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Abstract: Staphylococcal enterotoxin A (SEA) is a worldwide public health problem accounting for
the majority of food poisoning which is produced by Staphylococcus aureus, threatening human
health and leading to various foodborne diseases. Therefore, it is of great significance to develop a
sensitive detection method for SEA to ensure food safety and prevent foodborne diseases in
humans. In this study, an adaptive fluorescence biosensor for the detection of staphylococcal
enterotoxin A (SEA) was designed and developed by combining DNA silver nanoclusters (DNA-
AgNCs) with polypyrrole nanoparticles (PPyNPs). Fluorescent AgNCs, synthesized using aptamers
as templates, were used as fluorescence probes, whose fluorescence was quenched by PPyNPs. In
the presence of the target SEA, DNA-AgNCs were forced to desorb from the surface of PPyNPs
through the binding of SEA with the aptamer-DNA-AgNCs, thereby resulting in fluorescence
recovery. Under the optimized conditions, the relative fluorescence intensity (FI) showed a linear
relationship with the SEA concentration in the range from 0.5 to 1000 ng/mL (Y = 1.4917X + 0.9100,
R? =0.9948) with a limit of detection (LOD) of 0.3393 ng/mL. The sensor was successfully used to
evaluate the content of SEA in milk samples, and the recovery efficiency of SEA was between 87.70%
and 94.65%. Thus, the sensor shows great potential for application in food analysis. In short, the
proposed platform consisted of an aptamer fluorescent sensor that can be used for the ultrasensitive
detection of various toxins by taking advantage of the excellent affinity and specificity of
corresponding aptamers.

Keywords: staphylococcal enterotoxin A (SEA); aptamer-functionalized AgNCs; polypyrrole
nanoparticles (PPyNPs); fluorescence aptasensor detection

1. Introduction

Food safety is a major global public health concern, especially the hazards caused by foodborne
pathogens, among which Staphylococcus aureus, a Gram-positive bacteria that can produce a variety
of enterotoxins, neurotoxins, and cytotoxins, is one of the most common pathogens [1-3]. There are
currently 24 reported species of Staphylococcus aureus enterotoxin [4]. Among them, staphylococcal
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enterotoxin A (SEA) is responsible for the main cases of Staphylococcus aureus food poisoning
worldwide [5,6]. It often contaminates the foods such as meat, poultry, eggs, milk, and dairy products
[5-10]. Moreover, the intake of SEA up to 50 ng (body weights of 70 kg) [11] can cause food poisoning
and other diseases, as well as the exacerbation of various diseases [12,13]. For instance, it is also likely
to cause life-threatening toxic shock [14,15]. Additionally, the cooking process may not eliminate the
toxin in the contaminated food because of heat-resistant [13], proteolytically stable, and small
monomeric proteins (molecular weight (MW) = 27 kDa) of SEA that can resist a series of harsh
conditions [16].

Therefore, rapid detection of SEA is essential to ensure food safety. In this regard, many fast,
highly sensitive, and specific SEA detection methods were developed in recent years, as shown in
Table S2 (Supplementary Materials), such as high-performance liquid chromatography (HPLC)
methods [17] and liquid chromatography-tandem mass spectrometry (LC-MS/MS) [18,19]; however,
these methods require expensive equipment and reagents, and they take more time to prepare
samples and perform analysis. In addition, various biosensors such as quartz crystal microbalances
[20], electrochemical immunosensors [21,22], enzyme-linked immunosorbent assays [23],
chemiluminescence enzyme immunoassay (CLEIA) [24], surface plasmon resonance (SPR) [25],
capillary electrophoresis with laser-induced fluorescence detection [26], and others were also
developed to detect SEA [10,18,24,27,28]. The disadvantages of these methods are the extraction and
concentration of enterotoxins prior to analysis, time consumption, and personal skills. Immunoassays
are commonly used to detect proteins, but the low stability of the antibodies used in the assay often
affects the accuracy of the results and requires more analysis time [29,30]. Compared with antibodies,
aptamers have many significant advantages, including low immunogenicity, chemical durability,
low molecular weight, and high affinity, and they are relatively inexpensive [31]. Therefore, it is
necessary to develop an efficient, sensitive, specific, and easy-to-use aptamer-based method to detect
SEA.

Recently, aptamer-based fluorescent biosensors received great attention due to numerous
advantages, such as high sensitivity [32], specificity [33], and simplicity [34-36]. DNA silver
nanoclusters (DNA-AgNCs) have the advantages of high quantum yield, strong photostability, low
toxicity, adjustable fluorescence emission [37], and excellent biocompatibility [37-42]. In this study,
we combined the silver salt with aptamers coupled with nucleation sequences at the appropriate
temperature and reducing agents to synthesis the DNA-AgNCs as fluorescent luminescent
nanomaterials. The aptamer-functionalized DNA-AgNCs with specific recognition of the SEA
domain can be formed without purification by using the SEA aptamer as the template [43]. The
aptamer can specifically recognize the SEA ligand and bind to its target with high affinity and
specificity. DNA-AgNCs can specifically recognize SEA while producing fluorescence, and the DNA
sequence does not require any modification to avoid the effect of space resistance [44,45].

