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ive recognition of Vibrio
parahaemolyticus assisted by perfluorinated
alkoxysilane modified molecularly imprinted
polymer film†

Kaiyue Fu,‡ab Huiwen Zhang,‡a Yuanyuan Guo, a Juan Li, *a Heran Nie,c

Xiuling Song,a Kun Xu, a Juan Wang a and Chao Zhao *a

Molecular imprinting technology offers ameans of tailor-madematerials with high affinity and selectivity for

certain analysts. However, the recognition and separation of specific bacteria in complex matrices are still

challenging. Herein, a bacteria-imprinted polydimethylsiloxane (PDMS) film was facilely prepared and

modified with 1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS). Employing Vibrio parahaemolyticus as

a model bacterium, the imprinted surface exhibited three-dimensionality cavities with mean size of 1000

� 800 nm in square and 100 nm in depth. After incubation for 2 h with 6 � 107 CFU mL�1 of V.

parahaemolyticus, the imprinted polymer film can reach a 62.9% capture efficiency. Furthermore, the

imprinted POTS-modified PDMS film based solid phase extraction combined with polymerase chain

reaction and agarose gel electrophoresis allows for detecting 104 CFU mL�1 with excellent selectivity in

fresh oyster samples. As a result, the developed selective sample pretreatment method using molecular

imprinting technology provides a promising platform for separation, identification, and analysis of

pathogens.
Introduction

Tissue infection, which is oen caused by bacteria, is a major
public health concern and its detection still faces limitations in
clinical settings such as specicity, costs, and speed. For
example, food poisoning and infectious diseases caused by
foodborne pathogenic bacteria are serious public health
concerns.1 Vibrio parahaemolyticus (V. parahaemolyticus) is
a Gram-negative halophilic bacterium widely distributed in
coastal andmarine waters and frequently isolated from a variety
of seafood, including codsh, sardine, mackerel, ounder,
clam, octopus, shrimp, crab, lobster, crawsh, scallop and
oyster.2 V. parahaemolyticus contamination can cause typical
gastroenteritis reactions such as abdominal cramping, diar-
rhea, nausea, vomiting, fever and other typical gastroenter-
itis.3–6 The rst reported outbreak of seafood borne disease due
to V. parahaemolyticus was in Japan in 1950 in which 20 people
were reported dead while over 270 people were likewise
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hospitalized.7 There also be outbreak in China, Spain, Chile,
Peru and other coastal state. A survey about the incidence rate of
V. parahaemolyticus from 1998–2013 in China, the positive rate
of intestinal pathogenic bacteria of V. parahaemolyticus is up to
83%.8 Associated with health risk, this pathogen is a key indi-
cator in the national monitoring plan for seafood in China.9

Traditionally, plate-culture and colony-counting9–11 is available
to provide accurate validation and oen recommended in
national standards, but the method is tedious, laborious, and
time consuming. In order to address these problems, poly-
merase chain reaction (PCR) and enzyme-linked immune-
sorbent assay (ELISA) have been developed and applied to
detect foodborne pathogens.12 PCR-based methods have
become popular due to their reliability, specicity, and speed.
Nevertheless, a lengthy culture-enrichment step for DNA
extraction and purication is oen still required prior to PCR.13

Based on the strong antigen–antibody interaction, the ELISA is
a sensitive and selective method for pathogen screening.
However, screening of antibodies is laborious, costly, time
consuming. In addition, the natural antibodies are inherently
fragile in a harsh environment.14 Therefore, it is critical to
design and fabrication of articial antibodies with easy avail-
ability and high stability, as alternatives to the natural
antibodies.15,16

Molecular imprinting technology (MIT) has been employed
as a promising approach to synthesize articial antibodies,17
RSC Adv., 2020, 10, 14305–14312 | 14305
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which can create molecularly imprinted polymers (MIPs) with
tailor-made binding sites complementary to the size, shape, and
surface functional groups of template molecules.18 The
synthesized articial antibodies exhibit a natural antibody-like
binding affinity and selectivity. To date, MIPs against small
template molecules (MW < 1000) are widely applied for the
development of biosensors and other elds,19 benet from their
easy availability and operability, high stability to harsh chem-
ical and physical conditions, and potential reusability.20

