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Pathogenic bacteria pose a major global threat to public health, environmental safety, and food quality,
highlighting the need for rapid, sensitive, and cost-effective detection methods. In this study, an electro-
chemical biosensor based on a glassy carbon electrode modified with graphene oxide (GO), gold nano-
dendrites (AuNDs), and polydopamine (PDA) was developed with Escherichia coli imprinted on the
surface. The sensor combines the high conductivity of AuNDs and GO with the molecular recognition
capability of the imprinted PDA layer, providing excellent selectivity toward E. coli. By optimizing the bac-
terial removal method and the thickness of PDA film, the biosensor exhibited a wide linear detection
range (1.0 x 10'-1.0 x 10* CFU mL™) and a remarkably low detection limit of 1.5 CFU mL™2. It demon-
strated high recovery (96-103%) when tested with real creek water and wastewater samples. The pro-
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1. Introduction

Foodborne and waterborne diseases pose a substantial global
health burden, with transmission commonly occurring via
ingestion, aerosolization, or contact with contaminated water
containing bacterial, viral, or protozoan pathogens." The
World Health Organization’s Foodborne Disease Burden
Epidemiology Reference Group estimates that unsafe food
sickens roughly 600 million people, about 1 in 10, annually,
with the heaviest toll concentrated in low- and middle-income
regions.” Among these agents, such as bacteria, viruses, and
protozoa, bacteria are the leading cause of waterborne illness.
Salmonella spp., Listeria monocytogenes, Staphylococcus aureus,
and Escherichia coli in water, dairy, seafood, and fruits are the
causative agents of two-thirds of foodborne illnesses world-
wide, especially in developing countries.> Conventional detec-
tion methods for pathogenic bacteria associated with water-
borne illness, such as culture-based techniques and immuno-
assays, are time-consuming and labor-intensive because they
require growing a visible colony from a single bacterial cell to
amplify the signal® Alternative DNA technologies, such as
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E. coli in environmental monitoring applications.

polymerase chain reaction, have been developed for the sensi-
tive and reliable detection of pathogenic bacteria.* However,
these methods are limited by assay time, high cost, and the
enrichment of pathogens, which are often present in environ-
mental samples in low amounts.”

To prevent the spread of pathogenic bacteria and monitor
water quality, there is an urgent need for cost-effective, rapid
pathogen detection. Biosensors have emerged as a promising
alternative for bacterial detection due to their high sensitivity,
rapid response, and straightforward sample preparation.®
Biosensors use a bioreceptor to interact with the target analyte
and a transducer to convert a biological response into a mea-
surable signal.” Among the transducers, electrochemical
measurements have the potential to be easily integrated into
miniaturized, portable systems, enabling real-time quantifi-
cation of label-free samples.®® Electrochemical biosensors
with a wide variety of receptors, including antibodies,"
enzymes,'" phages,'> and nucleic acids,® have been under
development for pathogenic bacteria detection by numerous
researchers.

Nevertheless, biomolecules are often limited by their
complex preparation, high cost, low pH, and temperature
instability."* One innovative approach to enhancing the sensi-
tivity and selectivity of electrochemical biosensors is the use of
molecularly imprinted polymers (MIPs). MIPs are synthetic
polymers engineered to match the conformational features of
the target molecule, such as size, shape, and functional
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groups, prepared by polymerizing functional monomers and
cross-linkers around a template, which is later removed,
leaving selective recognition sites for the target."> Compared
with biomolecules, MIPs exhibit greater stability, lower cost,
and resistance to harsh environmental conditions such as
temperature, pH, and chemical degradation as biorecognition
layers.’® Bacteria-imprinted polymers are a subcategory of
MIPs, adapted for large biological targets, and also create tem-
plate-defined recognition sites. Due to the scale and complex-
ity of whole bacterial cells, it is challenging to fully encapsulate
or remove them from a bulk polymer, and bacteria imprinting
is commonly fabricated via surface imprinting."”” In this
method, bacterial cells act as molds on the polymer surface,
forming cavities that complement both the cell envelope’s
morphological shape and key chemical features. Integrating
MIPs with electrochemical techniques has further advanced
the development of sensitive, selective detection platforms for
long-term use. The polymer layer can be directly deposited on
a transducer surface via different methods such as electro-
chemical polymerization, drop casting, layer-by-layer depo-
sition, self-assembly, and in situ chemical polymerization."®

