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a b s t r a c t

Staphylococcal enterotoxins cause food poisoning of various degrees of severity. For milk

and meat products, there is a high probability of contamination with staphylococcal

enterotoxin H (SEH). In this regard specific and sensitive methods are required to be

developed for its detection and monitoring. In this work, the gene seh was expressed and a

preparation of recombinant toxin was obtained. Using hybridoma technology, a panel of

high-affinity monoclonal antibodies (mAbs) to SEH was produced. The antibodies were

characterized and shown to have no cross-reactivity towards the main staphylococcal

enterotoxins (A, B, C1, D, E, G and I). Based on these mAbs, a method for specific and

quantitative detection of SEH was developed in the format of sandwich enzyme immu-

noassay (linear range, 0.2e3 ng/ml). All the mAbs produced revealed SEH by immuno-

blotting. Immunochemical analysis of the culture fluids of staphylococcal isolates obtained

from the milk of mastitis-infected cows by immunoblotting and sandwich enzyme

immunoassay demonstrated the conformity of these methods. Using the developed

method, the toxin was revealed in blood serum and liquid food products practically to

100%. From non-liquid foods, it was shown to be extracted to a maximum with a buffer of

pH 4.0e4.5.
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1. Introduction

Staphylococci are widespread in nature: about 30% of the

planet's population are carriers of Staphylococcus aureus [1].

The pathogenic strains of S. aureus produce toxins (staphylo-

coccal enterotoxins, SEs) and cause diseases of varying degree

of severity, frommild ailments to septic shock [2,3]. According

to the estimates of the US Centers for Disease Control and

Prevention, 240,000 cases of staphylococcal food poisoning

(SFP) occur each year in the US, leading to hospitalization in

1000 cases and to six deaths. In the European Union, the

number of SFP outbreaks is rising, with 386 SFP outbreaks

reported in 2013 [4]. Enterotoxins, the main factors of staph-

ylococcal pathogenicity, are globular proteins with a molec-

ular mass of 27e30 kDa, soluble in water and saline solutions.

They are rich in lysine, aspartic acid, glutamic acid and tyro-

sine residues. Most of thempossess a cystine loop required for

proper conformation and, probably, involved in emetic activ-

ity. They are highly stable, are persistent to most proteolytic

enzymes, such as pepsin or trypsin, thus preserving their ac-

tivity in the digestive tract after ingestion, and are resistant to

low pH values. Staphylococcal enterotoxins are also highly

heat stable; they are thought to be more heat stable in food-

stuffs than in a laboratory culture medium [5,6].

The toxic effect of SEs in primatesmanifests itself in enteric

disorders and vomiting. In the infected organism, they act as

superantigens, interacting simultaneously with T-cell re-

ceptors (TCR) and molecules of MHC class II (MHC-II) antigens

on antigen presenting cells, which leads to the suppression of

adaptive immune response and nonspecific activation of T-

lymphocytes that massively release cytokines; this, in turn,

results in a systemic shock and immune system imbalance.

Superantigenic and emetic activities of SEs are two separate

functions localized on separate domains of the protein [5].

SEH was found relatively recently. Structurally SEH is close

to other SEs; it has about a 30% homology of the amino acid

sequence with each of them. In contrast with other SEs (of pI

7.0e8.6), it is an acidic protein with an isoelectric point of 5.7

[7]. Most SEs stimulate the Vb region of the T-cell receptor; SEH

interacts with the T-cell receptor Va region [8].

There is a sufficient amount of data on its participation in

staphylococcal food poisoning. Shown that SEH-producing S.

aureus isolates are of high prevalence in staphylococcal food

poisoning cases [9]. S. aureus is the main cause of mastitis [10].

The milk of mastitis-infected animals and the products made

from this milk can contain staphylococci and SEs. The seh

gene was found in S. aureus isolates from milk and dairy

products in South Italy [11], Japan [12] and Norway [13]. The

seh gene was found in isolates S. aureus not only of cattle, but

also of small ruminants. Studies conducted in Italy showed

that the seh gene was the most frequent e 33.3% [14]. PCR

technology showed the presence of the seh gene in dried fat-

free milk during the large-scale milk-product poisoning of

more than 13,000 people in Japan in July 2000. Wherein seh

was detected more often than other SEs genes in S. aureus

isolates frommilk of cows withmastitis [12]. SEH is capable of

inducing the apoptosis of epithelial cells of staphylococcus-

infected cow mammary glands, which may be an important

factor of staphylococcal pathogenicity of mastitis [15]. Facts
that indicate the risk of contamination of milk and milk

products SEH make necessary a highly sensitive detection of

toxin.