Polypyrrole nanoparticles (PPyNPs) have a w-rich structure, and single-stranded DNA (ssDNA)
can be adsorbed onto PPyNPs by strong m—mt stacking [46,47]. In addition, PPyNPs can quench the
fluorescence of near-surface materials. Moreover, PPyNPs also have the properties of selective
absorption of DNA and low specific absorption of proteins [47-49]. Therefore, we chose the PPyNPs
as an effective quenching agent for DNA-AgNCs and combined PPyNPs with DNA-AgNCs to
assemble the SEA aptamer sensors. These properties of PPyNPs can not only increase their absorption
ability toward DNA-AgNCs, but also reduce their nonspecific binding to SEA. When PPyNPs bind
to DNA-AgNCs, the energy of the DNA-AgNC fluorescence region is absorbed by PPyNPs, resulting
in fluorescence quenching. After the target SEA is added, the appropriate fragment of SEA and DNA-
AgNCs causes the release of the DNA-AgNCs from the PPyNP surface and restores the fluorescence,
which is measured and used for quantitation.
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2. Materials and Methods

2.1. Chemicals and Materials

HPLC purified oligonucleotides were obtained from Shanghai Sangon Biotechnology Co., Ltd.
(Shanghai, China), and all the sequences are shown in Table S1 (Supplementary Materials). Silver
nitrate (99%) and bovine serum albumin (BSA) were purchased from Aladdin Chemistry Co., Ltd.
(Shanghai, China). Sodium chloride, disodium hydrogen phosphate, sodium dihydrogen phosphate,
citric acid, potassium dihydrogen phosphate, potassium chloride, NaBH4, polyvinyl alcohol,
polypyrrole, and FeCls-6H20 were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Staphylococcal enterotoxin A (SEA), staphylococcal enterotoxin B (SEB), staphylococcal
enterotoxin C1 (SEC1), and staphylococcal enterotoxin D (SED) (99%) were purchased from Beijing
Bomai Biotechnology Co., Ltd. (Beijing, China). Ultrapure water (18.2 MQ/cm) was used in all
experiments.

2.2. DNA-AgNC/PPyNP Characterization

The ultraviolet-visible light (UV-Vis) absorption spectra were recorded using a UV-1800
spectrophotometer (Shimadzu Co., Kyoto, Japan). The emission spectra were obtained on a Hitachi
F-7000 fluorescence spectrophotometer (Hitachi Ltd., Tokyo, Japan). Transmission electron
microscopy (TEM) was performed at room temperature using a JEM-2100HR transmission electron
microscope (JEOL, Tokyo, Japan) with an accelerating voltage of 200 kV.

2.3. Preparation of DNA-AgNCs

The DNA-AgNCs were synthesized according to a previously reported synthesis method with
slight modification [50], and the whole reaction was carried out in the dark. Briefly, a 100 uM DNA
template was dissolved in phosphate buffer (pH = 7.2), heated at 95 °C for 10 min, and cooled in an
ice bath for 10 min. Then, 300 uM of AgNOs was added to the solution, and the mixture was incubated
at 4 °C for 30 min. Afterward, freshly prepared NaBHs was immediately added to the resulting
mixture and rapidly stirred for 5 min. The DNA-AgNCs were prepared at a molar ratio of 1:20:20
(DNA:Ag+*BHy+). The solution was incubated in the dark at 4 °C for 6 h to obtain the maximum
fluorescence intensity (FI). Unless otherwise stated, the concentration of the prepared DNA-AgNCs
refers to the final concentration of DNA used.

2.4. Preparation of PPyNPs

PPyNDPs were synthesized and purified according to previous reports with some modifications
[51]. Briefly, 1.3 g of FeCls:6H20 and 1.5 g of polyvinyl alcohol (PVA) were dissolved in 50 mL of
deionized water and stirred for 1 h in an ice bath to obtain a pale-yellow solution. Then, after adding
240 uL of pyrrole monomer, the solution was exposed to the oxidant in the solution (FeCls-6H20) to
initiate polymerization. After a few minutes, the solution changed from yellowish to black, and it was
then stirred for 4 h. After completion of the reaction, the samples were separated by centrifugation
and washed three times with hot water. The samples were dialyzed in the dark using a 25-kDa
molecular weight cut-off (MWCO) dialysis bag against ultrapure water for 48 h and replaced every
6 h. PPyNPs were obtained after drying.

2.5. Fluorescence Detection of SEA Toxins

The DNA-AgNCs@PPyNPs were prepared as follows: PPyNPs (8 mg/mL) and DNA-AgNCs
(2.4 uM) were mixed for 10 min at 37 °C. Then, SEA was added to the DNA-AgNCs@PPyNPs at
different concentrations in the range of 0.5 to 1000 ng/mL, and the solutions were incubated for 30
min at 37 °C. The fluorescence emission spectrum was recorded at 634 nm.
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2.6. Sample Preparation and Measurement

Since dairy products are often contaminated with enterotoxin, milk was selected as the actual
sample to evaluate the performance of the biosensors in complex media. Milk samples purchased
from supermarkets were used to verify the experimental results. All milk samples were within the
shelf life and were not contaminated with large amounts of SEA. A series of SEA standard solutions
with a concentration gradient were added to 100 pL milk for standard recovery. Each sample was
centrifuged at 4000 rpm for 10 min at 25 °C, and the fat layer was removed. Then, the sample was
added to the sensing system, and the FI of the mixed reactant was directly measured at 634 nm on a
fluorescence spectrophotometer. Six parallel replicate experiments were performed for each
concentration, and the entire process was protected from light.

3. Results

3.1. Principle of the Detection Method

A schematic diagram of the detection methods of SEA is shown in Scheme 1. We optimized the
DNA sequence to increase FI to improve sensor sensitivity. The DNA template in DNA-AgNCs
consists of two fragments: one is the main luminescent fragment of AgNCs at the 5" end, which is
used to increase the sensitivity by increasing the fluorescence range, and the other is the 3’ end of the
SEA aptamer (apt) recognition target segment [36]. DNA-AgNCs can be adsorbed onto PPyNPs by
strong m—mt stacking interactions, directing energy transfer from AgNCs (energy donors) to PPyNPs
(energy receptors). The fluorescence emitted from the luminous region of DNA-AgNCs is absorbed
by PPyNPs, which leads to fluorescence quenching. In the presence of the target SEA, the binding of
SEA to the aptamer of DNA-AgNCs causes the release of DNA-AgNCs from the surface of PPyNPs,
resulting in fluorescence recovery. With the increase in SEA concentration, the FI increases
proportionately, allowing SEA detection to be achieved.

