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Introduction

Reusable and universal impedimetric sensing
platform for the rapid and sensitive detection of
pathogenic bacteria based on bacteria-imprinted
polythiophene film+

Lingling Wang,}? Xiaohui Lin,}? Ting Liu,® Zhaohuan Zhang,? Jie Kong,® Hai Yu,?
Juan Yan, (2@ Donglei Luan,® Yong Zhao*® and Xiaojun Bian {2 *&P<

The rapid and sensitive detection of pathogenic bacteria is highly demanded for early warning of infec-
tious disease epidemics and protection of human health. Herein, a reusable and universal impedimetric
sensing platform based on a bacteria-imprinted polythiophene film (BIF) is proposed for the rapid and
sensitive detection of pathogenic bacteria using Staphylococcus aureus (S. aureus) as a model analyte.
Monomer screening among four 3-substituted thiophenes was first performed based on the imprinting
factor, and 3-thiopheneethanol (TE) was eventually selected. The BIF as a recognition layer was quickly
deposited in an environmentally friendly process on a glassy carbon electrode via electro-copolymeriza-
tion of the S. aureus template and TE monomer followed by in situ template removal. Upon rebinding of
S. aureus on the BIF, the impedance increased. Under optimal conditions, the BIF-based sensor can quan-
titatively detect S. aureus in a wide linear range of 10 to 107 CFU mL™ with a low detection limit of 4 CFU
mL™L, Additionally, the sensor exhibits excellent selectivity, capable of identifying S. aureus from multi-
bacterial strain mixtures. It also demonstrates applicability in the analysis of real lettuce and shrimp
samples with good recoveries. Most significantly, the BIF sensing interface can be reused up to five times
with good signal retention. Compared with most reported methods, this sensor is more rapid with a
much shorter total assay time of 30 min, including the BIF preparation, bacterial rebinding, and impe-
dance detection. This assay may hold great potential to help in the rapid, sensitive, and label-free detec-
tion of pathogenic bacteria in fields of food safety and public health.

endocarditis, osteomyelitis, and toxic shock syndrome.>?
Moreover, S. aureus can rapidly adapt to antibiotics and evolve

Pathogenic bacterial infections represent leading causes of
hospitalizations and deaths in both developed and developing
countries, taking more than 6.7 million lives each year.'
Among the various bacterial strains, Staphylococcus aureus
(S. aureus) is one of the most dangerous human pathogens
responsible for many diseases ranging from mild skin and soft
tissue infections, food poisoning to serious or even life-threa-
tening diseases including bacteremia, sepsis, pneumonia,
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into antibiotic-resistant bacteria, such as methicillin-resistant
S. aureus (MRSA), that have imposed huge burdens on medical
care, and posed serious threats to human life.*® Existing
methods for tracking pathogenic bacteria such as cell cultur-
ing,® enzyme-linked immunosorbent assay (ELISA),””® polymer-
ase chain reaction (PCR),”'° mass spectrometry,’"'* flow cyto-
metry,"”® and surface-enhanced Raman scattering (SERS)'*"°
are accurate and reliable. Still, they are restricted by lengthy
analysis times, insufficient sensitivity, complicated operation,
or expensive instruments and reagents. Therefore, rapid, sensi-
tive, simple, and low-cost methods for detecting pathogenic
bacteria are still highly demanded.

Electrochemical sensors have received considerable atten-
tion for pathogen detection due to their fast response, easy
operation, low cost, and portability."® Moreover, electro-
chemical sensors are robust due to their direct and label-free
detection of whole bacterial cells without tedious processes,
including cell lysis, nucleic acid extraction, and signal amplifi-
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cation. The most crucial aspect in the construction of label-
free electrochemical sensors for the detection of pathogenic
bacteria is the choice of suitable recognition elements and
their efficient immobilization onto the electrode surface.
Among various recognition elements (e.g., antibodies,*'”
aptamers,'®?° antimicrobial peptides,*! etc.), antibodies are
the most commonly used due to their high selectivity and
binding affinity. However, antibodies are limited by their draw-
backs of requiring animals for production, high cost, and low
tolerance to harsh conditions such as high temperatures and
salt concentrations, strong acids or bases, and organic sol-
vents. Besides, antibodies may suffer from conformational
changes or denaturation when being immobilized on the
transducer surface through adsorption or covalent coupling.**