However, imprinting supramolecular structures, like viruses
and entire cells, is still a challenging eld of research due to the
fact that these entities cannot diffuse through a bulk imprinted
material.21

To overcome these limitations, molecularly imprinted poly-
mer lm (IPF) has been used and further extended to bacteria-
imprinted polymers (BIPs), which possess a bacterial durable
and robust recognition property. Several different polymer types
have been investigated as bacteria-imprinted materials,22–24

such as the silica.25–27 Among these, polydimethylsiloxane
(PDMS) has attracted the most attention as a monomer for
pathogen imprinting,28–30 because PDMS is an inexpensive and
commercially available polymer with good biocompatibility. But
the main drawback of PDMS is that many proteins may tend to
adsorb onto the surface due to its the high intrinsic hydro-
phobicity.31 As a result, these non-specic interactions can lead
to “false positives”. Therefore, the choice of the right substrate
tomodify the PDMS surface is one of themost critical factors for
a successful bacterial imprinting.

With these insights, in this study, we fabricated bacteria-
imprinted PDMS lm with POTS-modied for V. para-
haemolyticus enrichment and detection. Through the excellent
adsorption property of glass slide, V. parahaemolyticus were
coated onto its surface using generally Pickering emulsion
polymerization without any additional pressure applied. This
way can not only maintain the morphology of the bacteria, but
also the operation was simple, convenient and easy to realize. As
shown in Fig. 1, V. parahaemolyticus imprinted PDMS lm were
Fig. 1 Schematic diagram for bacteria-imprinted film fabrication and PC

14306 | RSC Adv., 2020, 10, 14305–14312
prepared on a microslide glass surface by microcontact
imprinting method with the bacteria stamp. POTS as a uori-
nated reagent was preferred to functionalize the lm surface
using an evaporation-deposition method, leading to the non-
specic adhesion of bacteria signicantly reduced. The capa-
bility of the imprinted lm as an absorbent for efficient capture
of V. parahaemolyticus was investigated, which was further
compared with the non-imprinted PDMS lm and the unmod-
ied PDMS imprinted lm. Additionally, based on the dual role
of POTS-modied imprinted PDMS lm for the capture of
pathogens and DNA extraction, a method for rapid and selective
detection of V. parahaemolyticus was performed with fresh
oyster samples.

Materials and methods
Materials and reagents

PDMS was purchased from Momentive Performance Materials
Inc. (NY, USA). Cyclohexane was obtained from Beijing Chem-
ical Reagent Co., Ltd (Beijing, China). Glass microscope slides
were supplied by Citotest Labware Manufacturing Co., Ltd
(Haimen, China). POTS was purchased from Sigma-Aldrich
(Shanghai, China). The commercial PCR kit, DNA molecular
weight marker ranging from 25 to 500 bp and the primers in
PCR experiments (Table 1) were obtained from Sangon BioTech
Co., Ltd (Shanghai, China). Double-distilled water and
phosphate-buffered saline (PBS, 0.01 mol L�1, pH 7.4) were
prepared by us. All other the chemicals and reagents employed
were of analytical grade and were used without any further
purication.

Bacteria culture

All the bacterial strains listed in Table 2 were stored at �80 �C
with 15% glycerol and revived by streaking on Luria–Bertani
(LB) agar plates. They were cultivated in LB medium with/
without 3% NaCl at 37 �C for 18 h to 24 h with shaking at
180 rpm, respectively. Subsequently, the cultures were harvest
R detection of V. parahaemolyticus (AGE: agarose gel electrophoresis).

