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ABSTRACT: This paper presents a peptide-mediated immunomagnetic separa- e three QD probe
tion technique and an immunofluorescence quantum dot technique for »%‘%

simultaneous and rapid detection of Escherichia coli O157:H7, Staphylococcus

aureus, and Vibrio parahaemolyticus. First, three peptides that can specifically =

recognize the three foodborne pathogens were combined with magnetic

nanoparticles to form an immunomagnetic nanoparticle probe for capturing _ —> A

three kinds of target bacteria and then added three quantum dot probes (quantum

dots-aptamer), which formed a sandwich composite structure. When the three ¢ Fluorescence detection

quantum dot probes specifically combined with the three pathogenic bacteria, the .

remaining fluorescent signal in the supernatant will be reduced by magnetic —5\-/- \_r

separation. Therefore, the remaining fluorescent signal in the supernatant can be |~ 7?-

measured with a fluorescence spectrophotometer to indirectly determine the three | n fir: o e

pathogens in the sample. The linear range of the method was 10—107 cfu/mL, and

in the buffer, the detection limits of E. coli O157:H7, S. aureus, and V.

parahaemolyticus were 2.460, 5407, and 3.770 cfu/mL, respectively. In the tap water simulation, the detection limits of E. coli
01S87:H7, S. aureus, and V. parahaemolyticus were 2.730, 1.990 X 10, and 4.480 cfu/mL, respectively. In the milk simulation sample,
the detection limits of E. coli O157:H7, S. aureus, and V. parahaemolyticus were 6.660, 1.070 X 10%, and 2.236 X 10' cfu/mL,
respectively. The method we presented can detect three kinds of foodborne pathogens at the same time, and the entire experimental
process did not exceed 4 h. It has high sensitivity and low detection limit and may be used in the sample detection of other
pathogens.

1. INTRODUCTION control. At present, there are very few methods for the rapid
and simultaneous detection of multiple foodborne pathogenic
microorganisms. Therefore, it is necessary to study a highly
efficient detection technique and method. The current research
shows that the detection methods of foodborne pathogens
include traditional separation and culture identification
methods, molecular biological methods, and immunological
detection methods. Traditional methods for the detection of
bacterial pathogens from foods depend on culturing the
organisms on agar plates; it is a time-consuming process, taking
2—3 days for initial results, and up to more than 1 week for
confirming the specific pathogenic microorganisms.'>"*
Molecular diagnostic methods include DNA analysis, for
example, polymerase chain reaction (PCR),">'® multiplex
PCR,'”'® and multiplexed real-time PCR."”*° However, these

Escherichia coli O157:H7 is a major foodborne pathogen
causing severe disease in humans worldwide, and it is one of
the foodborne pathogens that primarily pollute food and
water."”” The incubation period is 3—10 days, and the course of
disease is 2—9 days. Some patients may develop hemolytic
uremic syndrome,” thrombotic thrombocytopenic purpura,®’
and so forth and severe cases can lead to death.

Staphylococcus aureus is an opportunistic pathogen capable of
causing a variety of diseases including osteomyelitis,
endocarditis, infections of indwelling devices, and wound
infections. Once it infected the food, it will grow rapidly and
produce virulent proteases and other endotoxins, leading to
severe food poisoning.®”®

Vibrio parahaemolyticusis a kind of foodborne pathogenic
bacterium, which can seriously infect food, especially seafood
causing gastroenteritis and other disease.”'’ It means that Received:  June 14, 2020
establishing rapid and sensitive detection methods for Accepted:  August 21, 2020
foodborne pathogens is imperative.' "' Published: September 3, 2020

Once food is contaminated by these three foodborne
pathogens, it can easily lead to mass infections, acute
symptoms of poisoning, and sometimes even difficult to
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Figure 1. Experimental principle [(A): (a): IMBs; (b): preparation of immunofluorescence QD probe; (B): the entire experimental detection

step].

methods require sophisticated instrumentation, professional
operation, and are relatively expensive. Enzyme-linked
immunosorbent assay (ELISA)*'~** and lateral flow immuno-
assay are classified as immunological-based methods. In
general, rapid detection methods are generally time-efficient,
sensitive, specific, and labor-saving.25 However, the sensitivity
of conventional ELISA is insufficient, and the single color
generated by enzymatic reactions has difficulty to realize a
simultaneous analysis of multiple pathogens.”® Therefore, rapid
and sensitive detection of foodborne pathogenic bacteria has
become more and more important to ensure food safety.””