SEH can be assayed by molecular biological methods (by

detection of the seh gene [16] and by immunochemical

methods (by detection of the protein as a gene product eval-

uation), using polyclonal antibodies specific for SEH itself [17].

However, the use of polyclonal antibodies has a number of

disadvantages (such as cross-reactivity), and the reproduc-

ibility of results often depends on the antibody batch. While

PCR is one of the techniques commonly used to screen for SE

genes, due to its simplicity and low cost, variations in

observed SEH concentrations [18] suggest that genotyping

alone is insufficient to assess the risk associated with a

particular contamination. The spread of cases of SEH-caused

food poisoning makes it necessary to develop selective and

highly sensitive methods of detecting this enterotoxin in food

products. Currently, many different formats for the immu-

nochemical determination of the analyte can be developed on

the basis of monoclonal antibodies: various versions of

Enzyme-Linked Immuno Sorbent Assay, the use of fluorescent

and fluorescent labels, including fluorescence-polarization

and fluorescence resonance energy transfer. Monoclonal an-

tibodies are also successfully used in the creation of bio-

sensors that detect the sought-for substances in situ in real

time, in which the binding of the antibody to the ligand in the

biosensor leads to a detectable signal [19]. However, the suc-

cess of any immunochemical platform is primarily deter-

mined by the quality of the antibodies used. The objective of

this work was to obtain selective reagents e monoclonal an-

tibodies to SEH, and to use them for developing methods of

immunochemical assay SEH in biological fluids and food

products.
2. Materials and methods

2.1. Isolation and cloning of the seh gene

S. aureus strain MRSA2308 provided by N.F. Gamaleya Federal

Research Center for Epidemiology &Microbiology was used as

a bacterial strain for the PCR amplification of the whole

staphylococcal seh gene. The PCR was performed using

the specific primers P1 (50-TTTCCATGGAAGATTTACACGA-
TAAAAGTGAGTTAAC-30) and P2 (50-TTTGCGGCCGCTACTTT-
TTTCTTAGTATATAGATTTAC-30). The primers were designed

according to the seh sequence (GenBank Accession Number

AY345144.1). The forward primer (P1) contained an engineered

NcoI site (underlined), and the reverse primer (P2) incorpo-

rated an engineered NotI site (underlined). The optimized PCR

conditions were as follows: initial denaturation at 95 �C for

2 min followed by 30 cycles of denaturation (95 �C, 1 min),

annealing (50 �C, 30 s), extension (72 �C, 1 min), and final

extension at 72 �C for 5 min. The amplified product was iso-

lated from the agarose gel with a Cleanup Mini kit (Eurogen,

Moscow) and cloned into the expression vector pET28b con-

taining 6 � His tag as a NcoIeNotI fragment. The ligated

product was transformed in the expression host Rosetta-gami

Escherichia coli (DE3). Recombinant clones were screened by

the PCR for the presence of toxin gene. The sequence of the

https://doi.org/10.1016/j.jfda.2017.10.011
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plasmid pET28b-seh was confirmed by DNA sequencing in

Eurogen (Moscow).

2.2. Expression and purification of recombinant SEH

To isolate SEH, E. coli cells transformed with the plasmid

containing the seh gene were cultivated in the LB medium

with kanamycin at 30 �C to a density of A680 ¼ 0.6 and then

induced by the addition of isopropyl-b-D-thiogalactopyrano-

side (IPTG) to a concentration of 1mM. The bacterial masswas

separated by centrifugation at 4000 g for 30min; themass was

lysed with 8 M urea in 20mMphosphate buffer (pH 8.0) for 2 h.

SEH was isolated by metal-chelate chromatography; the cell

lysate was centrifuged at 4000 g, applied on a Ni-NTA agarose

column (Quiagen USA) and incubated for 2 h at room tem-

perature. After that, the column was washed with 8 M urea in

20mM phosphate buffer (pH 8.0) containing 20mM imidazole.

SEH was eluted with the same solution containing 200 mM

imidazole. The SEH preparation obtained was purified by gel

filtration on a Sephacryl S-100 HR column (0.9 � 90 cm)

equilibrated with 20 mM HEPES-Na (pH 7.4) containing

150 mM NaCl. The first peak containing the aggregated forms

of the protein was discarded. Last peak containing the

monomeric form of the protein was collected and used in

further experiments.

2.3. Protein concentration assay

The concentration of SEH was measured by the Bradford

method [20]; the concentration of immunoglobulins, by

absorbance at 280 nm [21].

2.4. Preparation of hybridoma cell lines

BALB/c mice (2e3 months of age) were subcutaneously

immunized with a preparation of SEH (10 mg per mouse). The

first immunization was performed with Freund's complete

adjuvant and the next (in 2 weeks) with incomplete adjuvant.