This journal is © The Royal Society of Chemistry 2020
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Table 1 Oligonucleotide primers used in the PCR

Primer Sequence (50 to 30) Target gene
Amplicon size
(bp)

V. parahaemolyticus-1 GTAAAGGTCTCTGACTTTTGGAC tdh 269
V. parahaemolyticus-2 TGGAATAGAACCTTCATCTTCACC
E. coli O157:H7-1 TTGACCCACACTTTGCCGTAA uidA 227
E. coli O157:H7-2 GCGAAAACTGTGGAATTGGG

Table 2 Information for bacterial strains employed in this work

Bacteria Abbreviation ATCC no.

Vibrio parahaemolyticus V. parahaemolyticus 17802
Salmonella typhimurium S. typhimurium 13311
Listeria monocytogenes L. monocytogenes 19111
Escherichia coli O157:H7 E. coli O157:H7 25922
Staphylococcus aureus S. aureus 25923
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by centrifugation at 4000 rpm for 20 min at room temperature.
100 mL of the diluted suspensions was plated onto appropriate
agar plates by spread plating, and bacterial counts were
assessed and reported as CFU per mL.

Preparation of bacterial template

The bacterial template was prepared according to the previous
literatures with fewer modications.28,30 Firstly, glass micro-
scope slide (75 � 25 mm) was washed with absolute ethyl
alcohol and deionized water for 15 min, respectively, and then
was treated with acidic Piranha solution (3 : 1, H2SO4/H2O2, v/v)
for 1 h. A 120 mL suspension of the formalin-inactivated V.
parahaemolyticus (109 CFU mL�1) was spread on a precleaned
glass microscope slide and kept at 4 �C for 30 min to settlement
of bacteria. And then the glass microscope slide was placed on
a spin coater and further centrifuged at 1500 rpm for 1 min to
remove excess solvent. The ready-made bacterial template was
used as a stamp in the next step.

Fabrication of bacteria-imprinted lm with POTS
modication

The bacteria-imprinted PDMS lm was prepared according to
the method previously reported (Schirhagl, et al. 2012).30 Briey,
10 g of pre-polymer PDMS monomer and 1 g of PDMS cross-
linker was diluted with 5.5 g of cyclohexane. The mixture was
then degassed by using a vacuum pump. A certain volume of
pre-polymerization solution was spin-coated onto a precleaned
glass microscope slide (75 � 25 mm) and subsequently pre-
cured on a hot plate at 80 �C for 2 min to enhance the
viscosity of the pre-polymer, preventing the bacteria from
sinking too deeply into the PDMS lm. Aerwards, the obtained
bacterial template stamp with adhered V. parahaemolyticus was
pressed into the pre-polymer. The polymer was cured at room
temperature overnight, followed by further curing at 80 �C for
1 h. The imprinted lm was cleaned with distilled water by
sonicating for 15 min and dried in air. As a control, a non-
imprinted PDMS lm (NIP) was simultaneously prepared by
This journal is © The Royal Society of Chemistry 2020
the above method without the use of bacterial template. The
uorinated PDMS lm was produced by evaporation-deposition
method using POTS. Firstly, the imprinted lm was placed in an
airtight jar, which containing 800 mL of POTS solution at the
bottom. Secondly, the jar was put into an oven and heated at
180 �C for 6 h. Finally, the slide was taken off and kept at 4 �C in
a closed Petri dish until use.
Detection of V. parahaemolyticus by PCR amplication

Bacteria samples with varying concentrations (0, 102, 103, 104,
105, 106, 107, and 108 CFU mL�1) were prepared by diluting the
freshly cultured bacteria with sterile water. 1 mL of each V.
parahaemolyticus standard solution and the imprinted POTS-
modied PDMS lm on a piece of slide (75 � 25 mm) were
added into slide box, which containing 9 mL of water. In order
to effectively capture the bacteria in a large volume of sample
solutions, the suspension was gently vortexed with a rocking
shaker at room temperature for 2 h. Next, the slide was taken off
and rinsed three times with water to remove unbound bacteria.