Molecularly imprinted polymers (MIPs) are synthetic anti-
body mimics with tailor-made binding sites complementary in
physical (shape and size) and chemical (structure and func-
tionality) features to that of a template.>®> MIPs have many dis-
tinct advantages, such as easy preparation, being cost-efficient,
and having long-term physical and chemical stability, which
make them promising alternatives to natural antibodies.”*
Owing to these unique characteristics, MIPs have been inte-
grated with various sensing platforms for detecting simple
organic molecules,”®>” and biomacromolecules like
proteins,*®?° viruses,>® and bacteria.>® However, we have to
acknowledge that the imprinting of whole bacterial cells is still
very challenging due to their large size and complex chemical
composition, leading to increased difficulty in the complete
removal of the template, and the generation of imprinted sites
with good accessibility and recognition capability.*

To overcome the difficulties mentioned above, various
surface imprinting strategies such as stamping/microcontact,*
Pickering emulsion polymerization,** colloidal imprinting,**>°
and electro-polymerization®” have been proposed. However,
most of these are cumbersome, time-consuming, and environ-
mentally unfriendly, using large amounts of toxic reagents
such as cross-linkers, initiators, and organic solvents. In com-
parison, electro-polymerization offers a simple, fast, and green
method for the direct synthesis of MIP films in situ on the elec-
trode surface, avoiding the use of cross-linkers and initiators.*®
By varying the electro-polymerization parameters, the thick-
ness of polymer films can be easily controlled, and thus it is
conducive to better template removal and site accessibility.
Moreover, electropolymerized MIPs (e-MIPs) can be facilely
integrated with an electrochemical sensing platform, omitting
the step of electrode modification.>

Though synthesizing e-MIPs is a simple process, the con-
struction of e-MIPs-based electrochemical bacterial sensors
with a desired sensing performance (rapidity, sensitivity,
selectivity, and simplicity) remains a challenge. One critical
solution to tackling this challenge is the selection of suitable
functional monomers that provide good interactions with bac-
terial cells (template).>*° Since the chemical composition of
the bacterial surface is complex, it is difficult to build specific
covalent bindings for template-monomers, and thus noncova-
lent interactions such as hydrogen bonding are preferred.*!
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Herein, a universal and regenerable impedimetric sensor
based on an electropolymerized bacteria-imprinted polythio-
phene film (BIF) was proposed for the rapid, sensitive, and
label-free detection of pathogenic bacteria using S. aureus as a
model analyte. Considering the existence of various functional
groups (hydroxyl, carboxyl, phosphoryl, and amide) on the bac-
terial surface,*” four 3-substituted thiophenes, including
3-thiopheneacetic acid (TAA), 3-thiopheneboronic acid (TBA),
3-thiophenemethylamine (TMA), and 3-thiopheneethanol (TE),
were selected as potential functional monomers for the
electro-synthesis of four different BIFs. As shown in Scheme 1,
the BIF was in situ formed on a glassy carbon electrode (GCE)
via the cyclic voltammetric electro-copolymerization of each
monomer and the S. aureus template in phosphate buffer solu-
tion (PBS) followed by template removal. The BIF preparation
is speedy, green, and low cost, and can be finished within
15 min without using any harmful organic solvents. After the
recognition of the target S. aureus within 10 min, the electron
transfer between the [Fe(CN)g]>*~ redox couple and GCE were
blocked, leading to an increase in the BIF impedance, detected
by electrochemical impedance spectroscopy (EIS). By compar-
ing the imprinting factor of the four monomers, TE was even-
tually used to construct the BIF-based impedimetric sensor.
Compared with most existing methods, this sensor is more
sensitive and rapid with a lower limit of detection (LOD), and a
much shorter total assay time. Moreover, the sensing interface
can be regenerated and reused at least five times. Additionally,
the applicability of the sensor was also evaluated using real
lettuce and shrimp samples. The proposed assay could provide
a universal and straightforward method for the rapid, sensi-
tive, and highly selective detection of pathogenic bacteria.