Prior to injection, the antigen solution in phosphate-buffered

saline (PBS) was emulsified with an equal volume of adju-

vant. After 3 days, popliteal lymph nodes were isolated from

mice under sterile conditions. Lymphocytes of the immunized

animal were mixed with cells of the myeloma line SP2/0 and

treated with a polyethylene glycol solution (50%, w/v) to

obtain hybrid cells [22]. The cells were transferred to 96-well

culture plates in a DMEM (Dulbecco's Modified Eagle Me-

dium) containing 20% (v/v) FCS (fetal cow serum) and HAT

(0.1 mM hypoxanthine, 16 mM thymidine and 0.4 mM

aminopterin). A day before cell fusion, macrophages from

mouse peritoneal cavity were placed into culture plates to

create a feeder layer. Hybrid clones were grown in a humid

atmosphere with 5% CO2 at 37 �C. The presence of specific

antibodies against SEH in the supracellular supernatants was

tested by indirect solid-phase EIA (enzyme-linked immuno-

assay) by the reactionwith plastic-immobilized toxin (1 mg/ml)

in 0.05 MNa-carbonate buffer (pH 9.6). In the case of a positive

response, cells were selected, cultivated and cloned twice by

limiting dilutions in a DMEM medium containing 20% FCS.
2.5. Production and isolation of monoclonal antibodies
against SEH

Monoclonal antibodies were produced in the ascitic fluid of

BALB/c mice, which were injected with pristane (0.2 ml per

mouse) 7e10 days before the introduction of hybridoma cells.

The antibodies were isolated by affinity chromatography on a

protein A Sepharose column [23]. The antigen-binding activity

of the mAb preparations was evaluated using indirect solid-

phase EIA by the reaction with the plastic-immobilized SEH

antigen.

2.6. Determination of the types of heavy and light
chains of monoclonal antibodies

The types of heavy and light chains of the obtained antibodies

were determined by indirect solid-phase EIA, using a com-

mercial kit (Rapid ELISA mouse mAB isotyping kit) according

to producer's recommendation.

2.7. Conjugation of antibodies with biotin

A solution of antibodies (1 mg/ml) in 0.1 M bicarbonate buffer

(pH 9.0) was supplemented with biotin N-hydroxysuccinimide

ester in dimethylsulfoxide (1 mg/ml) at a molar ratio of 1:20.

After incubation for 4 h at room temperature, the solutionwas

dialyzed against PBS.

2.8. Indirect solid-phase enzyme immunoassay

SEH at a concentration of 1 mg/ml was introduced into the

wells of EIA plates, into 0.05 M carbonate buffer (pH 9.6). The

sorption was continued overnight at 4 �C. In the case of the

mAb cross-reactivity analysis, SEs (A, B, C1, D, E, G and I) were

introduced and sorbed. The free binding sites of plastic were

blocked by incubation with a 1% (w/v) solution of gelatin in

PBS for 30min, and the samples to be examined (supracellular

supernatants, immune sera, ascitic fluids, purified mAbs)

were introduced into the wells of the plate. If necessary, the

samples were prediluted with PBS containing 0.1% Tween 20

(PBST). The incubation with antigen was carried out for 1 h at

20 �C. Then the plates were washed with PBST and e after

addition of a conjugate of rabbit antibodies against mouse

immunoglobulins mixed with horseradish peroxidase and

diluted with PBST according to producer's instruction e were

incubated for 40 min. For detection, a 4 mM solution of o-

phenylenediamine in citrate-phosphate buffer (26 mM citric

acid, 50mMNa2HPO4, pH 5.0) containing 0.003% (v/v) H2O2was

used. After development of color, the reaction was stopped by

addition of an equal volume of 10% (v/v) sulfuric acid, and

absorbance was measured at 490 nm using an Anthos 2020

multi-plate reader.

2.9. Determination of antibodies' affinity constants

The affinity constants of antibodies were determined by in-

direct solid-phase EIA according to the protocol in Beatty et al.

(1987).

https://doi.org/10.1016/j.jfda.2017.10.011
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2.10. Sandwich EIA for SEH detection

Sandwich EIA was carried out as described earlier [24]. Cap-

ture mAbs were immobilized into wells of EIA plates, then

biotin-conjugated detection antibodies (-bio) and a SEH prep-

aration were added. Control wells were only filled with

detection antibodies. The immune complexes formed were

treated with streptavidin-conjugated peroxidase; after addi-

tion of o-phenylenediamine, the complexes were detected by

measuring the absorbance at 490 nm. When the expression of

SEH by S. aureus isolates was analyzed, the corresponding

culture fluids supplemented with 0.1% Tween 20 and 10%

normal rabbit serum were added.

