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Abstract

This work presents a novel biosensor based on molecularly imprinted polymers (MIP) to detect
the flagella of Proteus mirabilis and describes experiments of the response to the whole bacterial
cell. The MIP was obtained directly on the surface of gold electrodes, by electropolymerisation
of pyrrole in the presence of Proteus mirabilis flagella, using cyclic voltammetry. The imprinted
polymer matrix was then treated with trypsin to enzymatically digest the flagella and expose the
complementary cavities that served as selective recognition sites.

The performance of the electrodes prepared with the MIP materials and the corresponding
controls was evaluated by potentiometric assays in HEPES buffer. This was performed for the
flagella of Proteus mirabilis and the whole cell of the bacterium. The limit of detection (LOD)
for flagella was 0.251 pg/mL when using the MIP and 0.758 pg/mL when using the control non-
imprinted polymer (NIP). The imprinting factor (IF) demonstrated concentration-dependent
enhancement of specific binding, with IF values of about 2.05 at 11.10 ng/mL, 7.30 at
111.10 ng/mL, and 13.60 at 311.10 ng/mL. Additionally, the slope of the NIP calibration curve
was found to be lower than that of the MIP, further confirming that the sensitivity arises from the
imprinted cavities. To confirm the preference of the material for the flagella, selectivity studies
were performed against other non-target proteins, including glucose oxidase, Staphylococcus
aureus protein A and bovine serum albumin.

Overall, the results showed good sensitivity and high selectivity for Proteus mirabilis
flagella, emphasising the promising potential of this MIP-based sensor for the rapid and cost-
effective detection of bacterial proteins. However, the detection of the whole cell under the tested
conditions remained limited. This could be due to the cell's ability to move, as it has flagella and
its driving force for movement is likely higher than the binding affinity for the MIP, which relies

only on non-covalent bonds.
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1. Introduction

Proteus mirabilis is an important bacterium in terms of food safety and spoilage [1]. It
breaks down proteins present in food, causing unpleasant odours/tastes, which is particularly
important in protein-rich foods such as meat [2,3]. The presence of Proteus mirabilis can also
indicate unhygienic conditions in food processing, as the bacterium can form biofilms on
equipment used for food processing [4,5]. Thus, monitoring and control of these bacteria in food
production and processing is crucial to ensure food safety, prevent spoilage and reduce the risk of
foodborne illness. This usually involves microbiological testing, which in a routine basis may
involve culture-based methods for increasing the detection capacity [6,7]. These methods are
typically linked to low sensitivity, unable to provide a quick answer, in time of implementing
effective corrective measures that could eliminate/prevent further food contamination. Despite
the great advances in the literature related to these methods, there are key cornerstones that
remain to be solved, mostly related to (a) the complexity and diversity of the food matrices; (b)
the randomly distributed pathogen in the sample and its low concentration levels; (c) possible
collapse of the pathogen during processing; (d) the presence of bacteria from the normal
microbiota; and (e) the timing between sampling and collection [8,9]. In addition, some common
bacterial biochemical test such as Polymerase Chain Reaction (PCR) [10] and DNA sequencing
[11] provide high specificity, Enzyme-Linked Immunosorbent Assay (ELISA) [12] is suitable for
screening. But, those techniques require expensive natural receptors like antibody or DNA,
costly equipment, high laborious time and specialized expertise.

One of the strategies reported in the literature enables quick and local responses signalling
the presence of bacterial pathogens involves the use of biosensors [13—16], which are small
compact devices that contain biorecognition and transduction elements in a single device. The
biorecognition element is responsible for the selective binding of the target compound, and it can
be of natural origin, as antibodies or enzymes, or of synthetic origin, as nucleic acids, aptamers
or other biomimetic materials. The transduction scheme is mostly electrochemical (as for the
glucose monitoring in diabetes) [17] or optical (as for the colorimetric urine strips) [18].