Experimental section
Preparation of bacteria

The pure isolates of S. aureus (ATCC 25923), Listeria monocyto-
genes (L. monocytogenes, ATCC 19115), Escherichia coli 0157:H7
(E. coli 0157, ATCC 43889), and Salmonella Paratyphi B (S.
Paratyphi B, CMCC 50094) were involved in the experiment. All
the bacterial strains were separately grown overnight in a
liquid medium at 37 °C with continuous shaking at 200 rpm,
and then were quantified by the plate count method.
Afterward, the bacterial culture was fixed with 100-fold diluted
formaldehyde (37-40% in water). Such formaldehyde inacti-
vated bacteria were used during the whole experiment.

Electrochemical measurements

Electrochemical measurements were carried out using a CHI
660E workstation with a standard three-electrode system. A
GCE (3 mm in diameter), platinum sheet electrode, and satu-
rated calomel electrode (SCE) served as working, auxiliary, and
reference electrodes, respectively. EIS of differently modified
GCEs were recorded in 0.1 M KCl containing 1 mM
[Fe(CN)s]>*~ redox couple, using an open circuit voltage over
a frequency range of 0.1-100000 Hz with an amplitude of
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Scheme 1 Schematic illustration of constructing a regenerable bacteria imprinted polythiophene film (BIF)-based impedimetric sensor for the

rapid, sensitive, and label-free detection of S. aureus.

5 mV. Cyclic voltammetry (CV) measurements were performed
in 0.1 M KCl containing 5 mM [Fe(CN),]*~

BIF preparation

A polished GCE was immersed in 5 mL PBS (0.1 M, pH 6.5)
containing one of the four monomers (8 mM) and the
S. aureus template (10° CFU mL™"), and CV was performed
under mild stirring for 10 cycles at a scan rate of 0.1 Vs™'. CV
electro-polymerizations in the presence of different monomers
were carried out under the same conditions except for the
potential sweep range. For TE and TMA, the potential scan-
ning was started from —0.6 to 1.0 V, while for TAA and TBA,
the potential scanning range was —0.5-1.0 V, and —0.2-1.2 V,
respectively. The modified electrode formed through electro-
copolymerization was denoted as PT(R) + S. aureus/GCE, as
shown in Scheme 1, where (R) represents the shortened form
of the side chain group of each monomer. To elute the tem-
plate bacteria, the PT(R) + S. aureus/GCE was soaked in CTAB
(1 mM) dispersed in a diluted acetic acid solution (36%, v/v),
referred to as CTAB/HAc, at 37 °C for 10 min under constant
shaking (400 rpm). Such a prepared modified electrode was
named BIF/GCE. As a control, a non-imprinted polythiophene
film (NIF) modified electrode (NIF/GCE) was prepared via the
same procedure as that of the corresponding BIF/GCE, but
excluding the template bacteria from the polymerization
solution.

Fluorescence imaging

The target S. aureus cells (10° CFU mL™") were stained with
SYTO 9 green fluorescent dye (Invitrogen) according to the
manufacturer’s instructions. Detachable GCEs (Gaoss Union,

This journal is © The Royal Society of Chemistry 2022

China; 3 mm in diameter) were used for the formation of BIF/
GCE and NIF/GCE that were separately incubated with stained
S. aureus under dark conditions for 10 min. The fluorescence
imaging was in situ observed on the electrode surface using a
fluorescence microscope (DP80, Olympus) through an optical
filter with an excitation of 460-480 nm and an emission of
495-540 nm.

Electrochemical detection of S. aureus

The freshly prepared BIF/GCE was incubated with different
concentrations of S. aureus in PBS (0.01 M, pH 7.4) at 37 °C for
10 min under constant shaking (250 rpm). The resulting elec-
trode (marked as BIF-S. aureus/GCE) was rinsed with water and
dried in a N, atmosphere for immediate EIS measurements.
To minimize the variability between electrodes in parallel, the
EIS response of BIF/GCE towards target bacteria was described
by the relative variation of the charge transfer resistance (R.),
[AR/R(Q)].** The value was calculated using the following
formula:

AR/R = (Rcta - Rctb)/Rctb (1)

where R.y, and R, represent the value of R.. before and after
capturing the target bacteria, respectively.