For PCR amplication, the template DNA was extracted by
boiling method. Briey, the imprinted lm was peeled off from
the glass microscope slide and transferred to a 5 mL sterile
Eppendorf tube containing 2 mL of sterile water. The tube was
placed in a boiling water bath for 10 min to lyse the bacterial
cells. The mixture was thoroughly mixed by vortexing and then
centrifuged at 10 000 rpm for 10 min at 4 �C, and the super-
natant was used as template. The PCR was carried out in 25 mL
reactionmixtures containing 5 mL of template DNA, 1 mL of each
10 mM primer, 12.5 mL 2� SYBR green master mix, 4.5 mL of
25 mM MgCl2, and 1 mL PCR water, and the following cycling
parameters were used in a DNA thermal cycler (PerkinElmer,
Model 480): 35 cycles (denaturation at 94 �C for 30 s, primer
annealing at 55 �C for 30 s, primer extension at 72 �C for 30 s),
were performed aer an initial denaturation at 94 �C for 4 min.
Following the end of the amplication cycles, sample was kept
at 72 �C for 10 min to allow the nal extension of the incom-
pletely synthesized DNA. The PCR products were analysed by
2% agarose gel electrophoresis.
Detection of V. parahaemolyticus in real samples

The oyster samples were purchased from a local supermarket
and contaminated with different concentrations of V. para-
haemolyticus (104 to 108 CFU mL�1) as described in detail in our
previous work (Liu, Zhao, Fu, et al. 2017;4 Liu, Zhao, Song et al.
2017).5 The detection protocol was described in section
RSC Adv., 2020, 10, 14305–14312 | 14307
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Detection of V. parahaemolyticus by PCR amplication, except
that pure PBS buffer was replaced with oyster samples.
Results and discussion
Characterization of bacteria-imprinted lm with POTS
modication

V. parahaemolyticus imprinted PDMS lm with a thickness of
2 mm were prepared by microcontact imprinting method with
the bacterial stamp and further surface modied by vapor
deposition of POTS (Fig. 1). AFM images were shown in Fig. 2
for surface morphology of 3D bacteria-imprinted lm at various
fabrication stages. Besides, lower magnication AFM images of
imprinted PDMS lm and POTS-modied imprinted PDMS lm
were shown in Fig. S1 and S2† for measurement of the cavity
size. Aer the removal of the template bacteria, Fig. 2A showed
crater-like micron-sized imprint on the PDMS lm. It's
a common sense that V. parahaemolyticus are polymorphic,
such as arcs, short rods, spheres, etc. Since V. parahaemolyticus
used here were inactivated, they mainly exist in sphere or short
rod in the non-physiological state,32,33 which was consistent
with the cavity observed by AFM aer the bacteria washed away.
The cavity was measured to be about 1000 � 800 nm in square
and 100 nm in depth, which is similar with the common size of
target bacterium (Fig. 2B). Upon a layer of POTS vapor-
deposited on PDMS lm, the shape of the cavity remained
(Fig. 2C), and the size of the cavity was further narrowed to 900
� 800 nm in square (Fig. 2D). Aer captured V. para-
haemolyticus, the cavities in the lm were lled (Fig. S3†).
Furthermore, ATR-IR and SEM-EDS were performed to conrm
the composition of POTS-modied imprinted PDMS lm. ATR-
IR spectrum was shown in Fig. S4.† As reported in the litera-
ture,34 the main absorption peaks at 920–905 cm�1, 1080–
1050 cm�1, 1220–1200 cm�1 can be assigned to the Si–OH, Si–
O–Si, and Si–CH2, respectively. Additionally, with respect to the
new peak at around 1720 cm�1, it can be attributed to the
Fig. 2 (A) AFM image of imprinted PDMS film; (B) cavity size of imprinted
cavity size of POTS-modified imprinted PDMS film.

14308 | RSC Adv., 2020, 10, 14305–14312
characteristic absorption band of triethoxy, which indicated
that POTS was successfully deposited onto the surface of the
imprinted PDMS lm. SEM-EDS was used to map chemical
elements on the surface of POTS-modied imprinted PDMS
lm. As shown in Fig. S5,† the initial imprinted PDMS lm
exhibit the characteristic peaks of C, O, and Si (black line). Aer
POTS modication, a new characteristic peak of F appeared (red
line). All these results implied that POTS-modied imprinted
PDMS lm were expectedly prepared.