Quantum dots (QDs) are nanoparticles which, because of
their unique physical and chemical (first of all optical)
properties, are promising in biology and medicine.”® More
importantly, QDs can be excited efficiently at any wavelength
shorter than the emission peak yet will emit the same narrow,
symmetric characteristic spectrum regardless of the excitation
wavelength. This unique property makes it possible to detect
different emission peaks simultaneously when different sizes of
QDs are excited with a single wavelength. QDs have been used
as fluorescent labels for the multicolor imaging of tissues.””

Actually, water and food will be contaminated by one or
more foodborne pathogens at the same time. Therefore, this

https://dx.doi.org/10.1021/acsomega.0c02833
ACS Omega 2020, 5, 23070—23080


https://pubs.acs.org/doi/10.1021/acsomega.0c02833?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02833?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02833?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02833?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02833?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

@A)

©

Figure 2. TEM images of MBs and IMBs [(A) MB; (B) MB-three polypeptides; (C) MB-E. coli O157:H7 polypeptide; (D) MB-S.

polypeptide; and (E) MB-V. parahaemolyticus polypeptide].

aureus

paper proposed a method for simultaneous and rapid detection
of three foodborne pathogens of E. coli O157:H7, S. aureus,
and V. parahaemolyticus based on immunomagnetic nano-
particles and immunofluorescence QD probes. The advantage
of this method is that it can detect three pathogens at the same
time, and the detection time is shorter than the traditional
culture method, so it may be used in practical applications.
The detection principle of this method is shown in Figure 1.
After the immunomagnetic nanoprobe captured three kinds of
target bacteria, three immunofluorescence QD probes were
added to form immunomagnetic beads [(IMBs), three
foodborne pathogens; three kinds of fluorescent QD probes].
After magnetic separation, we used a fluorescence spectropho-
tometer to qualitatively and quantitatively detect three
foodborne pathogens. After magnetic separation, we used a
fluorescence spectrophotometer to detect the remaining
fluorescence signal in the supernatant to qualitatively and
quantitatively detect the three foodborne pathogens.

2. RESULTS AND DISCUSSION

2.1. Characterization of MBs and Immunomagnetic
Nanoparticles. Magnetic nanoparticle (MB) and immuno-
magnetic nanoparticle probe were characterized by trans-
mission electron microscopy (TEM), and Figure 2 shows a
TEM image at the same magnification. Figure 2A shows a
TEM image of MBs, and the average particle diameter was
about 182 + 31 nm, which indicated that the MBs have
uniform particle size and great dispersibility. Figure 2B shows a
TEM image of MBs linked to three polypeptides having an
average particle diameter of about 241 + 19 nm, which was
larger than the MBs, indicating that the magnetic beads are
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successfully linked to the polypeptide. Figure 2C—E shows
TEM images of MBs coated with E. coli O157:H7, S. aureus,
and V. parahaemolyticus polypeptide, and the average particle
diameters were 223 + 10, 233.17 + 17, and 236 + 29 nm,
respectively, and the particle diameters were slightly larger than
the MBs, and the surface of the immunomagnetic nano-
particles had a cloud-like film. These results indicated that the
biotin peptide has been successfully modified to the surface of
the MBs.

Figure 3 and Table 1 show the zeta potential of MBs and
immunomagnetic nanoparticles. After the MBs were coated
with the polypeptide, they showed a tendency to move toward
a positive potential because of the interaction of streptavidin

-20 4

Zeta potential (e V)

-25

1

T T T
MB IMB

Sample name

Figure 3. Zeta potential of MB and IMB.
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Table 1. Zeta Potential of MB and IMB

zeta potential (eV)

—26.1
—19.2

sample name

MB
IMB

and biotin. The result was that the streptavidin-modified MBs
are successfully linked to the biological polypeptide.

Figure 4 was an Fourier-transform infrared spectroscopy
(FTIR) spectrum before and after the MB-linked polypeptide.
As can be seen from the figure, when the MBs were attached to
the polypeptide, there was a characteristic absorption peak at
about 1660 cm™. Tt was also caused by the interaction
between biotin and streptavidin, and it was also confirmed that
the polypeptide was successfully modified onto the MBs.