Optimization of experimental conditions

To obtain the optimal sensing performance, six experimental
conditions, including polymerization cycles (5-15), template
concentration (10’-10° CFU mL ™), template elution (types of
eluents and elution time from 5-15 min), recognition time
(5-15 min), and oscillation speed during recognition (0-300
rpm) were optimized independently. The choice of the
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optimum experimental conditions, except template elution
dependent on the degree of reduction in the R value, was
based on the AR/R towards S. aureus at 10° CFU mL™".

Preparation of real samples

Lettuce and shrimp samples were purchased from a local
supermarket. Three pieces of fresh lettuce leaves or twenty
grams of shrimp meat were firstly chopped and dispersed in
200 mL 1 x PBS (pH 7.4) for homogenization. The supernatant
was then filtered through a 0.22-pm-pore-size membrane filter
(Millipore), and the filtrate was spiked with a known amount
of S. aureus to a desired concentration. The pretreated samples
were analyzed using the proposed assay.

Results and discussion
Monomer selection and comparison

The choice of functional monomer determines the success of
molecular imprinting and the recognition ability of MIPs to a
large extent.** Here, TAA, TBA, TMA, and TE were selected as
functional monomers for BIF preparation by considering the
presence of special functional groups including carboxyl, boric
acid, amino, and hydroxyl groups, which may interact with the
bacterial surface through hydrogen bonding. To verify if all
four monomers were suitable for bacteria imprinting, EIS was
carried out to monitor the impedance change during the steps
of electro-copolymerization of the template (S. aureus) and the
monomer, and template elution. As shown in Fig. S1A-D,} the
impedance values of each electropolymerized film formed in
the presence of S. aureus were much larger than those of films
fabricated in the absence of the template. After elution, the
impedance of each BIF decreased significantly. These results
suggested that these four 3-substituted thiophene monomers
can achieve the success of bacteria imprinting. To investigate
their recognition capability, the EIS spectra of the four
different BIFs and NIFs towards the target S. aureus (10° CFU
mL ") were recorded. The results are shown in Fig. S1IE-H.}
The corresponding EIS responses (bar charts) are shown in
Fig. 1 (left coordinate axis). Furthermore, the imprinting effect
was evaluated in terms of the imprinting factor (IF), which was
calculated according to the ratio of AR/R for S. aureus detected
on the BIF compared to that on the NIF.>* The BIF with amino
groups exhibited a strong non-specific adsorption, giving the
lowest IF value (1.62), while the BIF with hydroxyl groups pro-
duced the highest IF value (4.98), which would help improve
the selectivity and sensitivity of the sensor. Therefore, TE was
eventually employed as the monomer for the BIF preparation
in the following experiment. The above results confirmed the
importance of functional groups on the recognition perform-
ance of MIPs.>**** In this case, we may speculate that the
specific recognition of bacteria-imprinted polymer for patho-
genic bacteria could be improved by regulating the functional
groups of the polymer.
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Fig. 1 EIS response towards target S. aureus (10° CFU mL™Y) with each
BIF and NIF prepared using different 3-substituted thiophene monomers
(bar chart), and the corresponding imprinting factor (line chart).

Electrochemical and fluorescent characterization of bacterial
imprinting and recognition

The process of bacterial imprinting and recognition using TE
as the monomer was characterized by EIS and CV techniques.
Fig. 2A and B show the EIS Nyquist plots of differently modi-
fied GCEs. It is known that the impedance spectrum includes
a linear part and a semicircle portion corresponding to
diffusion and electron-limited processes, respectively.’® The
semicircle diameter equals the charge-transfer resistance (R.)
through the fitting of the Nyquist plots using the Randles equi-
valent circuit (inset of Fig. 2A).*” The bare GCE exhibited
almost a straight line (Fig. 2A, solid square), indicating an
excellent electron transfer rate on the electrode surface. After
the electro-copolymerization of the TE monomer and S. aureus
template on the bare GCE (PTE + S. aureus/GCE), a large semi-
circle domain was observed (Fig. 2A, solid circle). In compari-
son, a very tiny semicircle domain was found when the electro-
polymerization was performed on the TE monomer alone
(PTE/GCE, Fig. 2B, solid square). The result indicated that the
template bacteria were successfully doped in the PTE matrices.
On immersing the modified electrode (PTE + S. aureus/GCE) in
CTAB/Hac for 10 min, the semicircle domain of the formed
BIF/GCE (Fig. 2A, hollow circle) decreased significantly,
suggesting that the template bacteria were successfully
removed from the PTE matrices. Upon the capture of S. aureus
(10° CFU mL™") using the as-prepared BIF/GCE for 10 min, the
semicircle domain of the modified electrode (BIF-S. aureus/
GCE, Fig. 2A, solid triangle) increased obviously. The calcu-
lated R, value of the BIF-S. aureus/GCE (ca. 3.5 kQ) was 16
times more than that of the BIF/GCE (ca. 210 Q). In contrast,
the impedance of NIF-S. aureus/GCE (Fig. 2B, hollow circle)
was just a little bit higher than that of NIF/GCE (Fig. 2B, solid
triangle), signifying a negligible non-specific adsorption of the
imprinted film. The result initially revealed that the formed
BIF had good recognition capability toward the target
S. aureus.