The adsorption capacity of the imprinted PDMS lm with
bacteria was based on the superhydrophobic effect.35 The lm
modied with POTS can increase surface roughness due to the
Si–CH3 groups are replaced by CF3 by uorination, which can
reduce the hydrophobic interaction between the imprinted
PDMS lm and non-target bacteria leading to the inhibition of
the non-specic adsorption effect. To verify the effect of POTS
modication, static contact angle data were measured to char-
acterize the hydrophobic properties (Fig. 3). Static contact angle
values of the non-imprinted PDMS lm (NIP) and the imprinted
PDMS lm were 118.1–118.0 (Fig. 3A) and 114.5–114.5 (Fig. 3C),
respectively, that indicated both of them were hydrophobic.
Aer POTS was fabricated to the surface of two kinds lm, the
static contact angle value was signicant reduced to 107.7–107.6
(Fig. 3B) and 107.8 � 0.4 (Fig. 3D), suggesting the hydrophobic
effect decreased.

Lag angle ¼ advanced angle � back angle

In addition, the dynamic contact angles of the lms with/
without modication were measured (Table 3). Aer modied
with POTS, the lag angle values of POTS-modied imprinted
PDMS lm were reduced compared to the POTS-modied NIP.
Because the lag angle represents the viscosity of the surface, the
decreased viscosity demonstrated the affinity of POTS-modied
imprinted PDMS lm to bacteria were weakened. The above
results suggested the non-target bacteria even in complex
matrix could be easily washed off, whereas the target can be
PDMS film; (C) AFM image of POTS-modified imprinted PDMS film; (D)

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Static contact angles of (A) non-imprinted PDMS film (NIP), (B) POTS-modified non-imprinted PDMS film (POTS-modified NIP), (C)
imprinted PDMS film, and (D) POTS-modified imprinted PDMS film.
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captured and kept in the cavity with special structure. The
specic dynamic process of dynamic contact angles were shown
in ESI.†

To conrm that our imprinted POTS-modied PDMS lm
can selectively recognition of target bacteria without non-
specic affinity, both of V. parahaemolyticus and E. coli
O157:H7 at 108 CFU mL�1 were monitored by PCR method. As
shown in Fig. 4A, the PCR products of the two species of
bacteria appeared in the electrophoretogram using unmodied
imprinted PDMS lm as an absorbent. In the contrast, the
amplicon band pattern of E. coli O157:H7 was totally eliminated
aer uorination, indicating their high selectivity.

Next, to estimate the adsorption capacity of the imprinted
lm, an excess of V. parahaemolyticus at 6 � 107 CFU mL�1 was
adopted as a model. In our procedure, 10 mL of V. para-
haemolyticus suspension was incubated with a piece of
imprinted lm at various time intervals. Negative control was
tested without using the imprinted lm under the same
conditions. The supernatant was then plated with proper dilu-
tion on the LB agar for culture and counting colonies. According
to previous work,4,5 corresponding adsorption efficiency
percentages were calculated based on the following formula:
Table 3 Dynamic contact angle of different kinds of films

Classication

NIP
POTS-modied NIP
Imprinted PDMS lm
POTS-modied imprinted PDMS lm
POTS-modied imprinted PDMS lm + V. parahaemolyticus

This journal is © The Royal Society of Chemistry 2020
Adsorption efficiency ¼ (N0 � Ns)/N0 � 100% (1)

where the numbers of the bacteria added (N0) and in the
supernatant (Ns) are calculated from the negative control and
the different time groups, respectively. Fig. 4B shows the
percentage of bacteria captured by the imprinted lm was
increased sharply during the rst 2 h, and thereaer, a slight
decreased was observed. The captured bacterial cells can reach
up to 62.9%, on average. The maximum adsorption efficiency of
the imprinted lm for V. parahaemolyticus was calculated to be
3.7 � 107 CFU mL�1.
Detection of V. parahaemolyticus