MWV apT VW C6G5C6  NMVWVAYY DNA-AgNCs
o Ag . PPYNPs Target

Scheme 1. Schematic illustration of the dynamic quenching principle for staphylococcal enterotoxin
A (SEA) sensing.

3.2. Optimization of DNA-AgNC Conditions

Since the method is more sensitive when the FI of DNA-AgNCs is higher, we studied the
conditions for the preparation of DNA-AgNCs in order to maximize the fluorescence efficiency. We
firstly investigated the effect of the DNA sequence on the fluorescence efficiency of the DNA-AgNCs.
Recently, studies showed that Ag* can be selectively bonded to the cytosine [52]. The fluorescence of
DNA-AgNCs can be enhanced by inserting guanine into a cytosine-rich fragment. There is no
positive/negative interaction between adenine and thymidine and DNA-AgNCs. Guo reported that
the sequence with five guanines inserted in cytosine has the strongest fluorescence and is not affected
by the insertion position [53]. Therefore, the C6G5C6, C17, C17-apt, apt, and C6G5C6-apt sequences
(Table S1, Supplementary Materials; underlined sequence is the aptamer sequence) were used as
templates to prepare AgNCs. The fluorescence emission intensity which is shown in Figure 1A (Aex
=575 nm and Aem = 634 nm) and Figure S1 (Supplementary Materials) revealed that the FI of the five
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guanines replacing the five cytosines in the middle of C17 increased 1.85-fold, which confirmed that
the previously reported substitution of guanine for cytosine in the fragment could enhance the
fluorescence of DNA-AgNCs. In addition, compared to the simple aptamer sequence, the
fluorescence of aptamers connected to C17 and C6G5C6 increased 8.40-fold and 16.13-fold,
respectively, indicating that the increase in aptamer fluorescence was related to the connected
sequence. This may be because, when apt was linked to C6G5C6, apt could effectively stimulate the
fluorescence potential of the C6G5C6-templated AgNCs [54]. Therefore, in order to obtain a larger
range of FI for detection, the C6G5C6-apt-AgNCs were synthesized using C6G5C6-apt as a template
in the subsequent experiments. Therefore, in order to obtain a larger range of FI for detection, the
C6G5Co-apt-AgNCs were synthesized using C6G5C6-apt as a template in the subsequent
experiments. Furthermore, the secondary structure of C6G5C6-apt (Figure S2, Supplementary
Materials) is similar to apt and has lower Gibbs free energy, which is conducive to identifying
aptamers.
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Figure 1. (A) The fluorescence intensity (FI) of various DNA sequences. (B) The fluorescence emission
spectra of C6G5C6-aptamer (apt)-silver nanoclusters (AgNCs) and polypyrrole nanoparticles
(PPyNPs) with the Aex increasing from 555 nm to 595 nm.

The fluorescence emission spectra of C6G5C6-apt-AgNCs at different excitation wavelengths are
displayed in Figure 1B. These spectra showed that the emissions corresponding to different excitation
wavelengths are also slightly different. A possible reason behind the difference in FI may be due to
the presence of a non-single number of atoms in synthesized silver nanoclusters. As the number of
atoms in different clusters was different, the transition energy was also different, and the cluster
distribution of different atoms followed a Poisson distribution, which resulted in the difference in FI
spectra correspondence to different excitation [55]. At the excitation wavelength of 575 nm, the
emission peak was the highest. Therefore, 575 nm was selected as the excitation wavelength post-
detection.

Next, in order to obtain the highest fluorescence intensity, the effect of the molar ratio of
DNA:Ag"BH4, type of buffer, pH, and incubation time on the fluorescence efficiency of C6G5C6-
apt-AgNCs was evaluated. The results showed that the ratio of the oligonucleotide to Ag* is the most
important factor affecting the FI of C6G5C6-apt-AgNCs. The effect of different ratios of DNA to Ag*
and BH4+ on the FI is shown in Figure 2. The results revealed that a ratio of below 1: 10 is insufficient
to yield the higher production of silver nanocluster. When the ratio exceeds 1: 20, an excessive amount
of silver clusters is formed and aggregation occurs, leading to fluorescence self-quenching. Therefore,
at a concentration ratio of 1:20, a high quantum yield of AgNCs is easy to achieve. As shown in Figure
3, the highest fluorescence intensity was obtained using the following conditions: 1:20:20 molar ratio
of DNA:Ag*BHx4, phosphate buffer at pH 7.2, and incubation at 4 °C for 6 h, which are ideal for
producing brightly emitting DNA-AgNCs and promoting the largest C6G5C6 signal enhancement.
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Figure 2. The images of a C6G5C6-apt-AgNC solution acquired under ultraviolet (UV) light (A) and
under daylight (B). (C) Effect of the ratio of oligonucleotide (Table S1, Supplementary Materials) to
Ag" on the fluorescence spectra of C6G5C6-apt-AgNCs.
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Figure 3. The FI of C6G5C6-apt-AgNCs in buffers at various pH values.