One of the emerging fields in terms quick and low-cost detection of bacteria is the use of
molecularly imprinted polymer (MIP) materials as biorecognition elements [19-21]. MIPs are
synthetic polymers planned to mimic the behaviour of antibodies (biomimetic biorecognition

elements). They are obtained by imprinting technology, in which monomers and template (target



compound) are brought together to form a self-arranged complex. Upon addition of cross-linkers
and monomers, a radical polymerization leads to the formation of a 3D network where the
template is entrapped. The template is then removed, creating free binding sites that hold
complementary shape and functionalities to the template [22-25]. Overall, MIPs are considered
robust and advantageous molecular recognition elements, capable of acting like natural
recognition entities, such as antibodies and biological receptors [26]. When the template of the
imprinted template is of large size and complex structure, which is the case of a whole
bacterium, a fraction of the template can be imprinted. Herein, the most suitable approach
seemed to be the use of a fraction of the bacteria, using the Proteus Mirabilis’ flagella, which is a
lash-like appendage that is on the cell. The positioning of the external proteins of the cell is also
variable from cell to cell, which makes the population of same bacteria highly heterogenous in
terms of a 3D mould. Bacteria can undergo flagellar shedding due to various environmental
stresses, such as changes in the environment or leading to the detachment of flagella from the
cell body [27,28]. Detached flagella, primarily composed of flagellin proteins, can serve as
valuable biomarkers for bacterial presence and identification [29].

As far as we know, there is a single MIP material assembled for Proteus Mirabilis flagella
reported in the literature, using phenol monomers and in-situ electropolymerization [30], with
electrochemical impedance spectroscopy (EIS) and square wave voltammetry (SWV) employed
for the target detection. However, EIS and SWV-based detection process is hindered by a
prolonged response time when transitioning between different target concentrations. In addition,
while the use of phenol as monomer allows establishing intense hydrogen and electrostatic
interactions with the imprinted compound, the polymeric network so generate has non-
conductive features. This may hinder the electrical signal generated by electrochemical systems,
but its impact may be controlled by the thickness of the polymeric film. In alternative,
conductive polymers may be employed, such as polyaniline, polythiophene,
polythylenedioxythiophene [31-34]. Among conductive polymers, polypyrrole (PPy) has been
widely used for electrochemical sensing [31,35] , offering several advantages in terms of
simplicity and recognition ability. However, the conductivity of polyphenol is 1.2 x 10 S-cm™
[36], whereas polypyrrole exhibits significantly higher conductivity, approximately 10° S-cm™
[37] in thin-film form.



About the transduction scheme, the use of potentiometric-based systems is also preferred. In
comparison to other electrochemical approaches, potentiometry introduces simplicity and low-
cost, while allowing short response time and high sensitivity [38]. The most widely used
potentiometric sensors are ion-selective electrodes (ISEs). In these, the sensing layer of ISEs is
the ion-selective membrane that contains as biorecognition element an ionophore, which when
the target compound exists in an ionic form can be a MIP material [39]. Traditionally the
fabrication of the ion-selective membrane involves the mixing of the ionophores with suitable
additives and/or with plasticizers to fabricate the cocktail membrane that will be deposited over
the electrode surface [40—42]. The main drawback of this process is its time-consuming nature
and the difficulty in controlling the thickness of the sensing layer, which may question
reproducibility and the upscaling of the fabrication process. This procedure may be simplified by
a direct preparation of the sensing system on an electrochemical set-up.

Furthermore, in this proof-of-concept study, both lipophilic salts and the conditioning step
were intentionally omitted to evaluate the intrinsic performance of the MIP-FPM-based sensor in
its simplest form. While lipophilic salts (e.g., potassium tetrakis(4-chlorophenyl)borate,
KTpCIPB) are commonly used in conventional ISEs to enhance membrane conductivity and
stabilize the phase boundary potential, their inclusion in MIP-based systems could introduce
non-specific ionic pathways, potentially compromising selectivity. In addition, in flexible or non-
PVC matrices, these salts may leach over time, reducing stability. Similarly, although
conditioning is important in traditional ISMs to establish membrane/solution equilibrium, its
effect in MIP-FPM matrices is less predictable. Excluding conditioning allows direct assessment
of the sensor’s unconditioned performance, which is particularly relevant for point-of-care and
disposable applications.

Thus, this work describes the development of a new MIP material for detecting flagella from
Proteus Mirabilis that is PPy-based, applied in a potentiometric transduction. As a novelty in
terms of potentiometry development, the sensing layer of the MIP-based sensor was directly
fabricated on gold-screen printed electrodes (Au-SPEs), yielding a plasticizer-free architecture
that departs from conventional potentiometric sensor designs. The fabrication of the overall
system is described, optimized and characterized, with regard to the main analytical features.

Application is also tried out for detecting the flagella and the whole cell.