2.11. Detection of SEH in food products

The toxin was added to samples of food products (milk with

fat content of 3.2, 2.5 and 1.5%; meat broth; cheese; minced

chicken; minced beef; cottage cheese with fat content 9%) in

terms of 2 mg per 10 g product; the samples were stirred

thoroughly for 30 min. Non-liquid products were mixed and

subjected to further extraction in a Philips blender. Extraction

was performed by (1) the addition of an equal volume of PBST;

(2) addition of two volumes of PBST; (3) addition of NaCl to a

concentration of 0.5 M and (4) decreasing pH to 4.0e4.5,

addition HCl to a concentration of 12 mM. Upon addition of

the extraction buffer, the mixture was stirred for 30 min. In

the case of an acidic extraction after incubation the mixture

was neutralized by addition of NaOH to a concentration of

12 mM. PH was monitored with indicator paper. Then the

mixture was centrifuged at 12,000 g for 10 min, and the toxin

content in the supernatant was determined by sandwich EIA.

Solutions of SEH in PBST were used as positive controls; ex-

tracts of food products without the toxin, as negative controls.

All the measurements were repeated at least 3 times.

2.12. Electrophoresis and western blot

Electrophoretic analysis of recombinant SEH and mAb prep-

arations was carried out in a 12% polyacrylamide gel by the

Laemmli method [25] in a Bio-Rad Mini Protean Tetra System

chamber (Bio-Rad, USA). Proteins from the culture fluids

were precipitated with acetone (1:9, v/v; 1-h incubation and

20-min centrifugation at 12,000 g). The gels were stained with

a 0.04% (w/v) solution of Coomassie G-250 in 3.4% (v/v)

perchloric acid.

Immunoblotting was carried out in a Bio-Rad apparatus

(Bio-Rad, USA) according to manufacturer's instruction. The

proteins were transferred onto a nitrocellulose membrane

(VladiSart (Russia); themembrane was treatedwith a blocking

solution containing 1% (w/v) gelatin in PBST. When investi-

gating the ability of antibodies to interact with SEH, the

membrane was cut into fragments, which were treated with

each of the biotinylated antibodies (1 mm/ml). For the analysis

of culture fluids, the membrane was treated with biotin-

conjugated mAb SEH-14 (1 mg/ml). After treating with

streptavidin-conjugated alkaline phosphatase (Termo Scien-

tific, USA), the blot was stained according to the instruction of

the conjugate producer.
2.13. Isolation and identification of S. aureus strains
from milk

To accumulate Staphylococcus microorganisms, an aliquot of

milk (1 ml) was added to 9 ml of mannitol salt broth (HiMedia

Laboratories Pvt. Ltd., India). Reinoculation of this culture into

Baird Parker Agar (HiMedia Laboratories Pvt. Ltd., India) and

Azide Blood Agar Pronadisa (Conda, Spain) differential-

diagnostic media yielded 30e100 colonies. For further study,

isolated colonies with characteristic features (causing b-he-

molysis and creating a zone of lecithinase activity) were

selected. To interpret biochemical features, a system for

identification of staphylococci, micrococci and related genera

(bioM�erieux, Australia) was used. Attribution of the strains to

coagulase-positive staphylococci was done using a prepara-

tion of freeze-dried plasma (freeze-dried citrate rabbit plasma;

ECOlab, Russia).

2.14. Toxigenicity analysis of staphylococcal isolates

Single identified colonies of S. aureus isolates were cultivated

in 10ml of beef-extract and salt broths on a shaker at 37 �C and

intensive aeration for 18 h. Cells were separated from the

medium by centrifugation at 4000 g for 10 min. The superna-

tant was sterilized by filtration through a 0.2-mm syringe filter

(Corning, USA). The content of SEH in the filtrates of overnight

cultures was determined by enzyme immunoassay and

immunoblotting. The bacterial pellet was used to isolate total

DNAand toperformthePCRanalysis for thepresenceof the seh

gene. The genomic DNA of S. aureus was purified with a

QIAamp DNA purification kit (Qiagen GmbH, Hilden, Ger-

many). The presence of the seh gene in the strains of S. aureus

wasdeterminedby thePCRmethod.Theprimersused todetect

the seh were designed according to its published nucleotide

sequence (GenBank Accession Number AY345144.1). The

nucleotide sequences of the forward and reverse primers

were 50-CACATCATATGCGAAAGCAGA-30 (21 NT) and 50-
CCTTTTAAATCATAAATGTCGAATGA-30 (26 NT). The opti-