3.3. Characterization of AQNCs and PPyNPs

The TEM image showed that C6G5C6-apt-AgNCs and PPyNPs were monodispersed and
uniform in aqueous solution. It could be observed that the C6G5C6-apt-AgNCs were spherical and
uniform in size, at about 3 nm [56]. The UV absorption spectra and the FI spectra of C6G5C6-apt-
AgNCs are shown in Figure 4C,D, respectively.
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Figure 4. Transmission electron microscopy (TEM) image of C6G5C6-apt-AgNCs (A) and PPyNPs
(B). (C) UV-visible light (UV-Vis) absorption spectrum of the C6G5C6-apt-AgNCs. (D) The FI spectra
of the excitation spectrum (red curve) and emission spectrum (black curve) of the C6G5C6-apt-
AgNCs. Inset: the images of a C6G5C6-apt-AgNCs solution acquired under daylight (left) and UV

light (right).
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The peaks at 427 nm and 493 nm corresponded to the plasma absorption peaks of silver
nanoparticles, and the peak at 579 nm could be attributed to the absorption band of AgNCs,
indicating the successful synthesis of C6G5C6-apt-AgNCs [57]. The maximum absorbance of the
PPyNPs aqueous solution at 804 nm was 1.483 (Figure S3, Supplementary Materials). In addition, the
spectra also revealed that the aqueous solution had a very strong wide absorption in the near-infrared
region, and the wide characteristic absorption peak from the visible region to the near-infrared region
corresponded to the doping polypyrrole of the bipolar metal state. The strong near-infrared light
absorption properties also confirmed that PPyNPs could be used for fluorescence quenching of
C6G5C6-apt-AgNCs.

3.4. Optimized Detection Conditions

Fluorescence quenching of C6G5C6-apt-AgNCs induced by PPyNPs at room temperature was
studied under optimal reaction conditions. After mixing C6G5C6-apt-AgNCs and PPyNPs, the
fluorescence decreased rapidly. We set a 10-min interval to allow the fluorescence to be completely
quenched. The fluorescence signal changes of a fixed amount of C6G5C6-apt-AgNCs combined with
different concentrations of PPyNPs (1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, and 13 mg/mL) are shown in
Figure 5A.
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Figure 5. (A) The FI of C6G5C6-apt-AgNCs in the presence of various concentrations of PPyNPs (1,
2,3,4,56,7,8,9, 10, 11, 12, and 13 mg/mL). (B) The FI of different concentrations of C6G5C6-apt-
AgNCs at 634 nm in the presence of PPyNPs (8 mg/mL) and SEA (1 pug/mL).

When 8 mg/mL PPyNPs or more were added, the fluorescence remained basically unchanged.
Therefore, 8 mg/mL was selected as the optimal concentration for fluorescence quenching, at which
the quenching efficiency was the highest. At the same time, we also studied the recovery by different
concentrations of C6G5C6-apt-AgNCs (0, 0.3,0.6,0.9,1.2,1.5,1.8,2.1,2.4, 2.7, and 3 pM) with a fixed
concentration of 1 ug/mL of SEA at the best quenching concentration of PPyNPs (8 mg/mL). With the
increase in C6G5C6-apt-AgNCs concentration, the fluorescence recovered gradually until the
fluorescence reached its maximum at 2.4 uM, and then remained stable.

3.5. Feasibility Analysis

In order to demonstrate the feasibility of the proposed method, the feasibility of quantitative
detection of SEA by C6G5C6-apt-AgNCs was assessed. The fluorescence spectra were recorded
under different conditions. The strong emission peak of C6G5C6-apt-AgNCs appeared at 634 nm
(curve a, Figure 6A), and the addition of PPyNPs resulted in fluorescence quenching, which reduced
the FI of this peak (curve ¢, Figure 6A). After adding SEA, the fluorescence signal recovered rapidly
(curve d, Figure 6A) due to the release of C6G5C6-apt-AgNCs from C6G5C6-apt-AgNCs@PPyNPs
caused by the binding of SEA to apt in C6G5C6-apt-AgNCs. Furthermore, the addition of the target
without PPyNDPs did not significantly affect the FI (curve b, Figure 6A), indicating that there was no
interaction between the target itself and the C6G5C6-apt-AgNCs. These results demonstrate the
feasibility of the detection of SEA with a fluorescent aptamer.
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Figure 6. (A) Fluorescence emission spectra of C6G5C6-apt-AgNCs under various conditions: (a)
C6G5C6-apt-AgNCs (b) PPyNPs (c) C6G5C6-apt-AgNCs + PPyNPs (d) C6G5C6-apt-AgNCs +
PPyNPs + SEA (e) C6G5C6-apt-AgNCs + SEA (C6G5C6-apt-AgNCs, 2.4 uM; PPyNPs, 8 mg/mL; SEA,
500 ng/mL). (B) Fluorescence spectra in the presence of increasing concentration of the target. (C) A
linear relationship is obtained when the concentration of SEA is in the range of 0.5-1000 ng/mL. (D)
Relative FI of the proposed bioassay for SEA and other toxins (SEB, SEC1, SED, bovine serum albumin
(BSA)).

3.6. Analytical Performance

Under the selected conditions, the fluorescence spectra of the samples with different
concentrations of SEA were recorded. The spectra displayed in Figure 6C show that the FI of DNA-
AgNCs increased proportionately with the increase in SEA concentration in the range of 0.5 to 1000
ng/mL (Y =1.4917X + 0.9100, R? = 0.9948), and the limit of detection (LOD) was 0.3393 ng/mL. The
detection limit was obtained from the calculation of 3 o/K, where ¢ is the standard deviation
calculated from three parallel blank signals, and K is the slope of the calibration curve. Compared
with the previously published detection methods, the sensor developed here has a relatively good
test performance and can be used for sensitive detection of SEA.