2. Experimental
2.1. Equipment and instrumentation

High-input impedance voltmeter (1015 Q), model EMF-16 Lawson Laboratories Inc
(Malvern, PA, USA). Double junction standard commercial reference electrode (Ag/AgCI/KCI 3
M) containing a 1 M LiAcO electrolyte bridge, type 6.0729.100, Metrohm AG (Herisau,
Switzerland). The electrochemical measurements were conducted with a potentiostat/galvanostat
from Metrohm Autolab and a PGSTAT302N (Utrecht, The Netherlands), equipped with a FRA
module and controlled by Nova software. The Au-SPEs were purchased from DropSens (Oviedo,
Spain), and composed by a working electrode made of gold, a counter electrode made of gold
and a reference electrode made of silver (electrical contacts were also made of silver). The
diameter of the working electrode (WE) was 4.0 mm. The Au-SPEs were connected to a portable
switch box, also from DropSens (DRP-DSC), allowing their interface with the
potentiostat/galvanostat. Fourier transform infrared spectroscopy (FTIR) measurements were
performed using a Thermo Scientific Smart iTR Nicolet iS10, coupled to SAGA smart accessory,
also from Thermo Scientific (Waltham, USA). Transmission electron microscope (TEM), Jeol

1011, was from Japan.

2.2. Reagents and solutions

All chemicals were of analytical grade and water was de-ionized or ultrapure Milli-Q
laboratory grade. Sulfuric acid (98%), potassium hexacyanoferrate III, potassium
hexacyanoferrate II trihydrate, sodium acetate anhydrous, trypsin, pyrrole (98%), 2-(N-
morpholino)ethanesulphonic acid monohydrate 98% (MES), bovine serum albumin (BSA),
protein A from Staphylococcus aureus (PA), glucose oxidase (GOx), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), tris(hydroxymethyl)aminomethane and potassium
chloride (KCl) were from Sigma Aldrich. The MES buffer (1.0x102 mol/L, KC1 0.1M, pH 5.0)
was used for the template molecule immobilization onto the WE of Au-SPE and Potassium
ferro/ferricyanide probe solution preparation. Flagella from Proteus mirabilis (FPM) was
obtained from the Department of Microbiology, University of Barcelona. Stock solutions of
1.22x107 mol/L flagella from Proteus mirabilis (FPM) were prepared in TRIS buffer (6.67x104
mol/L, pH 7.8) and stored at —20°C. Standards were obtained by accurate dilution of the previous
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solution in HEPES buffer (1.0x10* mol/L, variable pH 5, 7.3 or 8.5) depending on the
applications. TRIS buffer (5.0x102 mol/L, CaCl, 1.0x10- mol/L pH 8.0) was used for trypsin
solution preparation. The selectivity study was made in the HEPES (1.0x10 mol/L, pH 7.3)
buffer using BSA, PA and GOx.

The bacterial culturing media tryptic soy broth (TSB) and tryptic soy agar (TSA) were
purchased from Becton, Dickinson and Company (Sparks, USA), and they were prepared
according to companies’ provided indications. These non-selective media were used in the

counting and cultivation of pure strains of Proteus mirabilis (PM).

2.3. Electrochemical synthesis of molecularly imprinted (MIP) and non-imprinted polymer (NIP)
films

Prior to the electropolymerization, the Au-SPEs electrodes were cleaned with ethanol followed
by electrochemical cleaning with 0.5 M H2SO4 (Cyclic Voltammetry, CV, from —0.2 to 1.2V, 15
cycles at a scan-rate of 50 mV/s). Then FPM were deposited at the working area of the Au-SPE:
10 pL of 200 pg/mL FPM solution prepared in MES buffer was exposed to the working area of
the electrodes for 30 minutes at room temperature and gently washed with Milli-Q water. The
immobilization was based on spontaneous physisorption of FPM onto the gold surface, a
phenomenon well documented in the literature—for example; proteins like antibodies have been
shown to irreversibly adsorb onto gold nanoparticles [43], forming stable layers that resist
removal even after washing. However, 75uL of pyrrole solution (1x10-% M) in acetate buffer
(1x102 M, pH 5.0) was placed to cover the three electrodes and polymerization was performed
by CV from -0.2 to 1.2 V (scan rate 0.05V/s, 15 CV cycles was found to be the optimal).
Nonetheless, we took deliberate steps to ensure consistent polymerization conditions across all
electrodes. Drawing on our previous experience in MIP fabrication, we employed a low
concentration of pyrrole (1 x 107 M) in acetate buffer without additional salt to achieve a slower
and more controlled deposition rate, thereby promoting uniform film formation. Flagella were
removed by adding trypsin (500 pg/mL in TRIS buffer, 37°C, and 2.5 h) and by the subsequent
electrochemical cleaning in MES buffer (10 CV cycles from -0.6 to 1V, scan rate 50 mV/s). The

fabrication of the MIP-based biosensors is schematically presented in Figure 1.