Recent studies have demonstrated that modifying the trans-
ducer surface with nanomaterials can significantly improve
the sensitivity of MIP-based electrochemical biosensors."
Carbon materials, such as carbon nanotubes, graphene, and
graphene oxide, feature densely packed hexagonal crystal lat-
tices in which carbon atoms are predominantly connected via
sp> hybridization.”® However, the presence of defects or edge
sites can introduce sp*-hybridized carbon atoms, slightly dis-
rupting the uniform structure.?’ This structure imparts excel-
lent thermal and chemical stability, a high surface area, and
superior electrical conductivity. Liu et al.*' reported that the
nanosheet structure of graphene oxide significantly enhanced
the sensitivity of the MIP sensor of testosterone. In addition,
metallic nanoparticles with porous, branched structures
exhibit high conductivity, facilitating electron transfer and
enhancing the sensor’s sensitivity.*>

This preliminary work presents the successful design of a
molecularly imprinted electrochemical biosensor for the selec-
tive recognition of E. coli. The device was fabricated by modify-
ing a glassy carbon electrode (GCE) via layer-by-layer assembly
of graphene oxide (GO) and gold nanodendrites (AuNDs), fol-
lowed by the electrochemical polymerization of dopamine
(DA). The integration of AuNDs into the polydopamine (PDA)
layer significantly enhanced the sensor’s electrical conductivity
and sensitivity. DA was selected for its excellent biocompatibil-
ity, self-polymerization, and versatile functional groups,
making it an effective monomer for molecular imprinting.>***
PDA can be prepared by electropolymerization under mild
aqueous conditions, without the need for additional linkers,
thereby preserving bacterial template integrity.”> The func-
tional groups in PDA interact with the bacterial cell wall via
noncovalent interactions during polymerization, such as
hydrogen bonding, n-rn stacking, van der Waals forces, and
electrostatic interactions,?® creating precise chemical matching
of the bacteria’s surface. PDA was identified as the optimal
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functional film for E. coli imprinting by density functional
theory calculations, which confirmed that PDA exhibited the
most favorable binding energy with lipopolysaccharides on the
E. coli cell envelope compared to other conductive polymers,
such as polypyrrole and polyaniline, underscoring its superior
suitability for forming specific, complementary recognition
sites.>” Overall, the developed platform demonstrated promise
for future adaptation as a portable, point-of-care device for
rapid detection of E. coli in environmental and food safety
applications.

2. Experimental

2.1. Chemicals and reagents

Dopamine hydrochloride, potassium ferricyanide (Ks[Fe
(CN)¢]), potassium ferrocyanide trihydrate (K,[Fe(CN)s]-3H,0),
potassium nitrate (KNOj;), potassium chloride (KCl), potass-
ium hydroxide (KOH), nitric acid (HNOj;), acetic acid
(CH;COOH), graphene oxide (GO), chloroauric acid, Nafion™,
sodium dodecyl sulfate (SDS), zinc dust, and Luria-Bertani
(LB) broth (Miller) were all purchased from Sigma-Aldrich
(Oakville, ON, Canada). Phosphoric acid (H;PO,) was obtained
from Thermo Fisher Scientific (Mississauga, ON, Canada).
Concentrated hydrochloric acid (HCl) was procured from
Caledon Laboratories Ltd (Georgetown, ON, Canada).

2.2. Instrumentation

All measurements were performed using a three-electrode
system, where a modified glassy carbon electrode (GCE) or
screen-printed electrode (SPE), platinum wire, and a silver/
silver chloride (Ag/AgCl, 3 M KCl) reference electrode
(Metrohm AG, Herisau, Switzerland) served as the working,
auxiliary, and reference electrodes, respectively. Cyclic voltam-
metry (CV), differential pulse voltammetry (DPV), and electro-
chemical impedance spectroscopy (EIS) measurements were
conducted using Autolab PGSTAT302N potentiostat/galvano-
stat (Metrohm AG, Herisau, Switzerland), and the measure-
ments were processed by NOVA™ 2.1.2 (Metrohm AG, Herisau,
Switzerland) software. To visualize morphological changes, the
GCE was imaged using a Hitachi S-530 scanning electron
microscope (SEM) (Hitachi, Chiyoda, Tokyo, Japan) and an
atomic force microscope (AFM) after each modification step.
The SEM images were obtained through secondary electron
analysis. All samples were coated with an osmium conductive
layer before imaging.