In order to evaluate the specificity of the system for detecting SEA, three other S. aureus
enterotoxins (SEB, SEC1, SED) and BSA at the same concentration as SEA (1 pg/mL) were added to
the detection system under optimal conditions, and the fluorescence analysis was performed. The FI
of BSA, SEB, SEC1, and SED was much lower than that of SEA, which may be due to the specific
affinity of the SEA aptamer for the SEA toxin. The results showed that the detection system has
excellent selectivity for SEA.

3.7. Detection of SEA in Milk Samples

In order to evaluate the feasibility of the sensor to detect SEA in an actual sample, milk was
selected as the real sample. Three different concentrations of SEA (six replicates) were added to the
milk samples for recovery experiments to determine the recovery level of the test method. The results
are summarized in Table 1, and the recovery was found to be between 87.70% and 94.65%. Therefore,
the results of the testing of the developed method revealed the high selectivity, sensitivity, and
stability of this method for the analysis of SEA in real samples.
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Table 1. The recovery results for staphylococcal enterotoxin A (SEA) detection in milk.

Sample Added (ng/mL) Detection (ng/mL) (Mean +SD,n=6) Recovery Ratio (%)

Sample 1 50 47.3291 + 3.0103 94.65%
Sample 2 100 87.7010 + 5.6440 87.70%
Sample 3 150 138.4932 + 5.2269 92.33%

4. Conclusions

In this study, we developed a new fluorescent AgNCs sensing system based on the use of an
aptamer as a template. The fluorescence decreased when the method took advantage of the high
fluorescence quenching efficiency of PPyNPs, which, combined with C6G5C6-apt-AgNCs, decreased
the fluorescence emission and allowed the detection of the SEA content by the SEA concentration-
dependent fluorescence recovery. Depending on the affinity and specificity of the aptamers, the
detection method showed high sensitivity and good specificity with an LOD of 0.3393 ng/mL, and a
linear range from 0.5 to 1000 ng/mL (Y =1.4917X + 0.9100, R? = 0.9948). An excellent recovery rate was
achieved for detecting SEA in the real milk sample, confirming the feasibility and reliability of this
method using the aptamer sensor. The method has a short detection time and simple operation.
Basically, no pretreatment is required for samples, showing comparable results to previous detection
methods. One of the drawbacks of the methodology developed is the need for the test to be performed
in the dark. Conclusively, this fluorescent biosensor can be developed as a potential universal
detection system, which can directly detect other targets of interest by simply changing the
corresponding adaptor of the detection object.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/12/1/152/s1: Table
S1: Oligonucleotides names, abbreviations, and DNA sequences; Figure S1: AgNCs synthesized with different
nucleotides sequences (Table S1) as the template; Figure S2: The secondary structure of Apt(A), C6G5C6-apt(B),
and C17-apt(C); Figure S3: UV-Vis absorption spectrum of the PPyNDPs.

Author Contributions: Conceptualization, H.J. and Z.W.; funding acquisition, H.J. and Z.W.; project
administration, X.Z.; resources, H.J. and Z.W.; visualization, X.Z.; writing —original draft, X.Z.; writing —review
and editing, LM.K,, H.T.,, W.C., and W.M. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by grants from the National Natural Science Foundation of China (No.
31871881, No. 31301469), the National Natural Science Foundation of China-Xinjiang Joint Fund Project (No.
U1703119), the Projects of Innovation and Development Pillar Program for Key Industries in Southern Xinjiang
of Xinjiang Production and Construction Corps (No. 2018DB002), and the Shihezi University Major Science and
Technology Research Project (gxjs2015-zdgg05).

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

References

1. Rasooly, R; Do, P.; He, X.; Hernlem, B. T cell Receptor V beta 9 in Method for Rapidly Quantifying Active
Staphylococcal Enterotoxin Type-A without Live Animals. Toxins 2019, 11, 399, d0i:10.3390/toxins11070399.

2. Sospedra, I; Soriano, ].M.; Mafies, J. Enterotoxinomics: The omic sciences in the study of staphylococcal
toxins analyzed in food matrices. Food Res. Int. 2013, 54, 1052-1060, d0i:10.1016/j.foodres.2013.03.002.

3. Zeaki, N, Johler, S.; Skandamis, P.N.; Schelin, J. The Role of Regulatory Mechanisms and Environmental
Parameters in Staphylococcal Food Poisoning and Resulting Challenges to Risk Assessment. Front.
Microbiol. 2019, 10, 1-13, doi:10.3389/fmicb.2019.01307.

4.  Desouza, L.A,; Camargo, E.A.; Mariano, N.S.; Optiz-Neto, ].B.; Resende, ].S.; Mello, G.C.; Costa, S.K.P.; De
Nucci, G.; Antunes, E. Role of sensory innervation in the rat pulmonary neutrophil recruitment induced by
staphylococcal enterotoxins type A and B. Eur. | Pharmacol. 2009, 613, 128-134,
doi:10.1016/j.ejphar.2009.04.010.



Polymers 2019, 12, 152 10 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Evenson, M.L.; Hinds, M.W.; Bernstein, R.S.; Bergdoll, M.S. Estimation of human dose of staphylococcal
enterotoxin A from a large outbreak of staphylococcal food poisoning involving chocolate milk. Int. ]. Food
Microbiol. 1988, 7, 311-316, d0i:10.1016/0168-1605(88)90057-8.

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,
d0i:10.1017/s0950268802007951.

Omwenga, I.; Aboge, G.O.; Mitema, E.S.; Obiero, G.; Ngaywa, C.; Ngwili, N.; Wamwere, G.; Wainaina, M.;
Bett, B. Staphylococcus aureus enterotoxin genes detected in milk from various livestock species in northern
pastoral region of Kenya. Food Control 2019, 103, 126-132, d0i:10.1016/j.foodcont.2019.04.005.