2.2. Characterization of Three QDs and Three
Immunofluorescent QDs. Figure SA,C,E shows TEM
images of QDs of green, red, and blue. It can be observed
that the shape of the nanoparticles in the image is spherical, the
particle size was uniform, the dispersion was excellent, and the
average diameters were 10.05 + 1.54, 8.64 + 0.74, and 8.13 +
0.64 nm. Figure 5B,D,F shows the TEM images of three QD
probes formed by adding three kinds of fluorescent QDs to
three kinds of target bacteria aptamers. Also, the average
particle diameters were 17.12 + 3.05, 14.24 + 2.19, and 14.25
+ 0.63 nm. It is obvious that the average particle size was
slightly larger than that of three kinds of QDs, and the three
QD surfaces had a thin layer of lighter color film, so the
inoculum aptamers were successfully linked to three QDs.

Figure 6 and Table 2 show the zeta potentials of three QDs
and three QD probes. It can be shown that the QDs move
toward the positive potential after the aptamers are connected.
The carboxyl group on the carboxy group reacts with the
amino group on the aptamer, resulted in a large number of
carboxyl groups on the QD being substituted to exhibit a
tendency to change toward a positive potential, and it
indicated that the surface of the QD was successfully attached
to the aptamer.

Figure 7A—C displays the FTIR spectrum of three QDs and
three immunofluorescent QD probes. It can be presented that
after adding the aptamers to the QDs, the characteristic
absorption peaks were approximately 1616.35, 1654.92, and

1614.42 cm™. The characteristic absorption band of (—NH—
CO-) further demonstrated that the aptamer was successfully
coupled to the QDs.

2.3. Sensitivity Experiment. After optimizing the reaction
conditions, the three kinds of target bacteria suspensions were
sequentially diluted with buffer from 107 to 106, 10°, 10* 10°,
10>, and 10' cfu/mL, and the fluorescent signal in the
supernatant was measured. From Figure 8A,B, as the
concentration of the three bacterial suspensions increases,
the difference between the fluorescent signal of the negative
sample and the positive sample also increases. The
concentration of the three bacterial suspensions ranges from
10! to 107 cfu/mL. A better linear relationship and the
regression equations of E. coli O157:H7, S. aureus, and V.
parahaemolyticus were y = 69.341x + 18547, y = 25497x +
118.7, and y = 59.327x — 67.678 (IL300m/430,520 and 620nm)» and
R* is 0.97, 0.96, and 0.93, respectively. According to the
formula 3Spo/a (Sgy: standard deviation of triple blank
fluorescence value, a: slope of the standard curve), the
detection limits of E. coli O157:H7, S. aureus, and V.
parahaemolyticus were calculated to be 2.460, 5410, and
3.770 cfu/mL, respectively. We then characterized the
experimental composite structure with a transmission electron
microscope. Because of the limitation of the field of view,
Figure 10C—E shows TEM images under the enlarged lens of
the composite structure of IMBs (the three kinds of bacteria;
three kinds of QD probes). It can be observed that a composite
structure of IMB—bacteria—the QD probes was formed, which
further confirmed the principle feasibility.

2.4. Specificity Experiment. In order to verify the
specificity of the experimental system, we selected Brucella,
Klebsiella, Listeria monocytogenes, Salmonella, and Shigella
Castellani as negative controls and buffers for the blank
control, as shown in Figure 9A,B. In our detection process, the
concentration of three kinds of target bacteria was 10° cfu/mL
(the concentration of each kind of target bacteria in the
detection system was 10° cfu/mL), and the concentration of
five nontarget bacteria is 10° cfu/mL, which was 10 times
higher than the three kinds of target bacteria. The fluorescence
signal of the blank control and five other nontarget bacteria
was significantly different from the three kinds of target
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— IMB
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Figure 4. FTIR spectra characterization of MNPs and MNP probes.
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Figure S. TEM images of the three kinds of QDs and three kinds of QD fluorescence biological probes [(A) the green QD; (B) the green QD-E.
coli 0157:H7 apt; (C) the red QD; (D) the red QD-S. aureus apt; (E) the blue QD; and (F) the blue QD-V. parahaemolyticus apt].
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Figure 6. Zeta potential of three fluorescent QDs and three immunofluorescent QD probes [(A) the green QD and the green QD-apt; (B) the red

QD and the red QD-apt; and (C) the blue QD and the blue QD-apt].

Table 2. Zeta Potential of the Three Kinds of QDs and
Three Kinds of QD Fluorescence Biological Probes

zeta potential
sample name FeV)
the green QD —26.7
the green <keep-together>QD-E. coli</keep-together> —11.4
01S§7:H7 aptamer
the red QD —26.7
the red <keep-together>QD-S. aureus</keep-together> -16.4
aptamer
the blue QD -21.6
the blue <keep-together>QD-V. parahaemolyticus</keep- —12.5

together> aptamer

bacteria, which indicated that the experimental system was
highly specific.

