted with 0.1 M glycine-
HCl, pH 2.7. Protein concentrations were determined based on OD at 280 nm, measured
with an Eppendorf BioSpectrometer (Hamburg, Germany).

https://www.addgene.org/29653/
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4.5. ELISA

Sandwich ELISAs were performed as previously described [50]. Briefly, 96-well black
NUNC Maxisorp flat-bottom plates (Thermo Scientific, Waltham, MA, USA) were coated
with 100 µL/well of 1 µg/mL of the indicated capture antibody and incubated at 4 ◦C
overnight. After overnight incubation, the plates were washed two times in 0.02 M Tris
buffered saline with 0.9% NaCl, pH 7.4, and 0.05% Tween-20 (TBST), blocked in 5% non-fat
dry milk (NFDM)-TBST or 3% BSA-TBST for an hour, and then incubated with samples
in 1X PBS at room temperature for 1 h. The plates were washed in TBST six times and
incubated with the indicated detection antibody (200 ng/mL in NFDM-TBST). Goat anti-
mouse HRP, goat anti-rabbit HRP, goat anti-llama HRP, or streptavidin (SA)-HRP was
added as a secondary antibody after washing six times in TBST. Plates were developed with
100 µL of SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Waltham,
MA, USA) and luminescence was read on a Victor3 plate reader (Perkin Elmer, Waltham,
MA, USA) over a period of 0.1 s. The limit of detection (LOD) was defined as the lowest
toxin concentration at which the average ELISA reading was three standard deviations
above the negative control.

A direct ELISA was performed as described above. However, plates were coated
directly with 100 µL of the indicated toxin at 5 µg/mL, 100 ng/mL, 10 ng/mL, or a PBS
control and incubated overnight at 4 ◦C. After overnight incubation, the plates were blocked
in the appropriate buffer for one hour, washed twice, and then incubated with the indicated
detection antibody.

4.6. Spiking SEB in Milk Samples

Whole milk and 2% milk were used to test for the detection of the toxin in a dairy-based
product. Serial dilutions of SEB were prepared in whole and 2% milk. Spiked samples were
then analyzed in a sandwich ELISA, as described above.

4.7. Heat Treatment

The indicated Ab was diluted to 100 ug/mL in PBS and then incubated for ten minutes
at room temperature, 63 ◦C, 75 ◦C, or 95 ◦C in a thermocycler. Samples were rapidly cooled
by placing on ice and then diluted to 200 ng/mL for use in a direct ELISA. Plates were
coated overnight with SEB at 5 µg/mL or with PBS only. Each reading was corrected by
subtracting the average of the PBS control. The relative change in signal was calculated as:
(corrected CPS/average of CPS at room temperature) × 100.

4.8. Shelf-Life

Antibodies were stored either at room temperature or at 4 ◦C for 1, 8, and 16 days and
used in a direct ELISA at 50 ng/mL. Plates were coated overnight with SEB at 5 µg/mL or
with PBS only. Each reading was corrected by subtracting the average of the PBS control.
The relative change in signal was calculated as: (corrected CPS at room temp/average
corrected CPS at 4 ◦C) × 100.

4.9. Screening of nbs with Neutralization Activity

Human PBMCs were isolated from whole blood using gradient centrifugation with
Lymphoprep and SepMate (StemCell Technologies). Cells were seeded at 1.5 × 105 cells
per well in 100 µL of R10 media in round-bottom plates. PBMCs treated with SEB (without
antibodies) were used as a negative control for baseline IL-2 production. SEB (25 ng/mL)
and SEB (25 ng/mL) with an equal concentration of nanobodies or pAb were co-incubated
with PBMCs for 24 h. The supernatant was collected and used for a human IL-2 ELISA
(Biolegend) to measure the neutralization efficacy. Results display combined data from three
independent experiments, n = 9. Statistics used were the Mann–Whitney test with SEM.
Here, “ns” was used to indicate p > 0.05 (statistically insignificant) and *, **, ***, and ****
indicate statistical significance at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, and p ≤ 0.0001, respectively.



Toxins 2023, 15, 400 12 of 14

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins15060400/s1, Table S1: Primers used in this study. Figure S1:
The activity of antisera. Figure S2: Specificity of SEB nbs.