This journal is © The Royal Society of Chemistry 2022
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The findings mentioned above were confirmed by CV ana-
lysis. As shown in Fig. 2C, the CV curve of the PTE + S. aureus/
GCE exhibited a significant increase in peak potential differ-
ence (AEp) and a noticeable decrease in the peak current (I,)
compared with that of PTE/GCE. This result confirmed the
successful embedding of S. aureus in the PTE matrices. After
elution, the CV curve of the BIF/GCE showed a similar shape
as that of the PTE/GCE, further revealing the complete removal
of S. aureus from the PTE matrices. After the recognition of
S. aureus, the CV curve of the BIF-S. aureus/GCE had a remark-
able change with a rise in AE;, and a reduction in I, compared
with the BIF/GCE and NIF-S. aureus/GCE. The result again
indicated that the BIF had good recognition capability toward
the template bacteria with almost no non-specific adsorption.

To visualize the recognition ability of the imprinted film,
the target S. aureus was stained with a green fluorescent SYTO

This journal is © The Royal Society of Chemistry 2022

9 dye that is a cell-permeating nucleic acid stain. After incu-
bation, many green spherical spots were found on the surface
of the BIF/GCE (Fig. 2D), while almost no fluorescent signals
could be found on the NIF/GCE (Fig. 2E). The above results
further demonstrated that the BIF had good recognition capa-
bility toward the template S. aureus.

Morphological characterization

The surface morphology of the electrode during bacterial
imprinting and recognition were characterized by scanning
electron microscopy (SEM, JSM-7800F, JEOL, Japan) and
atomic force microscopy (AFM, Bruker Corp., USA). A lot of
spherical bacteria were seen on the PTE + S. aureus/GCE
(Fig. 3A). Most of the bacteria adhered to each other, looking
like the shape of grapes with a diameter of ca. 0.7 pm, which is
consistent with the published literature.*®*® The result again
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Fig. 3 SEM images of differently modified GCEs: (A) PTE + S. aureus/
GCE, (B) BIF/GCE, (C) and (D) BIF-S. aureus/GCE with 1000-, and
10 000-fold magnification, respectively.

implied that S. aureus was successfully doped on the PTE
matrices. After elution, no more bacteria were left on the BIF/
GCE (Fig. 3B), further suggesting that S. aureus was wholly
removed. Similar phenomena were observed from AFM images
(Fig. S2t). Using the BIF/GCE as the capture electrode, many
spherical bacteria were observed on BIF-S. aureus/GCE within
just 10 min (Fig. 3C), which could be more clearly seen from
the magnified image as shown in Fig. 3D.

Optimization of the BIF-based sensing performance

To optimize the performance of the BIF-based impedimetric
sensor, a series of experimental parameters employed in the
BIF preparation and the bacteria recognition were systemati-
cally optimized. With the increase of the polymerization cycle
from 5 to 15 (Fig. 4A), the EIS response first changed little and
then decreased obviously due to the increased difficulty in
template removal when a thicker polymer film was formed.
Thus 10 cycles of polymerization were employed for the BIF
fabrication. With the increase of the S. aureus template
amount from 10” to10° CFU mL ™" (Fig. 4B), the EIS response
increased gradually due to the formation of more recognition
sites. Therefore, 10° CFU mL™" of S. aureus was applied for the
BIF preparation.