2.5. Simulated Sample Experiment. In order to
investigate the potential application value of this method in

23074

actual samples, we used the tap water and milk to serially dilute
the three target bacteria suspensions from 107 to 10°, 10°, 10%,
10%, 10% and 10" cfu/mL and then finished the experimental
system for detection. In Figure 10A,B, it can be found that in
the tap water simulation sample, the fluorescence signal of the
positive sample gradually decreased as the concentration of the
three kinds of suspension increased, and the difference
between the fluorescent signal of the negative sample and
the positive sample increased gradually. The regression
equations for E. coli O157:H7, S. aureus, and V. para-
haemolyticus were y = 86.775x + 67.099, y = 53.516x +
69.169, and y = 29.192x + 22.442 (I30nm/430,520 and 620nm)» and
R® were approximately 0.99, 0.90, and 0.98, respectively.
According to the formula 3Sp/a (Sgy: standard deviation of
triple blank fluorescence value, a: slope of the standard curve),
the detection limits of E. coli O157:H7, S. aureus, and V.
parahaemolyticus were calculated to be 2.730, 1.990 X 10", and
4.480 cfu/mL, respectively.

https://dx.doi.org/10.1021/acsomega.0c02833
ACS Omega 2020, 5, 23070—23080
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Figure 7. FTIR spectra characterization of three kinds of QD fluorescence biological probes [(A) FTIR spectra of green fluorescent QD biological
probes before and after coupling with E. coli 0157:H7-aptamer; (B) FTIR spectra of red fluorescent QD biological probes before and after coupling
with S. aureus-aptamer; and (C) FTIR spectra of blue fluorescent QD biological probes before and after coupling with V. parahaemolyticus-

aptamer] .

It can also be observed, as shown in Figure 10C,D, that in
the milk-simulating sample, as the concentration of the three
kinds of bacterial suspensions increased, the fluorescent signal
of the positive sample was also gradually decreased, while the
difference between the fluorescent signals of the negative
sample and the positive sample was also gradually increased.
The regression equations for E. coli 0157:H7, S. aureus, and V.
parahaemolyticus were y = 38.578x + 1314, y = 59.327x —
67.678, and y = 23.664x + 37.291 (I310nm/430,520 and 6200m)» 20d
R* were about 0.96, 0.96, and 0.9, respectively. According to
the formula 3Sgy/a (Sgy: standard deviation of triple blank
fluorescence value, a: slope of the standard curve), the
detection limits of E. coli O157:H7, S. aureus, and V.
parahaemolyticus were calculated to be 6.660, 1.070 X 10",
and 2.236 X 10' cfu/mL, respectively. There may be some
impurities in the tap water, which may affect the detection
effect, so the detection limit was slightly higher than that in the
buffer. Also, the milk-simulating sample was slightly higher
than the detection limit in the buffer, which may be affected by
a complex variety of matrices in the simulated sample.
However, this method still had a lower detection limit and a
wider linear range, indicating that the method can be used for
the detection of three target bacteria in actual samples.

3. CONCLUSIONS

In summary, we have developed a method for simultaneous
rapid detection of three foodborne pathogens using immuno-
fluorescent QD probes and immunomagnetic nanoprobes.
Most of the current research studies use antibodies to detect
foodborne pathogens, but because the preparation process is
more complicated and difficult to extract, this article can
sensitively detect three foodborne pathogens at the same time
without antibodies. The detection time of this research is
shorter than that of traditional detection methods, and the
method has high sensitivity, good specificity, and low detection
limit. Therefore, the method provides a possibility for
synchronous detection of other foodborne pathogens.