A JPK NanoWizard® 4 (JPK Instruments, Berlin, Germany)
coupled with an inverted optical fluorescence microscope
(Zeiss Axio Observer 7) was utilized to image the morphology
of SPEs via the Quantitative Imaging (QI) modality in PBS solu-
tion. An MLCT-bio probe with a spring constant equal to 0.6 N
m™' and a 20 nm tip radius was selected for imaging. A
Thermo Fisher Scientific K-Alpha XPS spectrometer (Thermo
Fisher Scientific-E, Grinstead, UK) was used to obtain the X-ray
photoelectron spectroscopy (XPS) measurements. The para-
meters of the survey spectra were a nominal 400 pm spot, 200

This journal is © The Royal Society of Chemistry 2026
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eV pass energy (PE), 1 eV step size, and 150 eV pass energy
with a 0.2 eV step size in the spectral regions of interest.
Fluorescent imaging was performed using a Zeiss Axio
Observer 7 with a filter set 92 HE LED. Excitation was provided
by a 591/27 nm LED, and emission was collected through a
long-pass filter at 688/145 nm.

2.3. Synthesis of MIP

Before modification, GCEs were polished using 1, 0.3, and
0.05 pm Alumina powders for 15 min in sequence. 3 pL of a
0.5 mg mL™" GO solution was drop-cast on the working area of
GCEs and dried for 1 h. The GCE underwent 10 cycles of CV
ranging from —0.2 to +0.8 V in 10 mM KCI with a scan rate of
0.1 V s7'. Before dipping the GCE in a 25 mM HAuCl;-3H,0
solution for 30 min, 10 pL of a 0.05% (w/w) Zn solution in
0.1% (w/v) Nafion™ was drop-cast on the electrode surface
and dried for 1 h. Following, the GCE was washed with 2 M
HCI and water. The electrical polymerization of the electrode
was performed in a 0.2 M phosphate buffer solution (pH 7.4)
containing 5 mM DA and 1.0 x 10° CFU mL™" of E. coli using
cyclic voltammetry from —0.5 to +0.5 V for 10 cycles at a scan
rate of 0.02 V s™" after 15 min of degassing with nitrogen. To
remove the bacteria templates, the electrode was sonicated in
0.01 equiv. M HNO3/SDS solution for 20 min, then rinsed with
water. A non-imprinted polymer (NIP)-modified electrode was
prepared using the same method but without adding the
bacteria.

2.4. Real sample preparation

Creek water and wastewater were prepared to demonstrate the
detection of target bacteria in real-world scenarios. The creek
water was obtained from Highland Creek (Toronto, Canada)
and was diluted five-fold with 0.2 M PBS (pH 7.4) prior to
measurements. Wastewater was obtained from Highland Creek
Treatment Plant (Toronto, Canada) and diluted ten-fold with
0.2 M PBS (pH 7.4). Each sample was spiked with the target
bacteria, and analyte recovery percentages were quantified
using the standard addition method.

2.5. Liquid culture preparation

Frozen bacterial stocks of E. coli AR3110, E. coli DH5a,
Pseudomonas defensor WCS37410, and Bacillus velezensis VFb49
were prepared in LB broth with 25% (v/v) glycerol and stored at
—80 °C. P. defensor and B. velezensis were provided by Dr. Keiko
Yoshioka’s laboratory from the University of Toronto as a gift.
Bacterial cells were first streaked on LB agar from frozen
stocks and incubated for 24 h. The E. coli strains were grown at
37 °C, and P. defensor and B. velezensis were incubated at
28 °C. Liquid cultures of each strain were initiated by inoculat-
ing a single colony into fresh LB solution and incubating for
24 h. Bacterial cells were harvested by centrifugation at 2000
rpm for 5 min, washed 3 times with PBS, and diluted to a
specific ODgqo in PBS.

This journal is © The Royal Society of Chemistry 2026
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3. Results and discussion

3.1. Characterization of the surface morphology and
composition

To enhance electrode conductivity, nanomaterials, including GO
and AuNDs, were applied to modify the electrode surface, and
the step-by-step modifications of the MIP were thoroughly
characterized using electrochemical (CV, EIS), spectroscopic
(XPS), and high-resolution imaging (SEM and AFM) techniques.
The morphological changes of the electrode surface resulting
from modifications with MIP and NIP were evaluated using
SEM, and the results are shown in Fig. 1a-d and S1, with a
variety of magnifications. As shown in Fig. 1a, the SEM displays
the sheet-like porous structure of the graphene oxide layer of
GO, and a dendrite-like structure of the AuNDs that formed on
top of the graphene oxide layer was observed on the GO/AuNDs
surface, confirming successful synthesis and immobilization of
AuNDs (Fig. 2b). A comparison of Fig. 1c and d, showing the
bacteria-imprinted PDA film before and after bacteria removal,
respectively, revealed the formation of cavities on the polymer
surface, indicating successful removal. A NIP-modified electrode
was prepared as a control, as shown in Fig. S1i and j, where the
PDA was deposited on the GO/AuNDs modified electrodes.