In parallel, non-imprinted polymers (NIPs) were synthesized in a similar mode, but without

the presence of FPM.

2.4. Electrochemical characterization of the films

The polymer growth and the surface characteristics of MIP and NIP-films were followed by
CV, electrochemical impedance spectroscopy (EIS) and squared-wave voltammetry (SWV). The
redox probes in all CV and EIS measurements were 5.0 mmol/L [Fe(CN)¢]*~ and 5.0 mmol/L
[Fe(CN)s]* prepared in MES buffer (1.0x102 mol/L, KC1 0.1M, pH 5.0). In CV assays, the
potentials ranged from —0.5 to +0.7 V with a scan rate of 50 mV/s. In EIS, an open circuit
potential was set using a sinusoidal potential perturbation of 0.01 V amplitude and 50 frequency
values logarithmically distributed over a frequency range of 0.1-100 kHz. In SWV the potential

range was from —0.1 to 0.6 V.

2.5. Potentiometric measurements

In the case of potentiometric measurements, the working electrode was the gold electrode of
the Au-SPE (which contained the MIP/NIP materials), tested against the standard commercial
reference electrode (Ag/AgClI/KCI 3 M). The working electrode was stabilized in blank HEPES
buffer at a fixed pH before starting the calibration. All the potentiometric measurements for FPM
detection were carried out at room temperature and in stirred solutions. Electromotive force
(EMF) values of each electrode were measured in HEPES buffer (1.0x10-* mol/L) in fixed pH
(5.0, 7.3 or 8.5). The best performance of the sensors at the calibration stage was found at pH 7.3
and these results are presented herein. For the detection of Proteus mirabilis, the potentiometric

measurements were conducted using sterilized HEPES buffer, pH 7.3.

3. Results and discussions

3.1. Electrochemical imprinting

The typical cyclic voltammograms recorded during the MIP and NIP formation by
electropolymerization are shown in Figure 2A, conducted on Au-SPEs that have high metallic
conductivity [44]. The first voltammogram of the NIP corresponded to only pyrrole in acetate

buffer presented two oxidation peaks, one at ~0.7V (of higher current intensity) and another at



~1.0V (of smaller intensity). The electropolymerization of pyrrole can lead to the formation of
diverse structures, as reported in [45], in which two oxidation peaks are also a possibility. In
addition to this, the polymerization was conducted in acetate medium, on a surface that was in
contact with MES buffer (used at the FPM deposition stage, which in the MIP corresponded to
incubation in MES), which are very specific conditions. However, the potential shift toward a
higher anodic value observed during the first scan cycle of the MIP electropolymerization can be
attributed to the hindered diffusion of pyrrole monomers caused by the presence of the FPM
template. The FPM molecules, occupying specific recognition sites during polymer growth,
likely reduce the accessibility and local mobility of pyrrole near the electrode surface. As a
result, a higher overpotential is required to initiate polymerization, leading to the observed shift.
In contrast, the NIP, lacking such a template-induced steric barrier, exhibits no significant shift
in the oxidation potential during its first cycle, supporting the assertion that the shift is template-
dependent. This behavior indicates that the presence of the FPM template plays a role in shaping

the polymerization conditions.

In addition, the first oxidation peak was significantly reduced in subsequent
voltammograms, which can reflect the small reduction peak observed in the reversed cycle, when
compared to the oxidation peaks. As the overall current decreased upon consecutive cycling, the
formation of the polymer on the electrode surface was confirmed, although not having

conductive features (due to the specific conditions in which the polymerization took place).

Considering the MIP materials, only one oxidation peak was evident, at ~0.9 V. This could
correspond to the shift of the first oxidation peak observed in the NIP to higher potential, in
which the second oxidation peak would be covered by the capacitance current observed, due to
the presence of FPM before starting polymerization. In alternative, a single oxidation peak could
also have been observed, as the conductivity features of the electrode surface were limited, due
to the presence of the flagella. As in the NIP, voltammograms of the MIP showed decreasing
currents from the 1st cycle to the 9th cycle, indicating the deposition of a non-conductive
polymer onto the electrode surface (although not as insulating as polyphenol). This was
confirmed by the disappearance of the redox peaks of the ferro/ferricyanide probe with respect to

the clean Au-SPE (Figure 2B). All these considerations around the peak shift require however



further studies around the redox species being formed in time and within the potential ranged at

the electrode surface.