4. MATERIALS AND METHODS

4.1. Material and Experimental Principle. Antichain
avidin-modified magnetic beads were purchased from Sangon
Biotechnology Co. Ltd. (Shanghai, China), and three kinds of
CdSe/ZnS QDs (330/430, 520, and 620 nm in the excitation/
emission wavelength measured) were purchased from purple
Star New Material Technology Development Co. Ltd.
(Shanghai, China). Three kinds of peptide (E. coli 0157:H7
peptide sequence: biotin-SLLTPVP; S. aureus peptide
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sequence: biotin-RALLRTC; V. parahaemolyticus aptamer
sequence: biotin-MPRLPPA) were purchased from Sangon
Biotechnology Co. Ltd. (Shanghai, China). Three kinds of
aptamers (E. coli O157:H7 aptamer sequence: S'-NH,-
tgagcccaagccctggtatgecggataacgaggtattcacgactggtcgtcagg-
tatggttggcaggtctactttgggate; S. aureus aptamer sequence: S'-
NH,-tccctacggcgctaacccccccagtecgtectcccagectcacacage-
caccgtgctacaac; V. parahaemolyticus aptamer sequence: 5'-
NH,- ataggagtcacgacgaccagaatctaaaaatgggcaaagaaacagtgactcgtt-
gagatacttatgtgctctacctcttgactaat) were purchased from Sangon
Biotechnology Co. Ltd. (Shanghai, China). Skim milk powder
was purchased from Yili Industrial Group Co., Ltd. (China
Inner Mongolia). We prepared buffers for TBS (10 mM, pH =
7.2) and TBST (containing 150 mM NaCl and 0.05% Tween
20).

4.2, Synthesis of Immunomagnetic Nanoparticles
(IMB). First, SO uL of MB (50 mg/mL) was added to a 1.5
mL centrifuge tube, and after washing three times with TBST
buffer, 100 uL each of three kinds of bacterial polypeptides
(0.35 mg/mL) was added (the capacity for adding three
peptides is 1:1:1), and 1 mL was supplemented with 700 xL of
TBST buffer, and incubated for 1 h. Then, washed three times
with TBST, and then blocked the unbound site on the

magnetic beads with 1 mL of 3% skim milk powder (according
to the research, the nonspecific binding rate of skimmed milk
powder was lower than that of biotin,” so skim milk powder
was chosen as the blocking agent here) and then magnetically
separated, washed three times with TBST buffer, resuspended
in 1 mL of TBST buffer, and placed IMB in 4 °C, which was
reserved for use. The final concentration was 2.5 mg/mL.

4.3, Preparation of Three Immunofluorescent QD
Probes (the Three QD-apts). Mixed two coupling agents
500 uL of NHS (10 mg/mL) with 500 L EDC (10 mg/mL)
and three 1.5 mL centrifuge tubes and then added 20 uL of
blue, green, and red QDs (10 mg/mL) to each of the three
centrifuge tubes. Incubated for 30 min, then added 5 uL of V.
parahaemolyticus aptamer (10 uM), E. coli O157:H7 aptamer
(10 M), and S. aureus aptamer (10 uM), incubated in the
dark for 18 h, then centrifuged using ultra-low temperature
centrifugation two times to remove the unbound complex, and
finally resuspended in 1 mL of TBST buffer, and three
immunoblot probes were obtained and stored at 4 °C until use.
The final concentration was 0.02 mg/mL.

4.4. Simultaneous Detection of E. coli O157:H7, S.
aureus, and V. parahaemolyticus. In the optimization
process and specific detection in the entire experimental
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Figure 10. Simulated sample experiment [(A,C) fluorescence spectra of different concentrations of bacteria in the tap water sample and in the milk
sample; (B,D) standard curve of the difference of negative fluorescence to positive fluorescence in the tap water sample and in the milk sample].

system, we selected three kinds of target bacteria with a
concentration of 10° cfu/mL (the concentration of each kind
of target bacteria is 10° cfu/mL). As shown in Figure 1, it was a
flow chart for detecting three kinds of bacteria. The process of
preparing IMBs and immunofluorescence QD probe has been
described in detail above, and then, 100 uL of IMB is added to
a centrifuge tube, followed by adding three target bacteria, and
then spinning after incubating for 50 min, and the magnetic
separation was washed three times with buffer, and 40 uL of
three immunofluorescent QD probes was added, and after 45
min in the dark, the fluorescence signal in the supernatant was
determined by magnetic separation. The negative control was
replaced with three buffers to be tested. Because there may be
Fe®) in the magnetic beads and Fe®) can tightly chelate to
the surface of CQDs by the hydroxyl group to form Fe(®*)-

functionalized CQDs while the fluorescence of CQDs can be
effectively quenched by Fe®®*) via fluorescence resonance
energy transfer,”’ and we chose to detect the fluorescence
signal in the supernatant in this study. In this experiment, the
difference between the fluorescence signal in the supernatant
in the negative control and the fluorescence signal in the
supernatant in the positive sample was quantified, and a
standard curve was drawn.
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