The morphological changes on the electrode surface after
each modification were analyzed using AFM to visualize the
smaller features, as shown in Fig. 1e-l. Initially, GO was drop-
cast onto the electrode surface, revealing its characteristic sheet-
like structure (Fig. 1e). The successful immobilization of AuNDs
was confirmed by the visualization of their branched architec-
ture (Fig. 1f). In the presence of the bacteria, the polymerization
entrapped the bacterial cells in solution, as shown in Fig. 1g-i.
The bacterial cells were measured approximately 1.5 + 0.3 pm in
length and 523 + 85 nm in height (Fig. 1h). After washing off the
trapped Dbacteria, their imprinted patterns were distinctly
observed on the electrode surface (Fig. 1h-k), indicating the suc-
cessful preparation of the MIP. Cross-sectional analysis further
estimated the height of the imprinted cavity to be 24 + 2 nm
(Fig. 1l). Electropolymerization accurately controlled the PDA
deposition thickness to the nanometer scale, typically ranging
from 10 nm to 45 nm, determined by the experimental
design.”®*?° In thin PDA films, bacterial cells were partially
embedded during polymerization, creating near-surface binding
sites that allow bacterial templates to be removed efficiently and
completely, and creating accessible binding sites.*®

XPS was used for the analysis of the elemental composition,
empirical formula, chemical state, and electronic state of the
elements. The chemical compositions of the GCE modified with
GO, GO/AuNDs, GO/AuNDs/PDA/Bacteria, and GO/AuNDs/PDA/
(w/o) Bacteria, where bacteria were washed off, were character-
ized by XPS, as shown in Fig. 2a, revealing the presence of Au 4f,
C 1s, N 1s, and O 1s on the surface of the respective catalysts.
The two characteristic peaks appearing at 83.7 and 87.4 €V corre-
sponded to the metallic state of Au 3ds,, and 3dj;/,, as observed
in Fig. 2b for the GCE modified with GO/AuNDs and GO/AuNDs/
PDA/Bacteria. The intensity of these two characteristic peaks for
the latter modification was noticeably lower than that of GO/
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Fig. 1 SEM images for modified GCEs with (a) GO, (b) GO/AuNDs, (c) GO/AuNDs/PDA-Bacteria, and (d) MIP. 2D AFM images of (e) GO, (f) GO/
AuNDs, (g) bacteria trapped in the PDA film, (h) the MIP pattern observed after the removal of bacteria, and (i) a 3D AFM image of bacteria trapped in
the PDA film with (j) the cross-section analysis of bacteria height, and (k) a 3D AFM image of the MIP pattern after the removal of the bacteria with

() the cross-section analysis of an imprinted cavity.
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Bacteria, where bacteria were washed off, and stack plot of in survey of the (b) Au region, (c) C region, (d) N region, and (e) O region.
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AuNDs, which was attributed to the presence of PDA, regardless
of whether bacteria were present or absent. The high-resolution
spectra for Au 4f, C 1s, N 1s, and O 1s are shown in Fig. 2b-e,
respectively. The C 1s peak observed at approximately 284 eV
was attributed to four components located at 284.9 eV (sp* C-C
bonds), 285.6 eV (C-OH bonds), 286.9 eV (C-O-C bonds), and
288.8 eV (C=0 bonds) for GO (Fig. 2c and Fig. S21).>° After the
deposition of the PDA layer, the peak at 285.6 eV corresponded
to C-N bonds in PDA, while the fitting located at 287.7 eV was
attributed to C-O bonds (Fig. S2e and h). The binding energies
associated with the oxygen-containing functional groups were
observed at 285.6 eV C-OH, 286.8 eV for C-O-C, 288.2 eV for
C=0, and 289.4 eV for O—=C-OH (Fig. S2).*"** The N 1s spec-
trum of GO/AuNDs/PDA/(w/o) Bacteria included two peaks at
399.7 eV and 401.9 eV for -NH, and -NH-, respectively (Fig. 2d
and Fig. $2d).>**

