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Abstract Vibrio parahaemolyticus (V. parahaemolyticus) is
one of the most common food-borne pathogens. The authors
describe a rapid colorimetric assay for V. parahaemolyticus that is
based on a combination of a magnetic bead-based sandwich
immunoassay and signal amplification via an enzmye mimic.
MnO, nanoparticles are used as an artificial oxidase that oxidizes
3,3",5,5'-tetramethylbenzidine in the presence of oxygen to form
ablue (and readily visible) product with an absorption maximum
at 652 nm. By combining the superior capture efficiency of mag-
netic beads with the high catalytic activity of the enzmye mimic,
this method can detect V. parahaemolyticus concentration in the
range between 10 to 10° cfumL ™" without pre-enrichment, and
the limit of detection is as low as 10 cfumL . Recoveries rang-
ing from 87.5% to 106.0% are found when analyzing spiked
oyster samples. The assay is rapid, sensitive, and specific and
specific. In our perception, it shows promise in rapid instrumental
and on-site visual detection of V. parahaemolyticus.
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Introduction

Vibrio parahaemolyticus (V. parahaemolyticus) is a Gram-
negative and facultative halophilic bacterium, and frequently
found in zooplankton, coastal fish, and shellfish (especially
oysters) [1]. A series of clinical symptoms can be caused by
consuming raw or undercooked seafood contaminated with
V. parahaemolyticus, including watery diarrhea, abdominal
cramps, nausea, vomiting, headache, low fever, and even
bloody diarrhea [2, 3]. Due to the widespread distribution in
the coastal and marine waters, V. parahaemolyticus is not only
the leading cause of seafood-associated bacterial gastroenter-
itis in the United States [4], but it is also one of the most
important food-borne pathogens in Asia, resulting in approx-
imately half of the food poisoning outbreaks in China, Japan,
and several Southeast Asian countries [2, 5]. Studies indicate
that V. parahaemolyticus can grow up to 1000-fold in 2-3 h at
room temperature [6]. Therefore, it is critical to develop
methods and strategies for sensitive and rapid detection of
V. parahaemolyticus.

Traditionally, a series of culture-based biochemical
methods has been widely used for isolation and identification
of V. parahaemolyticus strains. As the gold-standard, these
methods generally require time-consuming and laborious
steps [7]. In order to shorten the analysis time and improve
the detection efficiency, several strategies based on the poly-
merase chain reaction (PCR) have been developed for
targeting specific genes of V.parahaemolyticus [8]. However,
PCR methods are still restricted by the need for professional
operators and special equipment [9]. To overcome these lim-
itations, various rapid testing methods based on the
immunomagnetic separation (IMS) technologies have been
established, which using magnetic beads coated with specific
antibodies (IMBs) to capture and remove pathogens from the
complex matrices by an external magnetic field [10, 11].
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Colorimetric analytical strategies based on immunomagnetic
ELISA system have aroused special attention due to no re-
quirement for any advanced apparatus, and become an attrac-
tive and cost-effective detection assay [12, 13]. All these ad-
vantages make colorimetric assay for effective detection of
bacterial contamination in food samples.

To date, various types of MnO, nanomaterials were reported
to possess intrinsic oxidase-like activity [14], which can cata-
lytically oxidize the substrate 3,3',5,5'-tetramethylbenzidine
(TMB), generating a high visibility optical signal. Since the
catalytic activity of MnO, nanomaterials as a mimic enzyme
depends on dissolved molecular oxygen in the solution [15],
rather than H,O, served as enzyme substrate, and the MnO,-
TMB platform has been proposed as a potential detection sys-
tem for instead of conventional horseradish peroxidase (HRP)-
TMB-H,0, system. Indeed, the system has been applied to
quantitatively measure any inhibitor of TMB oxidation includ-
ing H,O, and glucose in blood [16], glutathione [14], and
ascorbic acid [17]. Therefore, the previous findings showed
that MnO, nanomaterials are highly recommended as a novel
and facile tool for colorimetric detection.