For the complete removal of a large bacterial template from
PTE matrices, we first adopted two existing elution methods,
including the successive use of lysozyme (10 mg mL ™) for 2 h
and Triton X-100 (10%) for 80 min (denoted as lysozyme +
Triton), and the use of SDS/HAc (5%, w/v) for 4 h. However,
the template removal was not complete with a slight decrease
of the impedance value. For a more efficient elution, a cationic
detergent, CTAB, often used in bacterial lysis,” was attempted
for the bacterial template removal and compared with the two
eluents above. As shown in Fig. 4C, the best elution effect was
achieved with CTAB/HAc. In addition, the elution time with
CTAB/HAc was also optimized (Fig. 4D). With the increase in
the elution time from 5 to 15 min, the R, value of the modi-
fied electrode first decreased and then changed little.

4438 | Analyst, 2022, 147, 4433-444]

View Article Online

Analyst

AIZ

AR/R

S N & o ®

5 10 15 107 10 10°

Polymerization cycles Template concentration / CFU mL™!

8 150
C Lysozyme+Triton D
7 300
o SDS/HAc 250
5
=]
X4 g 0
N 3 N 150
2 100
1 50
CTAB/HAc¢
o= 0
10 15
Eluents for template removal Template removal time / min
16
10 12
10
E 6 < &
4 4
2 2
0 0
5 10 15 0 200 250 300

Recognition time / min Oscillation speed / rpm

Fig. 4 Optimization of experimental conditions for the BIF preparation
and its recognition: (A) polymerization cycles, (B) template concen-
tration, (C) eluents used for template removal, (D) template removal
time, (E) recognition time, and (F) oscillation speed during recognition.

Therefore, 10 min of elution with CTAB/HAc was finally used
for the bacterial template removal.

To maximize the EIS response toward the target S. aureus,
the recognition time and oscillation speed during recognition
were also optimized. With the increase in the recognition time
from 5 to 15 min, the EIS response was enhanced and then
changed little (Fig. 4E). Hence, 10 min of recognition was used
in the subsequent experiment. Oscillation using a metal bath
was employed for S. aureus capture to prevent bacterial depo-
sition. With an increase of the oscillation speed from 0 to 300
rpm, the EIS response first increased and then decreased
(Fig. 4F). Therefore, 250 rpm was selected for S. aureus
recognition.

Quantitative detection of S. aureus

With an increase of concentration from 0 to 10 CFU mL™,
the impedance of BIF/GCE gradually increased (Fig. 5A). This
is because the more bacteria are rebound to the BIF, the more
imprinted sites are occupied, which reduces the electron trans-
fer between the [Fe(CN)¢]**~ redox probe and GCE.
Meanwhile, in a broad concentration ranging from 10" to 107
CFU mL™", the EIS response had an excellent linear relation-
ship with the logarithm of the S. aureus concentration
(Fig. 5B). The linear regression equation for this sensor was
expressed as AR/R(Q) = 2.391g Cs. gyreus + 0.62 with a corre-
lation coefficient (R*) of 0.995. Based on the 34/S rule (o is the
standard deviation of the EIS response for the blank solution,

This journal is © The Royal Society of Chemistry 2022
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ithm of S. aureus concentration.

and S represents the slope of the calibration curve),*® the
detection limit of the sensor was calculated to be 4 CFU mL™*,
which was comparable to or even better than other reported
label-free electrochemical sensors for S. aureus detection as
shown in Table S1.}

Selectivity and universality of the BIF-based sensor

The selectivity was firstly investigated by comparing the EIS
response of S. aureus-templated BIF to single bacteria (the
target or interfering bacteria), and bacterial mixture with or
without S. aureus. As shown in Fig. 6A, the EIS response of
S. aureus-templated BIF towards the target S. aureus was
5 times higher than that to the interfering bacteria (E. coli
0157, S. paratyphi B, or L. monocytogenes). Moreover, the EIS
response of S. aureus-templated BIF to the bacterial mixtures
with S. aureus was approximately 4 times larger than that
without S. aureus. This result revealed that the selectivity of
this sensor is excellent. The high selectivity of the BIF against

This journal is © The Royal Society of Chemistry 2022
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Template: S. aureus