mized PCR conditions were as follows: initial denaturation at

95 �C for 2 min followed by 30 cycles of denaturation (95 �C,
25 s), annealing (50 �C, 15 s), extension (72 �C, 40 s) and final

extension at 72 �C for 7 min. The presence of the amplified seh

gene was analyzed using 1% agarose gel electrophoresis. The

expected size of the PCR product must be 566 bp.
3. Results and discussion

3.1. Gene cloning and production of recombinant SEH

The specific primers P1 and P2 were used to amplify the

nucleotide sequence of the full length seh. Primers corre-

sponded to the terminal regions of the gene and contained

sites for the restriction enzymes NcoI and NotI. The region of

the gene from 1 to 72 nucleotides corresponds to a signal

peptide that is necessary for protein transfer through the

plasma membrane and is peeled off by signal endopeptidase.

This construction allowed during gene expression the accu-

mulation of a protein product in the cytoplasm of cells. The

https://doi.org/10.1016/j.jfda.2017.10.011
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seh gene of S. aureus MRSA2308 was amplified by the PCR to

yield a 671-bp amplicon (Fig. 1). The amplified gene was

ligated into the pET28b vector having 6 � His tag. The 6 � His

affinity tag facilitates purification using the NieNTAmatrix, it

is poorly immunogenic and, in a general case, does not affect

secretion, compartmentalization or folding of the fusion pro-

tein. The DNA of the cloned fragment of the recombinant

pET28b-seh was sequenced and the nucleotide code was

translated into the amino acid one; the sequence was

compared with the SEH sequence from the PubMed Protein

database (http://www.ncbi.nlm.nih.gov/protein/AAA19777.1).

The obtained sequence revealed a 100% homology with the

region 25e241 of the whole SEH. For objectives this work, the

recombinant toxin should not contain an N-terminal signal

sequence of SEH since the target protein was intended to be

purified from the cytoplasmic fraction of bacterial biomass.

Moreover, monoclonal antibodies that can be obtained to that
Fig. 1 e An electrophoregram of the seh gene in 1% agarose

gel. M, GeneRuler 100 bp Plus DNA ladder; 1, seh gene.
signal sequence would be unsuitable for the analysis of the

mature toxin in various samples.

The protein product was produced in Rosetta-gami (DE3) E.

coli cells transformed with the constructed plasmid pET28b-

seh. A schematic map of the pET28b-seh is shown in Fig. 2.

Purification of SEH from the bacterial lysate was performed

using metal-chelate chromatography with subsequent gel

filtration. As the result, the produced preparation of SEH was

virtually homogeneous (Fig. 3). Intracellular production of SEH

was made up 7 mg of pure protein per 1 l of bacterial culture.

3.2. Production and characterization of monoclonal
antibodies against SEH

The recombinant preparation of SEH was used to produced

hybridomas to the toxin. For hybridization by the

K€ohlereMilstein method, lymphocytes from popliteal lymph

nodes and cells of the myeloma line SP2/0 were used. Hy-

bridomas secreting specific antibodies were selected by indi-

rect EIA. Twenty four hybridomas were selected and recloned;

18 stable clones, secretingmonoclonal antibodies against SEH,

were singled out. Production of monoclonal antibodies was

conducted in the ascitic fluids of BALB/cmice preinjectedwith

pristane.

To characterizemonoclonal antibodies, their isotypingwas

performed (Table 1). The antibodies were isolated using af-

finity chromatography on a protein A Sepharose column. The

purity of the isolated antibodieswas not less than 95%. Table 1

shows the mAb affinity constants determined by the Beatty

method [26]. The values of Kaff varied within the range of

0.013e2.1 � 109 M�1; the number of mAbs with Kaff of 10
9 M�1

and higher was more than a half, which indicated their high

specificity to SEH (Table 1).

The use of immunoblotting for SEH detection is described

in the literature [27]; all the mAbs obtained reacted with SEH

in this test and can be used in immunoblotting assays for the

toxin.
Fig. 2 e The map of the vector pET28-seh with the cloned

seh gene.

http://www.ncbi.nlm.nih.gov/protein/AAA19777
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Fig. 3 e SDS electrophoresis of purified SEH in 12%

polyacrylamide gel. M, protein marker; 1, SEH after Ni-

NTA; 2, SEH after gel filtration on a Sephacryl S-100 HR

column.
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Staphylococcus can contain several enterotoxin genes and,

correspondingly, secrete several toxins simultaneously.

Herewith, food products get contaminated by several SEs, so it

is important that the antibodies used in the tests are specific
Table 1 e Immunochemical characteristics ofmonoclonal
antibodies against SEH.