In the present study, we aimed to develop a fast and reliable
method for colorimetric determination of V. parahaemolyticus.
The integrated method proposed to combine the advantages of
the highly efficient immunomagnetic separation and the re-
markable catalytic activity of MnO, nanoparticles for the oxi-
dation of TMB. Sandwich complexes of immunomagnetic
beads, V. parahaemolyticus, and MnO, nanoparticles would
be formed based on and the recognition of antibodies and tar-
get. In the addition of TMB, the colour variations ranging from
light to deep blue were directly proportional to the concentra-
tion of bacteria. Additionally, the visualization results endow
the colorimetric assay potency for high sensitive and selective
detection of V. parahaemolyticus in oyster samples.

Materials and methods
Materials and reagents

Rabbit IgG antibodies and chicken egg yolk antibodies (IgY)
were prepared in our own laboratory according to our previ-
ous work [18, 19], and the purities of the IgG and IgY were
analyzed by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Fig. S1). Synthesis of citric acid
coated Fe;04 nanoparticles (MNP-CA) [20] and BSA-
templated MnO, nanoparticles (BSA-MnO, NPs) [15] were
explained in detail in electronic supplementary material
(ESM). Double-distilled water and phosphate-buffered saline
(PBS, 0.01 mol- L™!, pH 7.4) were prepared by us. All other
the chemicals and reagents employed were of analytical grade
and were used without any further purification.
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Bacteria culture

All the bacterial strains used in this study were provided by the
Department of Hygienic Inspection, School of Public Health,
Jilin University (Changchun, China). Vibrio parahaemolyticus-
strain (V. parahemolyticus, ATCC17802) was grown in
Tryptone Soya Broth supplemented with 3.0% NaCl and incu-
bated at 37 °C with shaking at about 250 rpm for about 18 h.
Other bacteria including Salmonella typhimurium
(S. yphimurium, ATCC13311), Shigella Bogdii (S. Bogdii,
ATCC9207) Escherichia coli O157:H7 (E. coli O157:H7,
ATCC25922), Staphylococcus aureus (S. aureus,
ATCC49775) and Listeria monocytogenes (L. monocytogenes,
ATCC19111) were cultured in Luria-Bertani medium under aer-
obic conditions at 37 °C for 18 h to 20 h. The concentrations of
bacteria were determined on the standard plate count agar using
plate counting method [21].

Instrumentations

The UV-vis absorption spectra were measured with a spectro-
photometer (TU-1810 DPC Persee, Beijing, China) using a
1 cm path-length quartz cell. Transmission electron microsco-
py (TEM) images and high-resolution transmission electron
microscopy (HRTEM) images of nanoparticles were per-
formed on a JEOL JEM-2100F transmission electron micro-
scope operated at an accelerating voltage of 200 kV (Tokyo,
Japan). Fourier transform infrared (FTIR) spectra in the region
from 4000 to 500 cm-1 were recorded as KBr discs on a
Nicolet 6700 FTIR spectrometer (Thermo Inc., USA) for eval-
uating various encapsulated nanoparticles. The zeta potential
measurements were determined using a zeta potential analyser
(NanoBrook 90Plus Zeta, Brookhaven, USA). Magnetic hys-
teresis loops were measured with a vibrating sample magne-
tometer (Lake Shore 7410 VSM).