3.2. Electrochemical characterization

The preparation of the GO/AuNDs/PDA-modified electrode on
GCE, with and without bacteria, was assessed using CV, DPV,
and EIS techniques, as shown in Fig. 3. The CV and DPV (in

(b)
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both oxidation and reduction directions) (Fig. 3a and b)
revealed prominent redox peaks for [Fe(CN)s]>”'*~ on bare
GCE, GO/GCE, GO/AuNDs/GCE, and GO/AuNDs/PDA/GCE in
the presence and absence of bacteria. In both CV and DPV, the
modifications with GO and GO/AuNDs enhanced peak intensi-
ties, attributed to increased active surface area and improved
conductivity. However, after polymerization with PDA and bac-
teria, the peaks diminished significantly due to the bacteria’s
poor conductivity. The removal of the nonconductive bacteria
templates exposed imprinted cavities, restoring the redox
peaks.

In the Nyquist plots of the EIS measurements (Fig. 3c), the
modification with GO and AuNDs significantly reduced the
charge transfer resistance (R.) from 6.9 + 0.2 kQ for the bare elec-
trode to 2.7 + 0.05 kQ and 2.0 + 0.09 kQ, respectively. This
reduction confirmed the successful deposition of conductive GO
and AuNDs layers on the electrode surface. During NIP for-
mation, the R value increased to 108.2 + 3.0 kQ after DA
polymerization, attributed to its poor conductivity. The R
further increased to 247.0 + 7.1 kQ after incorporating the non-
conductive bacteria into the PDA film. Upon removing the bac-
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Fig. 3

(a) CV (from —0.3 to 0.7 V, 100 mV s~ scan rate) and (b) DPV (from —0.3 to 0.7 V and from 0.7 to —0.3 V with 100 scan rate mV s™%, 5 mV

step, 25 mV modulation amplitude) of GO/AuUNDs/PDA GCE measured in 5 mM [Fe(CN)g]*>~/4~ in 0.1 M KNO3 vs. Ag/AgCl reference electrode, (c)
Nyquist plots of GO/AuNDs/PDA GCE measured in 5 mM [Fe(CN)¢I3~/4~ in 0.1 M KNO5 from 100 kHz to 0.01 Hz vs. Ag/AgCl reference electrode (n =
3), and measurements were fitted with the modified Randles equivalent circuit (inset).
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teria and exposing the imprinted cavities on the polymer surface,
the R decreased to 35.5 + 1.7 kQ, confirming the successful
removal of bacteria and exposure of the functionalized sites.

Additionally, in this study, E. coli AR3110 was transformed
with a plasmid harboring the gene for the fluorescent protein
mCherry under a strong, constitutively expressed promoter.*?
Fluorescent E. coli was used as the MIP template, enabling the
visualization of the removal process through fluorescence
imaging. Fig. S3a displays the visible light image of the 0.01
equiv. M HNO;/SDS washing solution following the removal of
the bacterial template, where the removed bacteria were clearly
observed. Fig. S3b shows the corresponding fluorescence
image of the same washing solution, confirming the fluo-
rescence of the removed bacteria. A sample of liquid culture
containing mCherry E. coli suspended in PBS was also imaged
(Fig. S3c and d) as a control reference without washing.

3.3. Optimization of MIP and calibration study

The efficient removal of templates is a pivotal step in the devel-
opment of MIP-based biosensors because residual analyte
blocks imprinted cavities, restricts access to the redox probe,
destabilizes the electrochemical baseline, and degrades reat-
tachment capabilities.>® To optimize this process, two washing
solutions, CH;COOH/SDS and HNO3/SDS, were evaluated and
compared. CH;COOH/SDS was a common, milder eluent in
MIP workflows to remove bacterial cells from PDA films.>*>> As
illustrated in Fig. 4a, washing the electrode with a 5% (w/w)
CH;3COOH/SDS solution for 18 h reduced the R value to 104.1
+ 6.1 kQ. However, using a 0.01 equiv. M HNO,/SDS solution
resulted in a further reduction of the R value to 10.6 + 0.9 kQ.
The significant decrease in resistance observed with the HNO;/
SDS solution indicated its superior effectiveness in removing
bacteria compared to CH;COOH/SDS. PDA films were relatively
stable in low-concentration acidic solutions, and covalently
cross-linked PDA remains firmly anchored to the substrate after
acid treatment.>® As shown in Fig. S4, the PDA films before and
after washing with HNO;/SDS had similar morphologies and
height distributions, confirming that the PDA films experi-
enced minimal damage during the wash.