Author Contributions: Conceptualization, X.H.; formal analysis, A.C.H. and M.K.; investigation,
A.C.H., M.K., W.D., Y.Z. and X.H.; project administration, X.H.; resources, C.T., R.R. and B.H.;
supervision, X.H.; writing—original draft, A.C.H. and X.H.; writing—review and editing, C.T., R.R.,
B.H., Y.Z. and X.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by USDA-ARS National Program 108, CRIS project 2030-
42000-053-00D.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article or supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. van Belkum, A.; Verkaik, N.J.; de Vogel, C.P.; Boelens, H.A.; Verveer, J.; Nouwen, J.L.; Verbrugh, H.A.; Wertheim, H.F. Reclassifica-

tion of Staphylococcus aureus nasal carriage types. J. Infect. Dis. 2009, 199, 1820–1826. [CrossRef] [PubMed]
2. Eriksen, N.H.; Espersen, F.; Rosdahl, V.T.; Jensen, K. Carriage of Staphylococcus aureus among 104 healthy persons during a

19-month period. Epidemiol. Infect. 1995, 115, 51–60. [CrossRef] [PubMed]
3. Hu, L.; Umeda, A.; Kondo, S.; Amako, K. Typing of Staphylococcus aureus colonising human nasal carriers by pulsed-field gel

electrophoresis. J. Med. Microbiol. 1995, 42, 127–132. [CrossRef]
4. Nemati, M.; Hermans, K.; Lipinska, U.; Denis, O.; Deplano, A.; Struelens, M.; Devriese, L.A.; Pasmans, F.; Haesebrouck, F.

Antimicrobial resistance of old and recent Staphylococcus aureus isolates from poultry: First detection of livestock-associated
methicillin-resistant strain ST398. Antimicrob. Agents Chemother. 2008, 52, 3817–3819. [CrossRef] [PubMed]

5. Abdi, R.D.; Gillespie, B.E.; Vaughn, J.; Merrill, C.; Headrick, S.I.; Ensermu, D.B.; D’Souza, D.H.; Agga, G.E.; Almeida, R.A.; Oliver,
S.P.; et al. Antimicrobial Resistance of Staphylococcus aureus Isolates from Dairy Cows and Genetic Diversity of Resistant Isolates.
Foodborne Pathog. Dis. 2018, 15, 449–458. [CrossRef] [PubMed]

6. Scallan, E.; Hoekstra, R.M.; Angulo, F.J.; Tauxe, R.V.; Widdowson, M.A.; Roy, S.L.; Jones, J.L.; Griffin, P.M. Foodborne illness
acquired in the United States--major pathogens. Emerg. Infect. Dis. 2011, 17, 7–15. [CrossRef]

7. White, J.; Herman, A.; Pullen, A.M.; Kubo, R.; Kappler, J.W.; Marrack, P. The V-Beta-Specific Superantigen Staphylococcal
Enterotoxin-B—Stimulation of Mature T-Cells and Clonal Deletion in Neonatal Mice. Cell 1989, 56, 27–35. [CrossRef]

8. Fleischer, B.; Schrezenmeier, H. T-Cell Stimulation by Staphylococcal Enterotoxins—Clonally Variable Response and Requirement
for Major Histocompatibility Complex Class-Ii Molecules on Accessory or Target-Cells. J. Exp. Med. 1988, 167, 1697–1707.
[CrossRef]

9. Fraser, J.D. High-Affinity Binding of Staphylococcal Enterotoxin-a and Enterotoxin-B to Hla-Dr. Nature 1989, 339, 221–223.
[CrossRef]

10. Hudson, K.R.; Tiedemann, R.E.; Urban, R.G.; Lowe, S.C.; Strominger, J.L.; Fraser, J.D. Staphylococcal enterotoxin A has two
cooperative binding sites on major histocompatibility complex class II. J. Exp. Med. 1995, 182, 711–720. [CrossRef]

11. Marrack, P.; Blackman, M.; Kushnir, E.; Kappler, J. The toxicity of staphylococcal enterotoxin B in mice is mediated by T cells.
J. Exp. Med. 1990, 171, 455–464. [CrossRef] [PubMed]

12. Fraser, J.; Arcus, V.; Kong, P.; Baker, E.; Proft, T. Superantigens—Powerful modifiers of the immune system. Mol. Med. Today 2000,
6, 125–132. [CrossRef] [PubMed]