Synthesis of IgG-conjugated MNP-CA (MNP-CA-IgG)

In this work, MNP-CA was synthesized by solvothermal
method [20], using CA as a coating ligand for enhancing
stability and biocompatibility. For specific recognition and
capture of target bacteria, MNP-CA-IgG were fabricated ac-
cording to the method described in the literature [22].
Typically, 5 mg of the synthesized MNP-CA were dispersed
in 1 mL of PBS (0.01 M, pH 7.4) containing 10 mg EDC and
5 mg NHS. The mixture was shaken gently at room tempera-
ture for activating the carboxyl groups on the magnetic nano-
sphere surface. After 0.5 h incubation, the nanospheres were
harvested and washed with PBS three times by magnetic sep-
aration, which were then dispersed in 1.0 mL of PBS to react
with 500 pg of rabbit IgG antibodies for about 2 h with con-
tinuous shaking at room temperature. Then, the resultant prod-
ucts were washed with PBS to remove surplus antibody, and
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blocked with 1% BSA-PBS for 1 h at room temperature with
gentle agitation. Finally, the MNP-CA-IgG were stored in
PBS at 4 °C before use.

Synthesis of IgY-conjugated BSA-MnO, NPs
(IgY-BSA-MnQO, NPs)

A biotemplated synthesis of BSA-MnO, NPs were conjugated
with IgY antibodies using the cross-linker EDC [15, 23]. For
this process, 0.5 mL BSA-MnO, nanoparticles stock solution
were mixed with 1.5 mL PBS, and then 1 mg EDC and 1.5 mg
NHS were added at room temperature with continuous stirring
for 15 min. Thereafter, 50 mg IgY antibodies were added and
incubated for 2 h. The precipitated IgY-BSA-MnO, NPs was
successfully obtained after centrifugation at 15000 rpm for
30 min to remove excess IgY antibodies and reagents.

Detection of V. parahaemolyticus

Bacteria samples with varying concentrations (0, 10, 25, 50,
75, 100, 500, 1000, 5000, 10,000, 50,000 and 100,000 cfu-
mL ") were prepared by diluting the freshly cultured bacteria
with sterile PBS. After optimization of experimental condi-
tions, each V. parahaemolyticus standard solution (100 pL)
was added into the mixture solution, which a total of 900 uL
aqueous solution containing 0.5 mg MNP-CA-IgG and 1 mg
IgY-BSA-MnO, NPs. And then the suspension was gently
vortexed. For the negative control, sterile PBS without bacte-
ria was used. The mixtures were incubated at room tempera-
ture in 1.5 mL plastic centrifuge tubes and shaken for 40 min.
After magnetic separating and washing, 10 L of TMB
(10 mg'mL ") was added to each tube. The absorption spec-
trum of the solution was measured with a UV-Vis spectropho-
tometer in the range 500—750 nm interval.

Detection of real samples

To test the usefulness of our approach for detection in food
samples, oyster was purchased from a local supermarket. The
food samples contaminated with V. parahaemolyticus were
prepared as follow: a total of 5 g of oyster was ground and
mixed with 5 mL of sterilized PBS to form oyster homoge-
nate. The mixture was filtered through 0.22 pum filter, and the
filtrate was collected and inoculated with V. parahaemolyticus
at concentrations of 10, 50, 100, 300, 500 cfu-mL . In con-
trast, the negative control of blank sample was also prepared
in a similar way and tested to investigate the matrix effect of
the oyster content in the absorbance measuring system. The
detection protocol was as described in section detection of
V. parahaemolyticus, except that oyster samples were replaced
by pure PBS.

Results and discussion
Principle of the colorimetric assay for V. parahaemolyticus

The whole procedure of our bare eye assay is limned in
Fig. 1. In the present study, MNP-CA was modified
with IgG antibodies to act as the capture probe. BSA-
MnO, NPs were coated with IgY antibodies to act as
signal amplifiers. In the presence of
V. parahaemolyticus, MNP-CA-IgG and IgY-BSA-
MnO, NPs can recognize and bound to the target at
different specific binding sites, leading to the
sandwich-type immunocomplexes formed. With an extra
magnetic field, unbound IgY-BSA-MnO, NPs were re-
moved. In the addition of TMB, the MnO, nanoparticles
on the sandwich complexes would trigger the oxidation
of TMB. The catalytic activity would drastically en-
hanced in proportion to the V. parahaemolyticus concen-
tration. The oxidation reaction was pronounced produc-
ing different shades of colors ranging from light to deep
blue that were available for bare eye discerning.