Fig. 6 Selectivity and universality of the BIF-based sensor. (A) EIS
response of S. aureus-templated BIF to single bacteria, and multi-bac-
terial strain mixtures without (mixture A) and with S. aureus (mixture B).
(B) EIS response of E. coli 0O157-, S. Paratyphi B-, and
L. monocytogenes-templated BIF to the target bacteria and interfering
bacteria. Each type of bacteria was maintained at the same concen-
tration of 10° CFU mL™.

the template bacteria could be ascribed to its sensitivity to the
chemical conformation of bacterial outer cell structures.®”

To test whether this BIF-based sensor can be applied for
detecting other bacteria, three other bacteria, including E. coli
0157, S. paratyphi B, and L. monocytogenes, were individually
used as the template for BIF preparation. It was found that for
each E. coli O157-, S. paratyphi B-, or L. monocytogenes-tem-
plated BIF, the EIS response to the corresponding template
bacteria was at least 3 times more than that to the interfering
bacteria (Fig. 6B). The above results showed that the BIF-based
sensor could provide a universal method for the highly selec-
tive detection of bacterial pathogens.

Reusability and repeatability of the sensing interface

The imprinted sites after the bacterial rebinding could be
efficiently regenerated within 10 min using the same method
as the template removal. It can be seen that even after being

Analyst, 2022,147, 4433-4441 | 4439
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Fig. 7 Reusability of the BIF-based sensing interface. The impedance of
BIF/GCE before and after the recognition of S. aureus (10> CFU mL™)
with different reuse numbers.

recycled 5 times, the impedance response to the target
S. aureus still retained more than 90% of the initial detection
signal (Fig. 7). The result indicated that the BIF-based sensor
is reusable, which is meaningful for reducing the assay cost
and time.

The repeatability was tested by monitoring the EIS
responses of eight fabricated BIF/GCE electrodes toward
S. aureus (10° CFU mL™") in 0.01 M PBS (pH 7.4). It was found
that the relative standard deviation % (RSD %) did not exceed
4.2%, indicating the good repeatability of the BIF-based
sensor.

Detection of S. aureus in real samples

To demonstrate the practical application of the proposed BIF-
based sensor for S. aureus detection in real complex samples,
we have used it for the analysis of lettuce and shrimp samples
artificially contaminated with different concentrations of
S. aureus. As can be seen from Table 1, the average recoveries
of S. aureus vary from 92.9 to 110.6%. The results implied that
the BIF-based sensor had a promising potential for the deter-
mination of bacteria in real samples. The sensing strategy

Table 1 Detection of S. aureus in lettuce and shrimp samples

Amounts of S. aureus (CFU

mL™")
Sample Added Measured Recovery (%)
Lettuce 10" 10.40 + 1.1 104.0

10> 108.0 +24.3 108.0

10° 929.1 + 292.4 92.9
Shrimp 10> 102.5 +27.7 102.5

10° 1106.0 + 261.1 110.6

10* 9922.0 + 557.2 99.2

All data are represented as the average value + standard deviation of at
least three independent experiments.

4440 | Analyst, 2022,147, 4433-4441
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could also be extended to on-site, remote, or home monitoring
of bacterial pathogens through combining disposable electro-
des (e.g., screen-printed electrodes, carbon paper, etc.) and
commercial portable electrochemical workstations.

Conclusion

In summary, an efficient label-free impedimetric sensing strat-
egy based on an electropolymerized BIF has been developed
for the rapid and sensitive detection of S. aureus. The results
suggest that the specific recognition of MIPs can be modulated
by designing suitable functional groups. In contrast to most
reported label-free electrochemical sensors for S. aureus detec-
tion (Table S1f), a significant improvement on both the dur-
ation for sensing interface fabrication and the analysis time
was achieved with a comparable detection limit. Moreover, the
BIF sensing interface can be regenerated and reused up to five
times, which is effective in reducing the assay cost and time.
This assay is anticipated to provide a universal, simple, and
robust method for the rapid, sensitive, and low-cost detection
of pathogenic bacteria. Yet, there are still challenges in identi-
fying live/dead bacteria, detecting complex food or whole
blood samples without complicated sample pretreatment, and
achieving long-term stability.
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