13. Leder, L.; Llera, A.; Lavoie, P.M.; Lebedeva, M.I.; Li, H.; Sekaly, R.P.; Bohach, G.A.; Gahr, P.J.; Schlievert, P.M.; Karjalainen, K.;
et al. A mutational analysis of the binding of staphylococcal enterotoxins B and C3 to the T cell receptor beta chain and major
histocompatibility complex class II. J. Exp. Med. 1998, 187, 823–833. [CrossRef]

14. Miethke, T.; Wahl, C.; Heeg, K.; Echtenacher, B.; Krammer, P.H.; Wagner, H. T cell-mediated lethal shock triggered in mice by
the superantigen staphylococcal enterotoxin B: Critical role of tumor necrosis factor. J. Exp. Med. 1992, 175, 91–98. [CrossRef]
[PubMed]

15. Fast, D.J.; Schlievert, P.M.; Nelson, R.D. Toxic shock syndrome-associated staphylococcal and streptococcal pyrogenic toxins are
potent inducers of tumor necrosis factor production. Infect. Immun. 1989, 57, 291–294. [CrossRef] [PubMed]

16. Schantz, E.J.; Roessler, W.G.; Wagman, J.; Spero, L.; Dunnery, D.A.; Bergdoll, M.S. Purification of staphylococcal enterotoxin B.
Biochemistry 1965, 4, 1011–1016. [CrossRef]

17. Sihto, H.M.; Stephan, R.; Engl, C.; Chen, J.; Johler, S. Effect of food-related stress conditions and loss of agr and sigB on seb
promoter activity in S. aureus. Food Microbiol. 2017, 65, 205–212. [CrossRef]

18. Schwabe, M.; Notermans, S.; Boot, R.; Tatini, S.R.; Kramer, J. Inactivation of staphylococcal enterotoxins by heat and reactivation
by high pH treatment. Int. J. Food Microbiol. 1990, 10, 33–42. [CrossRef]

https://www.mdpi.com/article/10.3390/toxins15060400/s1
https://www.mdpi.com/article/10.3390/toxins15060400/s1
https://doi.org/10.1086/599119
https://www.ncbi.nlm.nih.gov/pubmed/19419332
https://doi.org/10.1017/S0950268800058118
https://www.ncbi.nlm.nih.gov/pubmed/7641838
https://doi.org/10.1099/00222615-42-2-127
https://doi.org/10.1128/AAC.00613-08
https://www.ncbi.nlm.nih.gov/pubmed/18663024
https://doi.org/10.1089/fpd.2017.2362
https://www.ncbi.nlm.nih.gov/pubmed/29394099
https://doi.org/10.3201/eid1701.P11101
https://doi.org/10.1016/0092-8674(89)90980-X
https://doi.org/10.1084/jem.167.5.1697
https://doi.org/10.1038/339221a0
https://doi.org/10.1084/jem.182.3.711
https://doi.org/10.1084/jem.171.2.455
https://www.ncbi.nlm.nih.gov/pubmed/2303780
https://doi.org/10.1016/S1357-4310(99)01657-3
https://www.ncbi.nlm.nih.gov/pubmed/10689316
https://doi.org/10.1084/jem.187.6.823
https://doi.org/10.1084/jem.175.1.91
https://www.ncbi.nlm.nih.gov/pubmed/1730929
https://doi.org/10.1128/iai.57.1.291-294.1989
https://www.ncbi.nlm.nih.gov/pubmed/2642470
https://doi.org/10.1021/bi00882a005
https://doi.org/10.1016/j.fm.2017.03.006
https://doi.org/10.1016/0168-1605(90)90005-P


Toxins 2023, 15, 400 13 of 14

19. Asao, T.; Kumeda, Y.; Kawai, T.; Shibata, T.; Oda, H.; Haruki, K.; Nakazawa, H.; Kozaki, S. An extensive outbreak of staphylococcal
food poisoning due to low-fat milk in Japan: Estimation of enterotoxin A in the incriminated milk and powdered skim milk.
Epidemiol. Infect. 2003, 130, 33–40. [CrossRef]

20. Gill, D.M. Bacterial toxins: A table of lethal amounts. Microbiol. Rev. 1982, 46, 86–94. [CrossRef]
21. Crawley, G.J.; Black, J.N.; Gray, I.; Blanchard, J.W. Clinical chemistry of staphylococcal enterotoxin poisoning in monkeys. Appl.