To further enhance the removal process, various washing
methods were studied using the HNO/SDS solution. As shown
in Fig. 4b, sonication provided a faster and more effective
approach for bacterial removal. After the electrode was washed
under magnetic stirring for 2 h, the R value decreased to 32.9
+ 1.2 kQ. In contrast, sonication in the washing solution for
10, 20, and 30 min resulted in significantly lower R . values of
18.1 = 0.1 kQ, 7.2 + 0.3 kQ, and 7.3 + 0.2 kQ, respectively.
Since no notable difference was observed between the R
values after 20 and 30 min of sonication, 20 min of sonication
in 0.01 equiv. M HNO;/SDS was identified as the optimal
method for effective bacterial removal.

Another critical factor in the MIP-based sensor develop-
ment was precisely controlling the thickness of the polymer
layer to ensure the formation of accessible and near-surface
imprinted cavities, which can minimize mass-transfer limit-
ations and shorten recognition time.*” A thick polymer with
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deeply buried sites slows diffusion, increases R, inhibits bac-
terial reattachment, and reduces reusability, thereby negatively
impacting sensor performance.'”” To determine the optimal
polymer thickness, electropolymerization of DA was performed
in the presence and absence of bacteria with 10, 15, and 20
cycles of CVs. As shown in Fig. S5a, the measured current
response decreased with increasing polymer thickness, high-
lighting the critical balance required for efficient MIP
fabrication.

The responses of electrodes with varying thicknesses were
tested for 15 and 20 cycles of electropolymerization and com-
pared with those for 10 cycles by incubating them in different
concentrations of E. coli. The results, shown in Fig. S5b-e,
indicated that for electrodes with 15 and 20 cycles, the R
value remained constant beyond 1.0 x 10> CFU mL™". In con-
trast, the MIP with 10 cycles of polymerization demonstrated a
linear detection range up to 1.0 x 10* CFU mL™", which was
twice that of the MIPs with 15 and 20 cycles of polymerization
(Fig. 4c and d). After incubation with 1.0 x 10* CFU mL™", all
cavities were filled, saturating the electrode surface with bac-
teria. Consequently, further incubation did not result in a sig-
nificant change to the R value. The plot of AR.. demonstrated
a linear relationship within the range of 1.0 x 10" to 1.0 x 10*
CFU mL™". The R, and y* values obtained from the EIS
measurements are listed in Table S1. The 4 ranged from 0.13
to 0.04, indicating that the proposed circuit fits the EIS
measurements well. The limit of detection (LOD) was calcu-
lated using eqn (1) and determined to be 1.5 CFU mL ™.

LOD — 3Sblank (1)
m

where, Spiank represents the standard deviation of the blank,
and m denotes the slope of the calibration curve. Based on
these results, among the three thicknesses tested, the MIP
formed with 10 cycles of CV scans exhibited the widest linear
range, making it the optimal polymer thickness. The EIS
measurements from the calibration study were fitted to the
Langmuir-Freundlich isotherm, as shown in Fig. S6 using the

eqn (2),

_ Qm(KC)"

T T @

where ¢ is the amount of adsorbed material on the substrate at
equilibrium, in this case it is ARy, Qn is the adsorption
capacity, C is the target analyte concentration, K, is the affinity
constant for adsorption, and 7 is the index of heterogeneity.*®
The Langmuir-Freundlich isotherm fit yielded a K, of 0.096 +
0.013 mL CFU " and a Q,, of 26.1 + 0.6 kQ with an R* of 0.998.
The high K, value indicates a strong affinity for the target bac-
teria, and Q, corresponds to the electrochemical signal at sat-
uration and represents the MIP’s maximum binding capacity.

3.4. Selectivity of MIP-based sensor

To assess the sensor’s selectivity and target recognition, the
electrode was incubated with various bacterial strains at 1.0 x