No. Antibody Types of heavy
and light chain

Affinity constant � 109

1 SEH-1 IgG1, k 0.69

2 SEH-2 IgG2a, k 0.23

3 SEH-3 IgG2a, k 3.2

4 SEH-4 IgG2a, k 0.93

5 SEH-7 IgG2b, k 1.2

6 SEH-8 IgG1, k 1.0

7 SEH-11 IgG1, k 1.7

8 SEH-12 IgG2a, k 1.04

9 SEH-13 IgG1, k 2

10 SEH-14 IgG2a, k 1.56

11 SEH-15 IgG1, k 1.9

12 SEH-16 IgG2a, k 1.54

13 SEH-17 IgG2a, k 1.7

14 SEH-18 IgG1, k 1.8

15 SEH-19 IgG1, k 2.1

16 SEH-21 IgG2b, k 0.013

17 SEH-22 IgG1, k 0.96

18 SEH-24 IgG1, k 1
to the analyzed toxin and do not react with other toxins.

Structurally, SEH is attributed to the first group of SEs, which is

comprized of enterotoxins O, N, D, J, P, A and E [28]. Inside the

group, SEs can have significant differences in their amino acid

sequences and a substantial homology in the organization of

the secondary structures, and contain homologous, func-

tionally similar domains capable of cross-reactive interaction

with antibodies [29]. Taking into account that each SE in-

teracts with its own set of TCR and MHC-II variants, the

occurrence of more than one toxin in nutrition significantly

complicates the intoxication pattern. The presence of all

toxins in contaminated food products should be determined;

their detection and quantitative assessment requires highly

specific tools, antibodies. For this reason, an important stage

of the work was to analyze the cross-reactivity of the pro-

duced mAbs with the main staphylococcal enterotoxins.

Table 2 shows their cross-reactivity towards frequently

occurring representatives of SE families: A, B, C1, D, E, G and I.

Among those mAbs, only SEH-21 possessed a significant

cross-reactivity; it reacted with SEB and SEC1 more efficiently

thanwith SEH. SixmAbs (SEH-1, SEH-15, SEH-17, SEH-18, SEH-

19 and SEH-22) showed an insignificant reactivity with SEC1;

SEH-1 slightly reacted with SEA; SEH-1 and SEH-15 with SEB;

SEH-21 with SED.

3.3. Development of test systems for quantitative SEH
assays

Various ELISA variants based on monoclonal antibodies are

widely used for food analysis [30]. The sandwich EIA was

chosen as the most reliable, sensitive and specific detection

technique that has been well proven in SE assays [31e35]. The

antibodies obtained were used for development of a test sys-

tem quantifying SEH in the format of solid-phase sandwich

enzyme immunoassay as described earlier (Peters and

Baumgarten 1992). The antibodies were matched in pairs in

such a way that they would react with the toxin simulta-

neously, not interfering with each other, and would be suit-

able for use in the format of solid-phase sandwich enzyme

immunoassay. To reveal detection pairs of mAbs, all possible

matches were analyzed, with each antibody tested as both the

capture (bottom) one and the detection (top) one. The mAbs

for detection (hereinafter referred to as “bio”) were labeled

with biotin using biotin N-hydroxysuccinimide ester. The use

of the biotin label not only allowed identifying the signal with

streptavidin linked to horseradish peroxidase, but also

significantly amplifying it. In total, 306 antibody pairs were

testedwith respect to their signal/background ratios (values of

absorbance of chromogenic peroxidase substrate in the

experimental wells with SEH against control wells without the

toxin). As the result, 134 mAb pairs were found to have their

signal/background ratios above 20. For 5 pairs with the

maximal ratio values (about 50), the minimal limit of SEH

detection was determined. The minimal detection limit was

defined as the concentration of the tested agent, at which the

signal exceeded the background by a margin of two standard

deviations. ThemAbs pairs SEH-22þ SEH-4bio, SEH-22þ SEH-

7bio, SEH-16þ SEH-4bio, SEH-12þ SEH-16bio revealed antigen

up to a concentration of 0.4 ng/ml. The mAbs pair SEH-

24 þ SEH-18bio detected SEH up to 0.2 ng/ml. For this pair, a

https://doi.org/10.1016/j.jfda.2017.10.011
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Table 2 e Cross-reactivity of monoclonal antibodies against SEH with S. aureus enterotoxins. For all mAbs except SEH-21,
the maximal reaction with toxin H was taken as the 100% reactivity; for SEH-21, the 100% reactivity was defined as the
maximal reaction with toxins B and C1.