Microbiol. 1966, 14, 445–450. [CrossRef] [PubMed]
22. Madsen, J.M. Toxins as weapons of mass destruction. A comparison and contrast with biological-warfare and chemical-warfare

agents. Clin. Lab. Med. 2001, 21, 593–605. [CrossRef] [PubMed]
23. Hamad, A.R.; Herman, A.; Marrack, P.; Kappler, J.W. Monoclonal antibodies defining functional sites on the toxin superantigen

staphylococcal enterotoxin B. J. Exp. Med. 1994, 180, 615–621. [CrossRef] [PubMed]
24. LeClaire, R.D.; Bavari, S. Human antibodies to bacterial superantigens and their ability to inhibit T-cell activation and lethality.

Antimicrob. Agents Chemother. 2001, 45, 460–463. [CrossRef]
25. Hnasko, R.; Lin, A.V.; McGarvey, J.A. Rapid Detection of Staphylococcal Enterotoxin-B by Lateral Flow Assay. Monoclon. Antib.

Immunodiagn. Immunother. 2019, 38, 209–212. [CrossRef]
26. Wu, S.; Duan, N.; Gu, H.; Hao, L.; Ye, H.; Gong, W.; Wang, Z. A Review of the Methods for Detection of Staphylococcus aureus

Enterotoxins. Toxins 2016, 8, 176. [CrossRef] [PubMed]
27. Chiao, D.J.; Wey, J.J.; Tsui, P.Y.; Lin, F.G.; Shyu, R.H. Comparison of LFA with PCR and RPLA in detecting SEB from isolated

clinical strains of Staphylococcus aureus and its application in food samples. Food Chem. 2013, 141, 1789–1795. [CrossRef]
[PubMed]

28. Steeland, S.; Vandenbroucke, R.E.; Libert, C. Nanobodies as therapeutics: Big opportunities for small antibodies. Drug Discov.
Today 2016, 21, 1076–1113. [CrossRef]

29. Hamers-Casterman, C.; Atarhouch, T.; Muyldermans, S.; Robinson, G.; Hamers, C.; Songa, E.B.; Bendahman, N.; Hamers, R.
Naturally occurring antibodies devoid of light chains. Nature 1993, 363, 446–448. [CrossRef]

30. Greenberg, A.S.; Avila, D.; Hughes, M.; Hughes, A.; McKinney, E.C.; Flajnik, M.F. A new antigen receptor gene family that
undergoes rearrangement and extensive somatic diversification in sharks. Nature 1995, 374, 168–173. [CrossRef]

31. Barthelemy, P.A.; Raab, H.; Appleton, B.A.; Bond, C.J.; Wu, P.; Wiesmann, C.; Sidhu, S.S. Comprehensive analysis of the factors
contributing to the stability and solubility of autonomous human VH domains. J. Biol. Chem. 2008, 283, 3639–3654. [CrossRef]
[PubMed]

32. Perez, J.M.; Renisio, J.G.; Prompers, J.J.; van Platerink, C.J.; Cambillau, C.; Darbon, H.; Frenken, L.G. Thermal unfolding of a
llama antibody fragment: A two-state reversible process. Biochemistry 2001, 40, 74–83. [CrossRef]

33. Goldman, E.R.; Anderson, G.P.; Liu, J.L.; Delehanty, J.B.; Sherwood, L.J.; Osborn, L.E.; Cummins, L.B.; Hayhurst, A. Facile
generation of heat-stable antiviral and antitoxin single domain antibodies from a semisynthetic llama library. Anal. Chem. 2006,
78, 8245–8255. [CrossRef] [PubMed]

34. Conrath, K.E.; Lauwereys, M.; Wyns, L.; Muyldermans, S. Camel single-domain antibodies as modular building units in bispecific
and bivalent antibody constructs. J. Biol. Chem. 2001, 276, 7346–7350. [CrossRef] [PubMed]