Characterization of the MNP-CA-IgG
and IgY-BSA-MnO, NPs

The size distribution and morphology characteristics of
MNP-CA and MNP-CA-IgG are shown in Fig. 2a, b.
The MNP-CA and MNP-CA-IgG were well dispersed
roughly spherical nanoparticles. Compared to MNP-
CA, the average size of MNP-CA-IgG slightly increased
from 218.2 nm to about 242.7 nm estimated with a
Nano Measurer (version 1.2) [24], indicating the IgG
antibodies were coated onto the MNP-CA surface. The
FTIR spectrum of MNP-CA (black curve) and (red
curve) is shown in Fig. 2c¢ and exhibits various charac-
teristic bands of O-H, C = O, and C-H vibrations.
Besides, several new characteristic peaks of protein
were observed from the spectrum of MNP-CA-IgG.
Especially, the band at around 1650 cm ! (amide 1) was
assigned to the C = O stretching vibration of peptide linkages
[25], demonstrating that the antibodies are conjugated on the
MNP-CA surface. Moreover, magnetic measurement revealed
that the saturation magnetization of MNP-CA and MNP-CA-
IgG is 54.3 emu-g ' and 54.4 emu-g ', respectively, while the
coercivity and remanence magnetization are almost zero (Fig.
S2). All these results implied that MNP-CA-IgG were expect-
edly obtained with excellent superparamagnetic properties,
which enabled them to have a quick magnetic response.
Besides, TEM imaging (Fig. 2d) was performed to demon-
strate the conjugation of MNP-CA-IgG with
V. parahaemolyticus. It shows several MNP-CA-IgG (black
spots) bound to one V. parahaemolyticus, facilitating the ef-
fective capture by a simple magnetic scaffold.
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Fig. 1 Schematic diagram for immunomagnetic capture and colorimetric detection of V. parahaemolyticus

For characterization of IgY-BSA-MnO, NPs, The TEM, zeta
potential and FTIR techniques were used. TEM images (Fig. S3a
and Fig. S3b) display BSA-MnO, NPs and IgY-BSA-MnO,
NPs were predominantly spherical in shape and highly dispersed,
which was similar with the result obtained in previous study [15].
After conjugated with IgY antibodies, the zeta potential values of
IgY-BSA-MnO2 NPs displayed a significant increase from
—24.01 to —16.41 mv at pH = 7.0 (Fig. S3c). This phenomenon
demonstrated that the negative charge of BSA-MnO, NPs can be
neutralized by the conjugation of IgY antibodies, because the
isoelectric point of IgY is around 6.7 greater than that of BSA
(pI=4.7) [26]. In addition, Fig. S3d shows the FTIR spectrum of
BSA-MnO, NPs (black curve) and IgY-BSA-MnO, NPs (red
curve). Attributing to the introduction of IgY to BSA-MnO,
NPs, the O-H, N-H (3400 cm™'), and C = O (1650 cm™")
stretching vibrational bands were enhancement. These results

Fig. 2 Characterization of MNP-
CA and MNP-CA-IgG: a TEM
image of MNP-CA prepared by a
solvothermal method. b MNP-
CA after functionalized with IgG
antibodies. ¢ UV-Vis spectra of
MNP-CA (black line) and MNP-
CA-IgG (red line). d TEM image
of V. parahaemolyticus captured
by MNP-CA-IgG

demonstrated that IgY antibodies were successfully coated on
BSA-MnO, NPs. Furthermore, IgY-BSA-MnO, NPs can oxi-
dize TMB to produce a deep blue colour within 5 min (Fig.
S3e). This result provided direct evidence that IgY-BSA-MnO,
NPs exhibited a remarkable oxidase-like activity to generate
strong colorimetric signals quickly.