No. Antibody Reaction with S. aureus enterotoxins

A B C1 D E G I H

1 SEH-1 2% 5% 3% 7% e 2% 100%

2 SEH-2 e e e e e 100%

3 SEH-3 e e e e e e e 100%

4 SEH-4 e e e e e e e 100%

5 SEH-7 e e e e e e e 100%

6 SEH-8 e e e e e e e 100%

7 SEH-11 e e e e e e e 100%

8 SEH-12 e e e e e e e 100%

9 SEH-13 e e e e e e e 100%

10 SEH-14 e e e e e e e 100%

11 SEH-15 e 2% 7% e e e e 100%

12 SEH-16 e e e e e e e 100%

13 SEH-17 e e 2% e e e e 100%

14 SEH-18 e e 3% e e e e 100%

15 SEH-19 e e 4% e e e e 100%

16 SEH-21 e 100% 100% e e e e 50%

17 SEH-22 e e e e e e e 100%

18 SEH-24 e e e e e e e 100%
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calibration curve for measuring SEH was built (Fig. 4). The test

system based on mAbs SEH-24 and SEH-18 reliably detected

SEH within the linear range of 0.2e3 ng/ml with the mea-

surement error of 6%, not reactingwith SEs of types A, B, C1, D,

E, G and I.

3.4. SEH assay for blood serum and food products

The test system developed for the detection of SEH was tried

out on food products chosen based on statistical data about

their contamination with SEs. S. aureus can grow within a

broad range of temperatures (7e48.5 �C) and pH (4.2e9.3) and

sodium chloride concentrations (up to 15%). For this reason,

there is a high probability of detecting SEs inmost diverse food

products [36].
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5

0,0

0,5

1,0

1,5
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2,5

A
49
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Fig. 4 e A reference curve for calculating the SEH

concentration from sandwich EIA data. Capture antibodies,

SEH-24; detection antibodies, SEH-18bio.
A certain amount of SEHwas added to samples of products;

the contentswere incubated for 30min.When non-liquid food

products were used, extraction was made by four different

methods. The extracts were analyzed by the developed

method of sandwich EIA. As a positive control, the same

preparation of SEH in PBST was used. The results of screening

tests are presented in Table 3.

The extent of toxin detection (%) was defined as a ratio of

the absorbance for food extracts or toxin-containing liquid

food products to the absorbance of toxin in PBST, which were

both in the linear range. The results showed that in milk and

meat broth practically all the toxin was detected. The milk

samples tested differed by their fat content: 3.2, 2.5 and 1.5%.

The titration curves obtained were almost identical to the

control curve of toxin in PBST and had the same minimal

detection limit of 0.2 ng/ml. To extract the toxin in non-liquid

food products, use was made of methods that enabled pres-

ervation of protein inmaximally native state; no detergents or

chemical denaturing agents such as guanidine chloride or

urea were used. It is also important that samples of food

products could be used in immunoassay with a minimum of

manipulations. In extraction with an equal volume of PBST,

the toxin was revealed fully only in cheese. In mincedmeat, it

was detected by 86% only, and in cottage cheese, by 32%. A

two-fold increase of the extraction buffer increased the toxin

extraction efficiency to 100% from minced meat; to 70%, from

cottage cheese. Dilution of the extract decreased the assay

sensitivity by 33.3% in general. Addition of NaCl to a concen-

tration of 0.5 M during the extraction did not increase its

detection value in minced meat, and in cottage cheese

increased to 70%. A decrease of pH of the extraction buffer to

4.0e4.5 made it possible to increase the toxin detection in

minced meat to 91%, and in cottage cheese, to 80% (Table 3).

For this reason, extraction inweakly acidic conditions appears

to be optimal. The different levels of detection in cheese and

cottage cheese are difficult to interpret as these products are

https://doi.org/10.1016/j.jfda.2017.10.011
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Table 3 e Detection of SEH in food products.

Food product Detected toxina, % of toxin added

Milk, 3.2% 100 ± 0.5

Milk, 2.5% 100 ± 0.5

Milk, 1.5% 100 ± 0.5

Meat broth 100 ± 0.5

Toxin extracted in non-liquid productsa, % of toxin added

With an equal volume of PBST With two volumes of PBST 0.5 M NaCl pH 4.0e4.5

Cheese 100 ± 1 100 ± 1 100 ± 1 100 ± 1

Minced chicken 86 ± 2 100 ± 1 86 ± 2 91 ± 1

Minced beef 85 ± 2 100 ± 1 85 ± 2 91 ± 1

Cottage cheese, 9% 32 ± 1.5 70 ± 1 70 ± 1 80 ± 1

Minced beef after thermal treatment (100 �C, 30 min) 5 ± 0.5

a Mean values (n ¼ 3) taken from the linear range of titration curves.
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sufficiently close by their chemical nature and differ by the

content of fat, water and salt. A thermal treatment of beef (30-

min boiling with toxin added) lowered the SEH detection to

5%. This decrease could be explained by an incomplete

extraction of toxin due to its nonspecific adsorption by food

components at high temperature, as well as by the data on the

possible inactivation of SEs in low concentrations in preserved

products at their sterilization [36], which corresponded to the

conditions of the experiment.