35. van der Linden, R.H.; Frenken, L.G.; de Geus, B.; Harmsen, M.M.; Ruuls, R.C.; Stok, W.; de Ron, L.; Wilson, S.; Davis, P.; Verrips,
C.T. Comparison of physical chemical properties of llama VHH antibody fragments and mouse monoclonal antibodies. Biochim.
Biophys. Acta 1999, 1431, 37–46. [CrossRef]

36. Sun, T.; Zhao, Z.; Liu, W.; Xu, Z.; He, H.; Ning, B.; Jiang, Y.; Gao, Z. Development of sandwich chemiluminescent immunoassay
based on an anti-staphylococcal enterotoxin B Nanobody-Alkaline phosphatase fusion protein for detection of staphylococcal
enterotoxin B. Anal. Chim. Acta 2020, 1108, 28–36. [CrossRef]

37. Turner, K.B.; Zabetakis, D.; Legler, P.; Goldman, E.R.; Anderson, G.P. Isolation and epitope mapping of staphylococcal enterotoxin
B single-domain antibodies. Sensors 2014, 14, 10846–10863. [CrossRef]

38. Zanganeh, S.; Rouhani Nejad, H.; Mehrabadi, J.F.; Hosseini, R.; Shahi, B.; Tavassoli, Z.; Aramvash, A. Rapid and Sensitive
Detection of Staphylococcal Enterotoxin B by Recombinant Nanobody Using Phage Display Technology. Appl. Biochem. Biotechnol.
2019, 187, 493–505. [CrossRef]

39. Ji, Y.; Li, X.; Lu, Y.; Guo, P.; Zhang, G.; Wang, Y.; Zhang, Y.; Zhu, W.; Pan, J.; Wang, J. Nanobodies Based on a Sandwich
Immunoassay for the Detection of Staphylococcal Enterotoxin B Free from Interference by Protein A. J. Agric. Food Chem. 2020, 68,
5959–5968. [CrossRef]

40. Sakamoto, S.; Putalun, W.; Vimolmangkang, S.; Phoolcharoen, W.; Shoyama, Y.; Tanaka, H.; Morimoto, S. Enzyme-linked
immunosorbent assay for the quantitative/qualitative analysis of plant secondary metabolites. J. Nat. Med. 2018, 72, 32–42.
[CrossRef]

41. Fan, K.; Jiang, B.; Guan, Z.; He, J.; Yang, D.; Xie, N.; Nie, G.; Xie, C.; Yan, X. Fenobody: A Ferritin-Displayed Nanobody with High
Apparent Affinity and Half-Life Extension. Anal. Chem. 2018, 90, 5671–5677. [CrossRef] [PubMed]

42. Chen, G.; Karauzum, H.; Long, H.; Carranza, D.; Holtsberg, F.W.; Howell, K.A.; Abaandou, L.; Zhang, B.; Jarvik, N.; Ye, W.; et al.
Potent Neutralization of Staphylococcal Enterotoxin B In Vivo by Antibodies that Block Binding to the T-Cell Receptor. J. Mol.
Biol. 2019, 431, 4354–4367. [CrossRef] [PubMed]

43. Hu, D.-L.; Li, S.; Fang, R.; Ono, H.K. Update on molecular diversity and multipathogenicity of staphylococcal superantigen
toxins. Anim. Dis. 2021, 1, 7. [CrossRef]

https://doi.org/10.1017/S0950268802007951
https://doi.org/10.1128/mr.46.1.86-94.1982
https://doi.org/10.1128/am.14.3.445-450.1966
https://www.ncbi.nlm.nih.gov/pubmed/4961554
https://doi.org/10.1016/S0272-2712(18)30023-4
https://www.ncbi.nlm.nih.gov/pubmed/11577702
https://doi.org/10.1084/jem.180.2.615
https://www.ncbi.nlm.nih.gov/pubmed/7519243
https://doi.org/10.1128/AAC.45.2.460-463.2001
https://doi.org/10.1089/mab.2019.0028
https://doi.org/10.3390/toxins8070176
https://www.ncbi.nlm.nih.gov/pubmed/27348003
https://doi.org/10.1016/j.foodchem.2013.05.002
https://www.ncbi.nlm.nih.gov/pubmed/23870892
https://doi.org/10.1016/j.drudis.2016.04.003
https://doi.org/10.1038/363446a0
https://doi.org/10.1038/374168a0
https://doi.org/10.1074/jbc.M708536200
https://www.ncbi.nlm.nih.gov/pubmed/18045863
https://doi.org/10.1021/bi0009082
https://doi.org/10.1021/ac0610053
https://www.ncbi.nlm.nih.gov/pubmed/17165813
https://doi.org/10.1074/jbc.M007734200
https://www.ncbi.nlm.nih.gov/pubmed/11053416
https://doi.org/10.1016/S0167-4838(99)00030-8
https://doi.org/10.1016/j.aca.2020.01.032
https://doi.org/10.3390/s140610846
https://doi.org/10.1007/s12010-018-2762-y
https://doi.org/10.1021/acs.jafc.0c00422
https://doi.org/10.1007/s11418-017-1144-z
https://doi.org/10.1021/acs.analchem.7b05217
https://www.ncbi.nlm.nih.gov/pubmed/29634235
https://doi.org/10.1016/j.jmb.2019.03.017
https://www.ncbi.nlm.nih.gov/pubmed/30928493
https://doi.org/10.1186/s44149-021-00007-7