Drougka, E.; Foka, A.; Giormezis, N.; Sergelidis, D.; Militsopoulou, M.; Jelastopulu, E.; Komodromos, D.;
Sarrou, S.; Anastassiou, E.D.; Petinaki, E., et al. Multidrug-resistant enterotoxigenic Staphylococcus aureus
lineages isolated from animals, their carcasses, the personnel, and the environment of an abattoir in Greece.
J. Food Process. Preserv. 2019, 43, €13961, doi:.10.1111/jfpp.13961.

Lin, L.; Hu, ]J.Y.; Wu, Y.; Chen, M.; Ou, J.; Yan, W.L. Assessment of the inhibitory effects of sodium nitrite,
nisin, potassium sorbate, and sodium lactate on Staphylococcus aureus growth and staphylococcal
enterotoxin A production in cooked pork sausage using a predictive growth model. Food Sci. Hum. Wellness
2018, 7, 83-90, doi:10.1016/j.fshw.2017.12.003.

Mahfoozi, A.; Shirzad-Aski, H.; Kaboosi, H.; Ghaemi, E.A. Identification of the classical enterotoxin genes
of Staphylococcus aureus in various foods by multiplex PCR assay. Iran. |. Vet. Res. 2019, 20, 209-212.
Gilquin, B.; Jaquinod, M.; Louwagie, M.; Kieffer-Jaquinod, S.; Kraut, A.; Ferro, M.; Becher, F.; Brun, V. A
proteomics assay to detect eight CBRN-relevant toxins in food. Proteomics 2017, 17,
doi:10.1002/pmic.201600357.

Elahi, S.; Fujikawa, H. Comprehensive Study of the Boundaries of Enterotoxin A Production and Growth
of Staphylococcus aureus at Various Temperatures and Salt Concentrations. J. Food Sci. 2019, 84, 121-126,
doi:10.1111/1750-3841.14402.

Schwan, W.R. Staphylococcus aureus Toxins: Armaments for a Significant Pathogen. Toxins 2019, 11, 457,
doi:10.3390/toxins11080457.

Emmer, A.; Abobarin-Adeagbo, A; Posa, A; Jordan, B.; Delank, K.-S.; Staege, M.S.; Surov, A.; Zierz, S.;
Kornhuber, M.E. Myositis in Lewis rats induced by the superantigen Staphylococcal enterotoxin A. Mol.
Biol. Rep. 2019, 46, 4085-4094, doi:10.1007/s11033-019-04858-9.

Aragao, B.B.; Trajano, S.C.; Silva, ].G.; Silva, B.P.; Oliveira, R.P.; Pinheiro Junior, ].W.; Peixoto, R.M.; Mota,
R.A. Short communication: High frequency of beta-lactam-resistant Staphylococcus aureus in artisanal
coalho cheese made from goat milk produced in northeastern Brazil. . Dairy Sci. 2019, 102, 6923-6927,
doi:10.3168/jds.2018-16162.

Necidova, L.; Bursova, S.; Harustiakova, D.; Bogdanovicova, K.; Lacanin, I. Effect of heat treatment on
activity of staphylococcal enterotoxins of type A, B, and C in milk. J. Dairy Sci. 2019, 102, 3924-3932,
doi:10.3168/jds.2018-15255.

Muratovic, A.Z.; Hagstrom, T.; Rosen, ], Granelli K. Hellenas, K.-E. Quantitative Analysis of
Staphylococcal Enterotoxins A and B in Food Matrices Using Ultra High-Performance Liquid
Chromatography Tandem Mass Spectrometry (UPLC-MS/MS). Toxins 2015, 7, 3637-3656,
doi:10.3390/toxins7093637.

Koike, H.; Kanda, M.; Hayashi, H.; Matsushima, Y.; Ohba, Y.; Nakagawa, Y.; Nagano, C.; Sekimura, K,;
Hirai, A.; Shindo, T, et al. Quantification of staphylococcal enterotoxin type A in cow milk by using a stable
isotope-labelled peptide via liquid chromatography-tandem mass spectrometry. Food Addit. Contam. Part
A Chem. Anal. Control Expo. Risk Assess. 2019, 36, 1098-1108, doi:10.1080/19440049.2019.1615641.
Andjelkovic, M.; Tsilia, V.; Rajkovic, A.; De Cremer, K.; Van Loco, J. Application of LC-MS/MS MRM to
Determine Staphylococcal Enterotoxins (SEB and SEA) in Milk. Toxins 2016, 8, doi:10.3390/toxins8040118.
Liu, N; Li, X;; Ma, X,; Ou, G.; Gao, Z. Rapid and multiple detections of staphylococcal enterotoxins by two-
dimensional molecularly imprinted film-coated QCM sensor. Sens. Actuators B Chem. 2014, 191, 326-331,
doi:10.1016/j.snb.2013.09.086.

Wu, L.; Gao, B.; Zhang, F.; Sun, X.; Zhang, Y.; Li, Z. A novel electrochemical immunosensor based on
magnetosomes for detection of staphylococcal enterotoxin B in milk. Talanta 2013, 106, 360-366,
doi:10.1016/j.talanta.2012.12.053.



Polymers 2019, 12, 152 11 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pimenta-Martins, M.G.R;; Furtado, RF.; Heneine, L.G.D.; Dias, R.S.; Borges, M.d.F.; Alves, CR.
Development of an amperometric immunosensor for detection of staphylococcal enterotoxin type A in
cheese. ]. Microbiol. Methods 2012, 91, 138-143, doi:10.1016/j.mimet.2012.05.016.