Optimization of experimental conditions

According to the principle of the assay, the MNP-CA-IgG
concentration was firstly optimized by using 10° cfu-mL™
of V. parahaemolyticus as a model. Compared to the typical
photograph of the colonies formed by V. parahaemolyticus in
the Fig. S4 g, it can be seen that the number of colony-forming
units was gradually decreased with the increased concentra-
tion of the MNP-CA-IgG (Fig. S4a-S4f). Based on the plate
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count method [23], the capture efficiencies of
V. parahaemolyticus were calculated. As shown in Table S1,
the maximum of capture efficiency was attained at 0.5 mg:
mL ™" MNP-CA-IgG, where 91.3% of the bacteria were cap-
tured. Further increase in MNP-CA-IgG concentration, it had
very little additional beneficial effect. Therefore,
0.5 mg'mL™' of MNP-CA-IgG was chosen for all of
the following experiments. To measure the saturation
concentration of IgY-BSA-MnO, NPs binding to bacte-
ria, the absorption of oxidized TMB was recorded by a
direct ELISA method. As shown in Fig. S5, the absorp-
tion of oxidized TMB increased dramatically with the
increasing concentration of the IgY-BSA-MnO, NPs un-
til it reached 1.0 mg-mLfI, and thereafter, almost no
increased was observed. Therefore, 1.0 mg'mL™" IgY-
BSA-MnO, NPs were used for the following experi-
ments. Eventually, the incubation time was also opti-
mized by record the absorption of oxidized TMB with
different test intervals. The oxidized TMB absorption
gradually increased during the first 40 min incubation,
where thereafter, even slightly decreased was observed
(Fig. S6). In summary, the detection system composed
of 0.5 mg'mL™' MNP-CA-IgG and 1.0 mg'mL™" IgY-
BSA-MnO, NPs with incubation time of 40 min were
chosen in the present work to achieve the best colori-
metric performance.

Sensitive detection of V. parahaemolyticus

As mentioned above, the color signal was produced via
the enzymatic oxidation of TMB by using IgY-BSA-MnO,

Fig. 3 (a) Visual and (b) UV-
Visible spectra of detection
system after incubation with

V. parahaemolyticus at various
concentrations (a — k: 0, 10, 25,
50, 75, 100, 500, 1000, 5000,
10,000, 50,000 and

100,000 cfumL™). (¢) The
calibration curve for

V. parahaemolyticus (Agsz nm VS-
the logarithm of

V. parahaemolyticus
concentration). The maximum
absorption wavelength is 652 nm. Cc

NPs as an “artificial oxidase”. The saturated IgY-BSA-
MnO, NPs were anchored on the surface antigen of
V. parahaemolyticus, so the color signal should be de-
pendent upon the concentration of target bacteria. To
demonstrate performance of the detection strategy, vari-
ous concentrations of V. parahaemolyticus ranging from
10 to 10° cfumL™" were experimented using optimal
assay conditions. As shown in Fig. 3a, with increasing
of the concentration of V. parahaemolyticus after 10 min
coloration time, the solution colour gradually changed
from light to deep blue. Similar changes in UV-Vis
spectra were recorded at 652 nm, the absorbance value
was enhanced with V. parahaemolyticus concentration
increased from 10 to 10° cfurmL ™' (Fig. 3b). In addi-
tion, the intensities of absorbance at 652 nm were found
to increase linearly with the concentration of
V. parahaemolyticus from 10 to 10° cfurmL™', and the
regression equation for the calibration curve was Agsy
am = 0.1681gC + 0.244, with R? = 0.997 (Fig. 3c),
where C is the V. parahaemolyticus count in cfurmL ™.
Even though the samples with just 10 cfumL™' of
V. parahaemolyticus present show distinct differences
from the control sample containing no bacteria, indicat-
ing that the limit of detection (LOD) for this analytical
procedure was calculated to be 10 cfu-mL_l, at which
the value of absorbance is three-fold higher than those
of control group. The Chinese National standards for
allowable levels of V. parahaemolyticus in aquatic prod-
ucts and aquatic seasoning are less than 100 cfurmL ™'
[27], and the LOD and linear range in our protocol
meets these requirements.
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Fig. 4 Selectivity test. Absorbance signal of detection system in the
absence of any strains (blank) and after incubation with different bacteria
(V. parahemolyticu at 100 cfu-mL™', each species of other bacteria at