Toxins 2023, 15, 400 14 of 14

44. Rasooly, R.; Do, P.; He, X.; Hernlem, B. Alternative to Animal Use for Detecting Biologically Active Staphylococcal Enterotoxin
Type A. Toxins 2018, 10, 540. [CrossRef]

45. Veras, J.F.; do Carmo, L.S.; Tong, L.C.; Shupp, J.W.; Cummings, C.; Dos Santos, D.A.; Cerqueira, M.M.; Cantini, A.; Nicoli, J.R.; Jett,
M. A study of the enterotoxigenicity of coagulase-negative and coagulase-positive staphylococcal isolates from food poisoning
outbreaks in Minas Gerais, Brazil. Int. J. Infect. Dis. 2008, 12, 410–415. [CrossRef] [PubMed]

46. Zhang, J.B.; Tanha, J.; Hirama, T.; Khieu, N.H.; To, R.; Hong, T.S.; Stone, E.; Brisson, J.R.; MacKenzie, C.R. Pentamerization of
single-domain antibodies from phage libraries: A novel strategy for the rapid generation of high-avidity antibody reagents.
J. Mol. Biol. 2004, 335, 49–56. [CrossRef]

47. Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; Lopez, R.; McWilliam, H.; Remmert, M.; Soding, J.; et al. Fast,
scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 2011, 7, 539.
[CrossRef]

48. Skinner, C.; McMahon, S.; Rasooly, R.; Carter, J.M.; He, X. Purification and characterization of Shiga toxin 2f, an immunologically
unrelated subtype of Shiga toxin 2. PLoS ONE 2013, 8, e59760. [CrossRef]

49. He, X.; Quinones, B.; McMahon, S.; Mandrell, R.E. A single-step purification and molecular characterization of functional Shiga
toxin 2 variants from pathogenic Escherichia coli. Toxins 2012, 4, 487–504. [CrossRef]

50. He, X.; Kong, Q.; Patfield, S.; Skinner, C.; Rasooly, R. A New Immunoassay for Detecting All Subtypes of Shiga Toxins Produced
by Shiga Toxin-Producing E. coli in Ground Beef. PLoS ONE 2016, 11, e0148092. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/toxins10120540
https://doi.org/10.1016/j.ijid.2007.09.018
https://www.ncbi.nlm.nih.gov/pubmed/18206412
https://doi.org/10.1016/j.jmb.2003.09.034
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1371/journal.pone.0059760
https://doi.org/10.3390/toxins4070487
https://doi.org/10.1371/journal.pone.0148092

	Introduction 
	Results 
	Identification of SEB-Reactive Nanobodies 
	Production and Characterization of SEB nbs and pAb 
	Heat Stability 
	Shelf-Life 
	Specificity of SEB nbs 
	Detection of SEB in Milk 
	Nanobody Neutralization of SEB 

	Discussion 
	Materials and Methods 
	Immunization of Camelid and Antibody Phage Display Library Screening 
	Bioinformatics 
	nb Cloning, Expression, and Purification 
	Production and Purification of Rabbit Polyclonal Antibodies against SEB 
	ELISA 
	Spiking SEB in Milk Samples 
	Heat Treatment 
	Shelf-Life 
	Screening of nbs with Neutralization Activity 

	References