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Bacteria template removal studies using (a) 5% (w/w) CHzCOOH/SDS vs. 0.01 M equiv. M HNO3/SDS and (b) 0.01 M equiv. M HNO3/SDS with
2 h of magnetic stirring vs. 10, 20, and 30 min of sonication. (c) Nyquist plots of GO/AuNDs/PDA GCE with 10 cycles of polymerization after incu-
bation in different concentrations of E. coli, fitted with the modified Randles equivalent circuit (inset), and (d) the plot of AR vs. log concentration
of E. coli (n = 3). (e) Nyquist plots of GO/AUNDs/PDA GCE after incubation in 1.0 x 10° CFU mL™* of E. coli DH5q, P. defensor, B. velezensis, and
E. coli AR3110, measured under the same conditions (n = 3), and (f) bar chart of corresponding AR... Nyquist plots were measured in 5 mM [Fe
(CN)6I>#~ in 0.1 M KNO3 from 100 kHz to 0.01 Hz (n = 3), and measurements were fitted with the modified Randles equivalent circuit (inset). The
AR was calculated using the baseline subtraction.
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10® CFU mL™" for 30 min, including E. coli DH5a, P. defensor,
B. velezensis, and E. coli AR3110, which served as the template
bacteria. As illustrated in Fig. 4e and f, the sensor exhibited
the most significant increase in R, for the E. coli AR3110
strain, and the selective rebinding of the targets inhibited elec-
tron transfer between the electrode and the [Fe(CN)s>™*~
redox couple, resulting in a marked increase in the R.. In con-
trast, P. defensor and B. velezensis induced only minor R
changes, attributable primarily to nonspecific adsorption. The
slightly higher interference from E. coli DH5a relative to the
non-E. coli species likely reflected similarities in cell size and
Gram-negative envelope architecture. Compared with E. coli
DH5a, curli-producing E. coli AR3110 exhibited stronger
attachment and higher affinity to PDA-based MIPs. Curli are
adhesive functional amyloid fibers produced by members of
the Enterobacteriaceae that mediate adhesion to abiotic sur-
faces, promote cell-cell aggregation, and drive biofilm for-
mation.>® To further enhance selectivity, dual-recognition
systems based on MIPs have been developed. Recently, Agar
et al*® integrated aptamers with MIPs for the highly selective
detection of S. aureus and E. coli, reporting that the combined
aptamer and MIP architecture outperformed either component
alone.

3.5. Real sample study

To evaluate the sensor’s applicability to environmental moni-
toring, its performance was tested on various water samples,
including creek water and wastewater. The EIS and the stan-
dard addition method were employed to assess the sensor’s
ability to detect bacteria in these complex matrices. Prior to
measurement, all samples were diluted fivefold with PBS (pH
7.4), which minimizes interference from ionic strength and pH
on sensor performance. Diluting environmental samples with
the standard PBS buffer prior to analysis is an effective step
that normalizes pH and ionic strength, and reduces the con-
centration of potential organic matter to prevent electrode
fouling.*® The standard addition method was used to mitigate
matrix effects inherent to real samples. Initial bacterial con-
centrations were determined, followed by spiking samples
with known amounts of bacteria. The percent recoveries were
then calculated to verify the sensor’s accuracy. As summarized
in Table 1, the percent recoveries ranged from 96 to 103%,
highlighting the sensor’s effectiveness and reliability in detect-
ing bacteria in complex real-world samples. To further mini-
mize interference and non-specific absorption, we propose
integrating membrane filtration as a sample-preparation step

View Article Online
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to separate bacteria from water samples. By adjusting pore size
and surface properties, membrane filtration can efficiently
capture and release bacteria for sample preparation in electro-
chemical detection.*’ Using a membrane with a controlled
pore size, typically in the microfiltration range (0.2-0.45 pm),
bacterial cells can be separated from small, non-target mole-
cules that contribute to non-specific adsorption, making this
approach compatible with on-field applications.*

3.6. From GCE to SPE: a step toward portability

To adapt to field environmental applications, SPEs were popu-
larly applied to develop portable electrochemical sensors for
on-site monitoring of microbial contamination in water,
offering several advantages, including low cost, disposability,
and mass production.> To further support practical appli-
cations, SPEs were modified with GO, AuNDs, and PDA using
the same optimized parameters as for the GCE modification,
and a comparative study was conducted between GCE- and
SPE-based sensors.

The sensitivity of the SPE-based sensors was evaluated by
incubating them with varying concentrations of E. coli. As
shown in Fig. S7a, the R, value increased with rising bacterial
concentrations. Fig. S7b illustrates that the change in R
exhibited a linear response over the range of 1.0 x 10" to 1.0 x
10 CFU mL™", beyond which no significant change was
observed due to electrode surface saturation. The LOD calcu-
lated from the calibration curve was 1.3 CFU mL™". Compared
to the GCE-based sensors, the SPE-based ones demonstrated a
narrower linear range (1.0 x 10'~1.0 x 10* CFU mL™* vs. 1.0 X
10'-1.0 x 10* CFU mL™") but achieved a slightly lower LOD
(1.3 CFU mL™" vs. 1.5 CFUmL™").