Specificity of the colorimetric assay

To investigate the selectivity of our colorimetric method
for V. parahaemolyticus, other common bacteria strains,
such as S. typhimurium, S. bogdii, E. coli O157:H7,
S. aureus and L. monocytogenes (each at 1000 cfu-
mL™"), were employed as negative samples, and the PBS
sample was set as reagent blank. The various kinds of
negative samples can generate different signal intensities
under the same conditions. However, there was no statis-
tical significant difference in absorbance values between
the negative samples and reagent control (Fig. 4). For the
target bacteria, a significant change in absorbance signal
was observed when the detection system was incubated
with 100 cfumL™" of V. parahaemolyticus. Therefore,
we can conclude that the good specificity was attributed
to the highly selective and specific binding between
V. parahaemolyticus and its specific antibodies.
Especially, when V. parahaemolyticus was mixed with
other bacteria up to the ratio of 1:10, the absorbance in-
tensity of the detection system displayed a noticeable in-
crease, similar to those of V. parahaemolyticus alone (Fig.
4). These results proved that the method was highly spe-
cific for V. parahaemolyticus and can distinguish
V. parahaemolyticus from other bacteria.

Analysis of real samples
To further investigate the accuracy of the method, the recovery

of V. parahaemolyticus in real food samples were analyzed.
The standard calibration curve for oyster samples was
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1000 cfurmL™"). (The maximum absorption wavelength is 652 nm)
Error bars represent the standard deviation of three replicates

established by mixing the different concentrations of
V. parahaemolyticus in the spiked samples (Fig. S7).
Probably due to the protein contents verified in food matrices,
the parameters of the calibration curve differed from those of
PBS sample including both slope and intercept terms. Despite
of this, the sensitivity of oyster samples was not interfered,
which imply that the setup method can be applied in complex
matrix. Simultaneously, the 100 cfu-mL™"' of
V. parahaemolyticus spiked into samples was determined with
three replicates and the recovery tests were summarized in
Table 1. The recoveries were in the range of 87.5-106.0%.
These results indicated that the accuracy and precision of our
analytical method were applicable for colorimetric detection
without pre-enrichment and complicated operation.
Compared to many different detection methods for
V. parahaemolyticus, such as electrochemical biosensor [28]
and surface-enhanced raman scattering (SERS) biosensor [29]
(see Supplementary Material, Table S2), our method has su-
perior properties for visual detection of V. parahaemolyticus.

Table 1  The recovery and RSD value of detecting V. parahemolyticus
in spiked food samples (X=£s, n = 3)
Samples  Found Added Recovered  Recovery  RSD
(cfumL™)  (cfumL™)  (cfumL™") (%) (%)
1 BDL? 100 106.0 106.0 54
+5.7
BDL 100 96.5+49  96.5 5.1
BDL 100 875+35 875 4.0

2 BDL below detection limit
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Conclusion

In summary, a robust colorimetric assay was developed for
highly sensitive and selective detection of V. parahaemolyticus
in foods using magnetic beads-based sandwich immunoassay
coupling with artificial enzyme-mediated signal amplification.
Taking advantages of the superior capture efficiency and cata-
lytic activity, V. parahaemolyticus can be readily detected with a
low detection limit (10 cfu-mLfl) and a wide line arrange from
10 to 10° cfu'mL " under the optimum conditions. In additional,
this visual detection assay was verified to be compatible with
food samples, benefited from high specificity and selectivity.
Therefore, we envision that the colorimetric assay will be widely
applicable for rapid detection of a wide variety of other bacteria
and pathogens.
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