Comparing with the NIP, the anodic oxidation of pyrrole in the MIP displayed lower current
intensities, which was an outcome of the presence of FPM before the electropolymerization
stage. Moreover, the decreasing trend of the current in consecutive voltammograms was lower in
the MIPs, indicating a lower polymer growth. This was correlated to the presence of the flagella
at the electrode surface, blocking the access of pyrrole to the electrode and thereby hindering the

formation of the radical species that are responsible to sustain the polymer growth.

3.2. EIS and SWV-based characterization

EIS and SWV were also employed for the characterization of the polymer films (Figure 2C-
D). Typical EIS data of the MIP and NIP-films before and after the template removal is shown in
Figure 2C, in the form of Nyquist plots and fitting values to the equivalent Randles circuit. In
this, the semicircles observed at high frequency region indicated a charge-transfer controlled
process. The diameter of this semicircle is equal to the charge-transfer resistance, R, which
governs the electron-transfer kinetics of the redox-probe at the electrode interface [46]. The
linear behavior was observed at the low frequency range and exposed a diffusion-controlled
mass-transfer process [47], represented by the Warburg element (W). Overall, the electrical
circuit in EIS is composed of a resistor element (solution resistance, Rs) in series with one
parallel circuit comprising a charge transfer resistance, Rct, with a Warburg element (W) and a
double layer capacitance, Cq (inset of Figure 2C) [48-50].

Table 1 presents the summarized data from the EIS-based characterization conducted before

and after the template removal treatment, followed by a detailed explanation.

Table 1: Summarized data of EIS-based characterization

Rat
% of signal decay
) After the
Material Clean Au- After after template
treatment for
SPE polymerization removal
template removal
MIP 0.15 kQ 16.7 kQ 1.8 kQ 89.0%
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NIP 9.8 kQ 2.6 kQ 73.5%

The polymerization contributed to a huge increase in the R value of the clean electrode,
which confirmed the formation of a polymeric compound at the surface of the electrode that does
not hold conductivity features. The R increased much more in the MIP (16.7 k) than in the
NIP (9.8 kQ), which was expected considering the presence of FPM at the surface on the MIP,
combined with the formation of a PPy in both surfaces (the formation of the polymer occurred in
a lower extent in the MIP when compared to the NIP, due to the presence of the protein).

FPM was removed from the polymer network by the proteolytic action of trypsin. For
comparison purposes, both MIP and NIP materials were incubated in the enzyme solution and
after subject to electrochemical cleaning. In general, both R values of MIP and NIP decreased
significantly, down to 1.8 and 2.6 k€, respectively. As expected, this decreasing was more
intense in the MIPs (89.0%) than in the NIPs (73.5%). In the case of MIPs, this decreasing rate
involved two factors: (i) the removal of the template (FPM) and (ii) the elimination of non-bound
monomers and/or oligomers, with the possibility of some polymer material loss. In contrast, for
the NIP, only the latter factor is relevant since no FPM was incorporated during polymerization.
The relative contribution of both (i) and (i1) can only be considered upon analyses of the absolute
terms; one could say that the impact of the removal stage in (ii) corresponded to 7kQ and in
(i+ii1) corresponded to ~15k€, meaning that about 50% of the signal decrease could be assigned
to the loss of materials within the NIP membrane. Overall, the SWV data obtained in parallel
(shown in Figure 2D) is consistent with EIS data. Importantly, the recovery of the peak current

after FPM removal is highly evident in the case of the MIP.

3.3. FTIR-based characterization

FTIR analysis was performed for both MIP and NIP; however, the spectra appeared is
identical (Figure S1 Supplementary Information). This similarity is expected, as both polymers
are synthesized from the same functional monomers and cross-linker, and the template protein
(trypsin) is not covalently incorporated into the polymer backbone. Consequently, FTIR cannot
provide clear differentiation between MIP and NIP. Nonetheless, the obtained spectrum confirms
that the overall chemical structure of the polymer remains intact after template removal,

indicating that trypsin does not alter the polymer framework.
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3.4. Analytical performance of the sensors for the detection of flagella

Figure 3 shows the potentiometric performance of the sensors against increasing
concentrations of FPM. As the analytical application is intended for bacterial infections, HEPES
buffer solutions were employed herein, at ~pH of 7.3. In general, both devices (MIPs and NIPs)
showed no response at lower concentration of FPM, below 11.1 ng/mL.