The detection mAb pair SEH-24 þ SEH-18bio was also

tested for the ability to reveal SEH in a complex biological

medium, blood plasma. The toxin was fully revealed.

3.5. Analysis of culture fluids of S. aureus isolates

S. aureus was isolated from the milk of cows suffering from

mastitis. To identify the seh-gene-containing isolates, primers

other than the primers used to clone and express the gene

were used. These primers provided high specificity of the

analysis and were developed using on line service Primer-

POWER. These primers were unsuitable for the cloning and

expression of the seh gene, since they did not provide

expression of the full-length product. The isolates were

analyzed by the PCR for the presence of the seh gene; the seh-

containing strains were cultivated, and the production of the

protein in the culture was assessed by sandwich EIA and

immunoblotting. Fig. 5 shows the results of sandwich EIA

assays of seh-containing isolates using the diagnostic mAb
Fig. 5 e Detection of SEH in the culture fluid of S. aureus

isolates by sandwich EIA. a, b, c and d, culture fluids of

isolates carrying the seh gene; K, culture fluid of an isolate

without the seh gene (negative control).
pair SEH-24þ SEH-18bio. Themaximal level of SEH expression

under the conditions usedwas 45 ng/ml. Taking into account a

possibility of protein A being in the samples, the sandwich EIA

measurements were conducted in the presence of normal

rabbit serum, as described by De Boer et al. (1999). The analysis

of culture fluids of the same seh-containing isolates by

immunoblotting using mAb SEH-14 is shown in Fig. 6. The

immunoblotting data confirmed the presence of SEH in the

examined samples and showed a concordance between the

methods of analysis.
4. Conclusions

The sensitivity of the developed test system is at least 5 times

higher than the previously described similar methods [9,17].

In regard to sensitivity, the developed test system for SEH

assay is not inferior to the most popular Ridascreen (R-Bio-

pharm) test systems for the detection of staphylococcal en-

terotoxins A, B, C, D, and E. The test system Ridascreen is also

made in the sandwich-IEA format and has a minimum

detection limit of 0.25 ng/ml (http://www.r-biopharm.com/

products/food-feed-analysis/microbiology-hygiene/

staphylococcal-enteroxin-set/item/ridascreen-set-abcde).

The detecting pair MA developed in this paper can be used to

detect SEH in various modern platforms, such as surface-

enhanced Raman scattering [37] nanotechnology, for the

synthesis of nanoparticles e biosensors with immobilized

antibodies for the analysis of food products [38]. Also, the

developed detection pair can be used to create a gold-

nanoparticle-based immunochromatographic strip in combi-

nation with antibodies directed against other toxins [39e44]

and using immunomagnetic bead technology [45].

Thus, amethod of producing a highly purified recombinant

SEH was developed; 18 hybridomas, secreting highly affine

monoclonal antibodies to SEH, were obtained. The hybrid-

omas maintained a high stability when cultivated both in vitro

and in vivo. On their basis, specific test systemswere designed

in the format of sandwich enzyme immunoassay. The mini-

mal concentration of SEH detected with one of the developed

test systems is 0.2 ng/ml. Conditions of sample preparation

and SEH assay in liquid and solid food products were selected.

The test systemwas demonstrated to be suitable for detection

http://www.r-biopharm.com/products/food-feed-analysis/microbiology-hygiene/staphylococcal-enteroxin-set/item/ridascreen-set-abcde
http://www.r-biopharm.com/products/food-feed-analysis/microbiology-hygiene/staphylococcal-enteroxin-set/item/ridascreen-set-abcde
http://www.r-biopharm.com/products/food-feed-analysis/microbiology-hygiene/staphylococcal-enteroxin-set/item/ridascreen-set-abcde
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Fig. 6 e Detection of SEH in the culture fluid of isolates by immunoblotting. 1, recombinant SEH (100 ng); 2e5, samples

obtained from 2-ml culture fluid of isolates a, b, c and d containing the seh gene; 6, sample obtained from 2-ml culture fluid

of an isolate without the seh gene.
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and quantitative analysis of SEH in meat and milk products

and in blood serum. The designed method was used to mea-

sure SEH production by S. aureus isolates obtained from the

milk of mastitis-infected cows.
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