Compared to uniform and smooth GCEs, the surface of
SPEs contains carbon ink composed of graphite particles,
polymer binders, and additives, and the polymer binders may
influence redox activity and decrease electron transfer reactiv-
ity.** Additionally, the fabrication process and carbon ink com-
position can significantly impact the electrochemical pro-
perties of SPE, including electron transfer kinetics, back-
ground current, and impedance.*”> The narrower linear range
of SPE compared to GCE can be attributed to its lower electron
transfer efficiency and potential differences between the elec-
trode materials. These factors limit the number of binding
sites and compromise the sensor’s linearity at higher bacterial
concentrations. The chemically uniform, binder-free surface of
GCE supports more uniform MIP growth, cleaner template
removal, and lower capacitive noise. Although SPEs are afford-

Table 1 Electrochemical determination of E. coli in creek water and wastewater (n = 3)

Detected concentration Spiked concentration Found concentration Recovery
Real sample (CFUmL™ £5.d.) (CFU mL™) (CFUmL™ +s.d.) (% + s.d.)
Creek water 13.5 £ 3.0 0 — —
13.5+ 3.0 50.0 61.5+2.4 96.0 + 4.7
Wastewater 105.9 £ 1.0 0 — —
105.9+£1.0 1000.0 1138.2 £16.9 103.0 +1.7
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Table 2 Performance comparison of different electrochemical techniques for E. coli detection in the literature

Electrochemical Linear range (CFU LOD (CFU
Electrode technique mL ™) mL™") Ref.
SPE modified with magnetic and gold nanoparticles conjugated DPV 1.0 X 10'-1.0 x 10° 10.0 48
with antibodies
SPE modified with aptamer-NanoZyme based assay (01 1.0 X 10'-1.0 x 10° 10.0 49
Gold SPE modified with antibodies EIS 1.0 X 10"-1.0 x 10° 30.0 50
GCE modified with gold nanoparticles DPV 1.0 X 10'-1.0 x 10* 7.0 51
GCE/GO/AuNDs/PDA EIS 1.0 x 10"-1.0 x 10* 1.5 This
SPE/GO/AuNDs/PDA EIS 1.0 x 10'-1.0 x 10? 1.3 work

able and compatible with portable devices, further enhance-
ments, such as pretreatment, are necessary to extend the
linear range and enhance sensor performance.

As summarized in Table 2, the MIP-based sensor developed
in this study exhibited a comparable linear range and a lower
LOD than those reported in the recent literature for E. coli
detection using electrochemical techniques. Moreover, the
MIP-based sensor demonstrated long-term stability and was
suitable for integration with portable analytical instruments
for practical applications. The GCEs were stored at room temp-
erature for 45 days without a significant loss of performance,
as shown in Fig. S8. This supports the feasibility of the sensor
for on-site water quality monitoring, where an extended shelf
life is essential. Although antibody-based electrochemical
sensors with exceptional affinity and excellent selectivity are
well-established,*® the stability of biomaterials depends on a
delicate balance of hydrogen bonds, hydrophobic interactions,
and ionic bonds, which is easily disrupted by changes in pH,
temperature, and the organic matter in real samples.*” In con-
trast, the fully polymeric MIP represents a strategically advan-
tageous, cost-effective, and durable alternative for the expen-
sive and unstable biomolecules.

4. Conclusions

In this study, a GO/AuNDs/PDA-modified electrode was devel-
oped as a selective and sensitive sensor for rapid E. coli detec-
tion. SEM analysis and AFM imaging confirmed the step-wise
modifications applied to the electrode surface. The incorpor-
ation of GO/AuNDs significantly enhanced the sensor’s sensi-
tivity by promoting efficient electron transfer at the electrode
interface. Compared to conventional detection methods, the
fabricated electrochemical MIP-based sensor offered faster
response times, higher sensitivity, and lower production costs.
Under optimized conditions, the sensor exhibited a linear
detection range from 1.0 x 10" to 1.0 x 10* CFU mL ™" with a
LOD of 1.5 CFU mL™" for E. coli AR3110. Moreover, the MIP-
based sensor demonstrated excellent selectivity, effectively dis-
tinguishing the target E. coli AR3110 from non-target bacterial
species, such as E. coli DH5a, P. defensor, and B. velezensis. Its
practical applicability was further validated through the suc-
cessful detection of E. coli in real water samples, confirming
its potential for real-world bacterial monitoring.

This journal is © The Royal Society of Chemistry 2026
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