The MIP displayed a slight EMF decrease when the concentration of FPM was of 0.111
pg/mL. This decrease was the first EMF change that was clearly more intense than the random
fluctuation of the blank or the readings of solutions with lower concentrations of FPM. For the
same concentration of FPM, the EMF of the NIP remained unchanged. This is a typical
behaviour of potentiometric systems with protein-based ion-selective electrodes with MIPs [51],
confirming the higher binding capacity of the MIP than the NIP to capture FPM.

For concentrations higher than 0.111 ug/mL, the EMF of the MIP changed more intensely,
keeping the same negative trend. This trend was near to a linear behaviour against log
concentration of FPM, as may be seen in Figure 3B. The NIP also changed the EMF values in a
negative trend, which confirmed the negative charge of FPM, but the magnitude of the EMF
change was lower than in the MIP. This behaviour signalled the non-specific binding of FPM to
the NIP (with only PPy), which is also typical in potentiometric systems with imprinted
polymers. Overall, one could assume that the linear response trend in the MIP-devices was from
0.311 to 2.561 pg/mL while in case of NIP was from 0.811 to 2.561 pg/mL.

The method for determining the limit of detection (LOD) in potentiometric ion-selective
electrodes (ISEs), is globally established by the International Union of Pure and Applied
Chemistry (IUPAC). According to [UPAC guidelines, the LOD is defined as the concentration at
which the extrapolated linear segments of the calibration curve intersect [52]. This approach is
commonly referred to as the "cross point method”. However, according to [UPAC method, the
limits of detection (LODs) were 0.251 pg/mL and 0.758 pg/mL for MIP and NIP-devices)
respectively. The response time was between 12 s and 15 s for both MIP and NIP-devices (inset

of Figure 3A).
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Furthermore, the calibration curve at the higher concentration range was constructed using
four representative points for MIPs and three points for NIPs, showing clear linearity (R? = 0.91
for MIP and 0.97 for NIP) and demonstrating the feasibility of the MIP-based sensing strategy,
where the MIP exhibited higher responses than the NIP (Figure 3B). The low R-squared
obtained is likely correlated to the intrinsic variability of the flagella, a biological material that is
being used in this work as standard solution. Still, at lower concentrations, the MIP also
produced measurable responses, confirming its sensitivity across the full range. Across both
lower and higher concentrations, the MIP consistently showed smaller error bars than the NIP,
highlighting its superior reproducibility and reliability. To further enhance calibration accuracy
and statistical confidence, additional concentration points will be incorporated in follow-up
investigations.

In addition, at lower concentrations, the MIP response was clearly distinguishable from the
NIP, indicating minimal non-specific interactions in this range. At higher concentrations, some
degree of non-specific binding was evident in the NIP, which is a common observation in
protein-imprinted systems owing to the size and heterogeneous surface characteristics of
proteins. Nevertheless, the MIP consistently exhibited higher and more reproducible responses
across all tested concentrations. In addition, the calculated imprinting factor (IF) increased with
concentration, further supporting the presence of specific recognition sites introduced by the
imprinting process.

The imprinting factor (IF), calculated as the ratio of the MIP response to the NIP response,
reflects the efficiency of cavity formation. Expressed as absolute values, the IF is approximately
2.05 at 11.10ng/mL, 7.30 at 111.10 ng/mL, and 13.60 at 311.10 ng/mL, showing a clear
concentration-dependent enhancement of specific binding. These results confirm that the MIP
possesses well-formed recognition sites capable of selectively interacting with the target analyte.
However, we acknowledge that relatively low imprinting factors at low concentrations of FPM
limit the applicability of the sensor to high-concentration screening.

The negative EMF trend was related to the detection of negatively charged species, meaning
that the proteins of the flagella used as standard were negatively charged under pH 7.3. Although
unknown, the overall degree of protonation of each FPM unit was likely high, considering the
small slope obtained in the calibration of the MIP (~9.56 mV/decade concentration). This was

consistent with the operation of the flagella, which in bacteria relies on a proton flux motor,
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making the proteins highly negative in terms of charge. The slope of the NIP (~6.65 mV/decade
concentration) was lower than that of the MIP, which once more confirmed the higher affinity of
the FPM for the MIP material, thereby supporting the existence of selective binding positions.
The inherent response of the NIP is an outcome of the non-specific binding of the protein to PPy,
which is common in potentiometric sensing with imprinted materials. Although the present study
demonstrates promising analytical performance, repeatability assessments need to be considered

in future studies to further establish the reproducibility and robustness of the sensor.