Jin, W.; Yamada, K.; Ikami, M.; Kaji, N.; Tokeshi, M.; Atsumi, Y.; Mizutani, M.; Murai, A.; Okamoto, A.;
Namikawa, T., et al. Application of IgY to sandwich enzyme-linked immunosorbent assays, lateral flow
devices, and immunopillar chips for detecting staphylococcal enterotoxins in milk and dairy products. J.
Microbiol. Methods 2013, 92, 323-331, doi:10.1016/j.mimet.2013.01.001.

Zhang, C; Liu, Z,; Li, Y,; Li, Q.; Song, C.; Xu, Z.; Zhang, Y.; Zhang, Y.; Ma, Y.; Sun, Y.; et al. High sensitivity
chemiluminescence enzyme immunoassay for detecting staphylococcal enterotoxin A in multi-matrices.
Anal. Chim. Acta 2013, 796, 14-19, doi:10.1016/j.aca.2013.07.044.

Tsai, W.-C,; Li, I.-C. SPR-based immunosensor for determining staphylococcal enterotoxin A. Sens.
Actuators B: Chem. 2009, 136, 8-12, d0i:10.1016/j.snb.2008.10.061.

Lam, M.T.; Wan, Q.H.; Boulet, C.A.; Le, X.C. Competitive immunoassay for staphylococcal enterotoxin A
using capillary electrophoresis with laser-induced fluorescence detection. J. Chromatogr. A 1999, 853, 545
553, d0i:10.1016/S0021-9673(99)00677-9.

Sospedra, I.; Soler, C.; Manes, J.; Miguel Soriano, J. Rapid whole protein quantitation of staphylococcal
enterotoxins A and B by liquid chromatography/mass spectrometry. . Chromatogr. A 2012, 1238, 54-59,
doi:10.1016/j.chroma.2012.03.022.

Ben Haddada, M.; Salmain, M.; Boujday, S. Gold colloid-nanostructured surfaces for enhanced
piezoelectric immunosensing of staphylococcal enterotoxin A. Sens. Actuators B Chem. 2018, 255, 1604-1613,
doi:10.1016/j.snb.2017.08.180.

van Grinsven, B.; Eersels, K.; Peeters, M.; Losada-Pérez, P.; Vandenryt, T.; Cleij, T.J.; Wagner, P. The Heat-
Transfer Method: A Versatile Low-Cost, Label-Free, Fast, and User-Friendly Readout Platform for
Biosensor Applications. Acs. Appl. Mater. Interfaces 2014, 6, 1330913318, doi:10.1021/am503667s.

Peeters, M. Real-time monitoring of aptamer functionalization and detection of Ara H1 by electrochemical
impedance spectroscopy and dissipation-mode quartz crystal microbalance. Biosens. Bioelectron. 2014, 5.
Zhuo, Z.]J.; Yu, Y.Y,; Wang, M.L,; Li, J.; Zhang, ZK,; Liu, J; Wu, X.H.; Lu, A.P.; Zhang, G.; Zhang, B.T.
Recent Advances in SELEX Technology and Aptamer Applications in Biomedicine. Int. ]. Mol. Sci. 2017, 18,
19, doi:10.3390/ijms18102142.

Torres-Chavolla, E.; Alocilja, E.C. Aptasensors for detection of microbial and viral pathogens. Bioserns.
Bioelectron. 2009, 24, 3175-3182, d0i:10.1016/j.bios.2008.11.010.

Xu, J; Wei, C. The aptamer DNA-templated fluorescence silver nanoclusters: ATP detection and
preliminary mechanism investigation. Biosens. Bioelectron. 2017, 87, 422-427, doi:10.1016/j.bios.2016.08.079.
Kim, S.; Gang, ]. The detection of a mismatched DNA by using hairpin DNA-templated silver nanoclusters.
Anal. Biochem. 2018, 549, 171-173, d0i:10.1016/j.ab.2018.03.026.

Huili, T.; Nuo, D.; Shijia, W.; Zhouping, W. Selection and application of ssDNA aptamers against spermine
based on Capture-SELEX. Anal. Chim. Acta 2019, 1081, 168-175, d0i:10.1016/j.aca.2019.07.031.

Huang, Y.; Zhang, H.; Chen, X.; Wang, X.; Duan, N.; Wu, S.; Xu, B.; Wang, Z. A multicolor time-resolved
fluorescence aptasensor for the simultaneous detection of multiplex Staphylococcus aureus enterotoxins in
the milk. Biosens. Bioelectron. 2015, 74, 170-176, d0i:10.1016/j.bios.2015.06.046.

Zhu, X.; Xu, H.; Li, W.; Dong, Y.; Chi, Y. A novel hybrid platform of g-C3N4 nanosheets /nucleic-acid-
stabilized silver mnanoclusters for sensing protein. Amnal. Chim. Acta 2019, 1091, 112-118,
doi:10.1016/j.aca.2019.09.030.

Shen, F.; Cheng, Y.; Xie, Y.; Yu, H,; Yao, W.; Li, H.-W.; Guo, Y.; Qian, H. DNA-silver nanocluster probe for
norovirus RNA detection based on changes in secondary structure of nucleic acids. Anal. Biochem. 2019,
583, 113365-113365, d0i:10.1016/j.ab.2019.113365.

Liu, W,; Lai, H,; Huang, R.; Zhao, C.; Wang, Y.; Weng, X.; Zhou, X. DNA methyltransferase activity
detection based on fluorescent silver nanocluster hairpin-shaped DNA probe with 5'-C-rich/G-rich-3' tails.
Biosens. Bioelectron. 2015, 68, 736—740, d0i:10.1016/j.bios.2015.02.005.