The performance of the PCR-based method using the imprinted
lm as an adsorbent for the enrichment of V. parahaemolyticus
was experimented. Fig. 5A shows the electropherograms of
a GeneRuler 500 bp DNA ladder, the PCR products from nega-
tive control, positive control, and different concentration of V.
parahaemolyticus from 102 to 108 CFU mL�1, respectively. The
limit of detection (LOD) for V. parahaemolyticus was determined
to be 104 CFU mL�1, which showed a distinct difference in 269
bp band from that of the negative control sample. With
Advanced angle Back angle Lag angle

125.0857 95.59065 29.49505
110.8186 105.2685 5.5501
119.7184 85.59501 34.12339
108.703 103.4097 5.2933
116.4673 96.11665 20.35065

RSC Adv., 2020, 10, 14305–14312 | 14309
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Fig. 4 (A) Agarose gel electrophoresis of the PCR products from the DNA of V. parahaemolyticus and E. coli O157:H7. (1) Negative control; (2)
positive control of V. parahaemolyticus; (3) enrichment of V. parahaemolyticus by imprinted PDMS film; (4) enrichment of V. parahaemolyticus by
imprinted POTS-modified PDMS film; (5) negative control; (6) positive control of E. coli O157:H7; (7) enrichment of E. coliO157:H7 by imprinted
PDMS film; (8) enrichment of E. coliO157:H7 by imprinted POTS-modified PDMS film. (B) The adsorption efficiency of imprinted POTS-modified
PDMS film incubated with V. parahaemolyticus at different times. Error bars represent the standard deviation of three replicates.
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increasing of the concentration of V. parahaemolyticus, the 269
bp band of target amplicon dramatically changed from light to
deep. The non-imprinted lm was also chosen as a control. As
presented in the images in Fig. 5B, none of the target gene tdh
was amplied with V. parahaemolyticus concentration range of
104 to 107 CFUmL�1. Only a weak band appeared at the bacteria
concentration of 108 CFU mL�1. Because the PDMS arrange-
ment on the NIP was not imprinted by bacteria template, there
was a weak binding force for bacterial adhesion. Based on the
above results, it can be concluded that the bacteria-templated
cavity is decisive factor in bacterial recognition.
Fig. 5 (A) Imprinted PDMS film agarose gel electrophoresis of the PCR p
positive control; (3) 0 CFUmL�1; lane (4)–(10): from 102 to 108 CFUmL�1.
of V. parahaemolyticus. (1) Negative control; (2) positive control; (3) 0 C
Agarose gel electrophoresis of the PCR products. (1) Negative control
O157:H7; (6) S. typhimurium; (7) V. parahaemolyticus; (8) mixture; (9) mi
PCR products with V. parahaemolyticus at various concentrations in oys
lane (4)–(8): from 104 to 108 CFU mL�1.

14310 | RSC Adv., 2020, 10, 14305–14312
Herein, the specic adsorption capacity of the imprinted
lm was examined against 4 other common pathogenic
bacteria, including two Gram-positive bacteria (L. mono-
cytogenes and S. aureus) and two Gram-negative bacteria (E. coli
O157:H7 and S. typhimurium). Fig. 5C shows the samples con-
tained interfering bacteria and negative control sample dis-
played no characteristic DNA band in the agarose gel
electrophoresis due to inadequate interaction between the
imprinted lm and interfering bacteria. On the contrary,
a signicant 269 bp band of target amplicon was observed in the
presence of V. parahaemolyticus alone, V. parahaemolyticus
roducts from the DNA of V. parahaemolyticus. (1) Negative control; (2)
(B) NIPs agarose gel electrophoresis of the PCR products from the DNA
FU mL�1; lane (4)–(8): from 104 to 108 CFU mL�1. (C) Selectivity test.
; (2) positive control; (3) L. monocytogenes; (4) S. aureus; (5) E. coli
xture plus V. parahaemolyticus. (D) Agarose gel electrophoresis of the
ter samples. (1) Negative control; (2) positive control; (3) 0 CFU mL�1;