3.5. Regeneration of the sensors

Sensors were regenerated by employing the same protocol used for removing the template at the
fabrication stage, in which the electrodes were subject to trypsin action followed by
electrochemical cleaning EIS was employed to observe the surface characteristics of the MIP and
NIP films before and after regeneration. After completion of the calibration, the R value
increased in both devices (MIPs 53.75 kQ, NIPs 12.42 kQ), with the MIPs showing a higher
increment than NIPs (Figure S2A Supplementary Information). This increase in R after
calibration may reflect a combination of specific and non-specific interactions with the analyte,
rather than indicating solely a higher binding capacity of the MIP layer.

After regeneration of the resulting surfaces, the R value of both MIP and NIP-devices
significantly decreased (Figure S2B Supplementary Information), down to ~810€Q2 in the MIP or
to ~790Q in the NIP. This R values was lower than the ones corresponding to the first FPM
removal, meaning that some additional polymeric network could have been lost or that the ionic
content within the polymeric pores of the polymeric network was higher due to the consecutive
incubations in electrolyte solutions. This last possibility is more consistent with the fact that MIP

and NIP had similar R¢tvalues.

3.6. Selectivity

Selectivity is a critical parameter in the design and development of chemical sensors,

particularly for complex biological samples where multiple biomolecules may be present. A
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highly selective sensor ensures that the target analyte can be accurately detected without
interference from other substances, thereby improving the reliability, accuracy, and clinical
applicability of the device.

In this study, selectivity was evaluated using a separated-solution-based approach in which
the electrochemical signal was first recorded for a fixed concentration of FPM (311.10 ng/mL).
Subsequently, the signal responses were measured separately for the potentially interfering
proteins—BSA, PA, and GOx—each at 58 times higher concentration (18.11 pg/mL) than FPM.
These were selected as model interfering proteins for this proof-of-concept study. The possibility
of testing rod-shaped proteins could have been interesting for checking the ability of the MIP to
establish a spatial recognition of the target, but there is no nanostructure that we know of holding
similar electrostatic features to the flagella.

The normalized responses of MIPs and NIPs are presented in Figure 4. Normalization was
carried out by calculating the potential change (AE) for each protein (both MIPs and NIPs) and
dividing it by the maximum potential change observed for FPM with MIPs, which elicited the
highest response among all tested proteins. The MIP sensor exhibited a markedly stronger signal
in response to FPM, whereas negligible responses were recorded even at high concentrations of
BSA, PA, and GOx (Figure 4A). This pronounced difference in signal intensities underscores the
high selectivity of the fabricated MIP sensor for FPM. These results clearly demonstrate the high
selectivity of the fabricated MIP sensor toward FPM.

Figure 4B shows the NIP responses to FPM and the non-target proteins BSA, PA, and GOx.
Although the response of NIPs to FPM (Figure 4B) was much lower than that of MIPs (Figure
4A); the relative responses of NIPs to FPM and non-target proteins were comparable. This
indicates that, unlike MIPs, NIPs lack selectivity, an outcome that is consistent with the absence
of imprinting cavities.

The ability of the MIP sensor to selectively recognize FPM even in the presence of a high
excess of other proteins highlights its potential application in real-world biological and
environmental monitoring, where selective detection is paramount for accurate diagnostics and

analysis.

3.7. Detection of Proteus mirabilis
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PM bacterial flagella were detected because imprinted materials perfectly preserve the size
and shape of the target flagella from Proteus mirabilis. As a proof of concept, MIPs created by
imprinting of flagella from Proteus mirabilis can have the ability to capture and detect the whole
Proteus mirabilis cell since the outer surface of Proteus mirabilis contains those flagella. The
images of the whole cell of Proteus mirabilis can be seen at Figure 5. Although the flagella from
whole living bacteria may be longer than the isolated flagella, the repeating structure of the
flagella is exactly the same in all cases. Therefore, the as prepared MIPs-receptors might be
candidates to bind with Proteus mirabilis (PM), which could be termed as epitope imprinting for
the detection of the target.