Richards, C.I; Choi, S.; Hsiang, J.-C.; Antoku, Y.; Vosch, T.; Bongiorno, A.; Tzeng, Y.-L.; Dickson, R.M.
Oligonucleotide-stabilized Ag mnanocluster fluorophores. . Am. Chem. Soc. 2008, 130, 5038-5039,
doi:10.1021/ja8005644.

Diez, I.; Ras, R.H.A. Fluorescent silver nanoclusters. Nanoscale 2011, 3, 1963-1970, d0i:10.1039/c1nr00006c.



Polymers 2019, 12, 152 12 of 12

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Choi, S.; Dickson, R.M.; Yu, J. Developing luminescent silver nanodots for biological applications. Chem.
Soc. Rev. 2012, 41, 1867-1891, doi:10.1039/c1cs15226b.

Wang, G.; Zhu, Y.; Chen, L.; Wang, L.; Zhang, X. Target-induced quenching for highly sensitive detection
of nucleic acids based on label-free luminescent supersandwich DNA/silver nanoclusters. Analyst 2014,
139, 165-169, d0i:10.1039/c3an01702h.

Zhou, Y.; Wang, ].; Yang, G.; Ma, S.; Zhang, M.; Yang, ]. Cysteine-rich protein-templated silver nanoclusters
as a fluorometric probe for mercury(ii) detection. Anal. Methods 2019, 11, 733-738, doi:10.1039/c8ay02662a.
Liu, Z.; Chen, W.; Han, Y.; Ouyang, J.; Chen, M.; Hu, S.; Deng, L.; Liu, Y.-N. A label-free sensitive method
for membrane protein detection based on aptamer and AgNCs transfer. Talanta 2017, 175, 470-476,
doi:10.1016/j.talanta.2017.07.071.

Lu, W.; Luo, Y.; Chang, G.; Qin, X,; Liao, F.; Sun, X. Polypyrrole colloidal nanospheres as an effective
fluorescent sensing platform for DNA detection. Synth. Met. 2011, 161, 1766-1770,
doi:10.1016/j.synthmet.2011.06.021.

Wang, J.; Li, B.; Lu, Q. Li, X;; Weng, C.; Yan, X.; Hong, J.; Zhou, X. A versatile fluorometric aptasensing
scheme based on the use of a hybrid material composed of polypyrrole nanoparticles and DNA-silver
nanoclusters: Application to the determination of adenosine, thrombin, or interferon-gamma. Microchim.
Acta 2019, 186, doi:10.1007/s00604-019-3459-9.

Ke, K,; Lin, L,; Liang, H.; Chen, X.; Han, C; Li, J.; Yang, H.-H. Polypyrrole nanoprobes with low non-specific
protein adsorption for intracellular mRNA detection and photothermal therapy. Chem. Commun. 2015, 51,
6800-6803, doi:10.1039/c5¢c01129a.

Pande, R.; Ruben, G.C,; Lim, J.O.; Tripathy, S.; Marx, K.A. DNA bound to polypyrrole films: High-
resolution imaging, DNA binding kinetics and internal migration. Biomaterials 1998, 19, 1657-1667,
doi:10.1016/s0142-9612(98)00043-x.

Khan, LM,; Zhao, S.; Niazi, S.; Mohsin, A.; Shoaib, M.; Duan, N.; Wu, S.; Wang, Z. Silver nanoclusters based
FRET aptasensor for sensitive and selective fluorescent detection of T-2 toxin. Sens. Actuators B-Chem. 2018,
277, 328-335, doi:10.1016/j.snb.2018.09.021.

Guo, B.; Zhao, J.; Wu, C.; Zheng, Y.; Ye, C; Huang, M.; Wang, S. One-pot synthesis of polypyrrole
nanoparticles with tunable photothermal conversion and drug loading capacity. Colloids Surf. B-
Biointerfaces 2019, 177, 346-355, doi:10.1016/j.colsurfb.2019.02.016.

Zhang, B.; Wei, C. Highly sensitive and selective fluorescence detection of Hg2+ based on turn-on aptamer
DNA silver nanoclusters. RSC Adv. 2017, 7, 56289-56295, doi:10.1039/c7ral11566k.

Guo, Y.; Zhang, Y.; Pei, R.; Cheng, Y.; Xie, Y.; Yu, H.; Yao, W.; Li, H.-W_; Qian, H. Detecting the adulteration
of antihypertensive health food using G-insertion enhanced fluorescent DNA-AgNCs. Sens. Actuators B
Chem. 2019, 281, 493-498, doi:10.1016/j.snb.2018.10.101.

Zhu, J.; Zhang, L.; Teng, Y.; Lou, B; Jia, X.; Gu, X.; Wang, E. G-quadruplex enhanced fluorescence of DNA-
silver nanoclusters and their application in bioimaging. Nanoscale 2015, 7, 13224-13229,
doi:10.1039/C5NR03092G.

Yuan, J.P.; Guo, W.W.; Wang, E.K. Oligonucleotide stabilized silver nanoclusters as fluorescence probe for
drug-DNA interaction investigation. Anal. Chim. Acta 2011, 706, 338-342, doi:10.1016/j.aca.2011.08.043.
Wang, J.; Guo, X,; Liu, R.; Guo, J.; Zhang, Y.; Zhang, W.; Sang, S. Detection of carcinoembryonic antigen
using a magnetoelastic nano-biosensor amplified with DN A-templated silver nanoclusters. Nanotechnology
2020, 31, doi:10.1088/1361-6528/ab4506.

Zhang, B.; Wei, C. Highly sensitive and selective detection of Pb2+ using a turn-on fluorescent aptamer
DNA silver nanoclusters sensor. Talanta 2018, 182, 125-130, d0i:10.1016/j.talanta.2018.01.061.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ ® ‘ article distributed under the terms and conditions of the Creative Commons

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