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00306a


Table 4 Comparison of the POTS-modified imprinted PDMS film-PCR-agarose gel electrophoresis method with other PCR based methods for
detection of V. parahaemolyticus

Methods
Pre-enrichment
time

Detection limit
(CFU mL�1) References

Multiplex PCR 6 h 104 Federici et al. 2018 (ref. 3)
Reverse transcriptase-PCR-
denatured gradient gel
electrophoresis (ReVT-PCR-DGGE)

24 h 102 Chahorm and Prakitchaiwattana
2018 (ref. 36)

Colorimetric integrated PCR 12 h 2.9 � 104 Cheng et al. 2016 (ref. 37)
Multiplex touchdown PCR 16 h 103 Wei et al. 2014 (ref. 38)
POTS-modied imprinted PDMS
lm-PCR-agarose gel
electrophoresis

2 h 104 This work

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 2

/1
6/

20
26

 8
:3

3:
29

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
mixed with other bacteria, and positive control sample. These
results proved that the imprinted lm was highly specic for V.
parahaemolyticus and can distinguish V. parahaemolyticus from
other bacteria because of the POTS modication, contributed to
the bacterial outer surface templated PDMS arrangement.

Detection of V. parahaemolyticus in real samples

It was difficult to obtain fresh oysters from the market that
already carried the target bacteria. In order to verify the feasi-
bility of the imprinted lm used as an absorbent for enrichment
of V. parahaemolyticus in real samples, a series of V. para-
haemolyticus concentration (104 to 108 CFU mL�1) was spiked to
the sterile oyster samples and detected by PCR-based method.
As shown in Fig. 5D, the 269 bp band of target amplicon
appeared in the positive samples, which is the amplication
product of the specic nuclease gene tdh of V. parahaemolyticus.
The LOD and working range were not interfered, indicating that
using our proposed imprinted lm modied with POTS has
strong anti-interference ability for capture V. parahaemolyticus
in complex food matrices. The lengthy culture-enrichment step
can be averted prior to PCR. Simultaneously, the elution step of
bacteria from the imprinted lm was eliminated. The entire
detection process only took an average of 5 h, including the
capture of bacteria (2 h), lysis of bacteria and DNA extraction (10
min), PCR (2 h), agarose gel electrophoresis (50 min). The
developed method was compared with traditional PCR-based
methods aiming at detection of bacteria,36–39 as shown in
Table 4. The method has considerable advantages over most of
traditional PCR-based methods in terms of analytical time with
a similar detection limit.

Conclusions

In summary, a bacteria-imprinted PDMS lm with surface
modication by POTS for highly specic bacteria recognition
was synthesized which had a thickness of 2 mm. The increase of
roughness and the decrease of viscosity caused by POTS modi-
cation reduced the possibility of non-specic adsorption.
Overall, the merit of high specicity for the POTS-modied
imprinted lm was added on the base of simplicity, rapidity
and low cost. Employing V. parahaemolyticus as a model bacte-
rium, the imprinted surface exhibited three-dimensionality
This journal is © The Royal Society of Chemistry 2020
cavities with mean size of 1000 � 800 nm in square and
100 nm in depth. As a result, aer incubation for 2 h with 6 �
107 CFU mL�1 of V. parahaemolyticus, the imprinted polymer
lm can reach a 62.9% capture efficiency. Furthermore, a PCR
method for detection of V. parahaemolyticus in fresh oyster
samples was established based on the solid phase extraction of
the imprinted polymer lm. This method processes excellent
selectivity and allows for detecting 104 CFU mL�1 of Vibrio
parahaemolyticus with a wide linear arrange from 104 to 108 CFU
mL�1. Therefore, we envision that this fabrication strategy may
open up a new avenue for designing novel recognition platform
for biomacromolecules.
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