As such, the sensors were assessed in the presence of the whole cell of Proteus mirabilis
(PM) instead of only the flagella (Figure S3 Supplementary Information). The results indicated
that both MIP and NIP-based sensors had no affinity towards PM, up to 15x10® CFU/mL.
However, at higher concentration values (31%x10® CFU/mL to 151x10% CFU/mL) both sensors
showed response towards the cells, but the change of the EMF value was low (MIP 1.71 mV and
NIP 1.19 mV). This was probably due to several factors, which included mass transfer effect
because of the large size of bacteria and the mobility of cell due to the flagella, which may
hamper the electrostatic binding of the cell to the MIP. Moreover, it may also indicate a lack of
expression of flagella by bacteria and/or a complex structure at outer surface of bacteria,
including addition the aggregation of flagellar filament and hence further optimization is needed.
Thus, although it was evident that the MIP material responded to FPM, its use in direct detection
of the bacteria may turn out difficult. This could be improved by limiting the mobility of the cell
in the sample and/or by addition some transducer element (such as carbon nanotubes or
graphene) that could be incorporated into the MIP structure to enhance the transduction
characteristic of MIP in order to detect the biorecognition event between the bacteria and the

MIP.

5. Conclusions

Potentiometric sensing is highly effective for detecting small molecules; however, it faces
challenges when applied to large molecules like proteins and that is more challenges if the
structure of the protein is rod-like shape. In addition, the imprinting of such rod-shaped proteins

molecules using molecularly imprinted polymers (MIPs) can be difficult. To overcome these
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challenges herein, as a proof-of-concept, potentiometric detection of rod-shape Proteus mirabilis
flagella and its whole cells was first time explored to develop cocktail-free, regenerable
biosensors using MIP-based artificial receptors. This approach is a similar process of fabrication
of potentiometric ISEs (ion-selective membrane compared to molecularly imprinted polymers),
which ISEs cannot be used in the detection of large targets such as proteins or microorganisms.
Herein, we were able to detect rod-shaped flagella up to sub-microgram per milliliter (sub-
pg/mL) level but the sensors suffer from nonspecific adsorption of flagella. Interestingly, the
MIP sensor exhibited good selectivity against various non-target proteins which may be
attributed to the specific imprinting sites within the polymer matrix and the charge variations
among different proteins. While attempts to detect whole cells of Proteus mirabilis were limited,
further optimization efforts aim to overcome challenges associated with their complex structure,
paving the way for enhanced biosensor performance with a significant advancement toward
rapid, cost-effective, and portable bacterial detection and integrating MIP-based sensors into

real-world food safety and environmental monitoring systems.
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Figure captions

Figure 1. Schematic representation of the fabrication of the biosensor. (A) working electrode of
the Au-SPE, (B) deposition of Flagella from Profeus mirabilis (FPM); (C) electropolymerization
of pyrrole on the surface containing deposited FPM; (D) binding sites formed after removal of

FPM entrapped in the polymeric network by trypsin action.

Figure 2. Consecutive cyclic voltammograms (A) obtained by 15 CV cycles in pyrrole solutions
prepared in acetate buffer and in electrodes previously incubated in FPM solutions prepared in
MES buffer (MIP) or in MES buffer (control, NIP) - along the corresponding surface blocking
test (B) obtained by CV in 5.0 mM [Fe(CN)s]*~and 5.0 mM [Fe(CN)s]*, in MES buffer pH 5, of
MIP and NIP electrodes, after the polymer formation, compared to the reading of a cleaned
electrode; Nyquist plots in EIS (C) and SWV voltammograms (D) of the clean Au-SPE
electrodes and the MIP or NIP-films, as-grown on the electrode, before and after template

removal. Data obtained in 5.0 mM [Fe(CN)s]*~and 5.0 mM [Fe(CN)¢]* in MES buffer pH 5.

Figure 3. EMF readings plotted against time after an initial stabilization period, obtained for
consecutive increasing concentrations of FPM with MIP and NIP sensors (A), and the

corresponding calibration curves (n = 3) in HEPES buffer pH 7.3 (B).

Figure 4. Selectivity study of the MIPs and NIPs-based sensors followed by the normalized
response of FPM and interfering model proteins such as BSA, PA, GOx.
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Figure 5. TEM images of whole cell of PM with high (A) and low (B) magnification: length of
PM = 3 um and width = 2pm. The curve lines represent the flagella at the outer surface of PM.
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