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Polybithiophene-Based Molecularly Imprinted Polymers: A
Comparative Mechanistic Study on Electrochemical Signal
Transduction Approaches for Protein Detection

Meriem Kassar, Ishatpreet Singh, Marcel Bauer, Tim Ballweg, Richard Thelen,
Matthias Franzreb, and Gözde Kabay*

Molecularly imprinted polymers (MIPs) are synthetic alternatives to biological
recognition elements like antibodies and are commonly used in developing
electrochemical biosensors. However, comprehensive mechanistic studies of
electrochemical detection methods on identical platforms remain scarce. This
study fills this gap by creating an electropolymerized MIP (e-MIP) on a single
electrode (e-MIP/SE) and systematically comparing differential pulse
voltammetry (DPV) and electrochemical impedance spectroscopy (EIS) for
protein sensing. Cystatin-C (Cys-C) is used as a model protein for both
molecular imprinting and sensing. Polybithiophene-based recognition layers
are directly formed on gold electrodes using a carboxylic acid-derivatized
bithiophene crosslinker and a bithiophene monomer under potentiostatic
conditions. Morphological and spectroscopic analyses confirm the uniformity
of the functional cavity-enriched e-MIP films, which are ≈2.5 μm thick. The
electrochemical comparison shows that DPV outperforms EIS, with detection
and quantification limits of 0.19 μg mL−1 (≈15 nM) and 0.64 μg mL−1

(≈49 nM), respectively, and excellent linearity (R2 = 0.99). The superior
performance of DPV results from an enhanced signal-to-noise ratio due to
suppression of capacitive current. Overall, this work provides a mechanistic
understanding of electrochemical protein detection strategies using
e-MIP/SEs, employing a methodology adaptable for detecting various protein
targets.
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1. Introduction

Protein recognition is one of the most
common applications in biomarker-
based diagnostics. Existing protein
detection methods primarily rely on
biological recognition elements, such as
antibodies, which offer high specificity
and selectivity. Yet, they face practical
challenges, including high production
costs, instability during storage, batch-
to-batch variability, and sensitivity to
environmental conditions. The growing
demand for robust, cost-effective, and
field-deployable biosensing platforms
has shifted research emphasis toward
synthetic receptor alternatives such as
molecularly imprinted polymers (MIPs)
and synthetic antibody fragments.[1–5]

MIPs have emerged as one of the
most utilized synthetic receptors, with
over five decades of application in var-
ious fields ranging from drug deliv-
ery to biosensors.[6–10] These so-called
“plastic antibodies” provide target se-
lectivity and specificity comparable to
that of biological receptors along with
several additional advantages, including

affordability, ease of tailoring and production, physical and envi-
ronmental stability, scalability, and extended shelf life,[11–13] mak-
ing them a cost-effective and promising alternative.[14–19] MIPs
are typically formed by polymerizing functional monomers and
crosslinkers around a template molecule, followed by template
removal to create specifically tailored and chemically functional-
ized binding cavities.[5,9] Their synthesis methods can be broadly
categorized into one-pot polymerizations (e.g., bulk, precipita-
tion, emulsion) and surface imprinting techniques (e.g., core-
shell grafting, solid-phase imprinting, electropolymerization).
The choice of synthesis method directly affects the accessibility,
shape, and functionality of the binding sites and cavities, thereby
determining the molecular recognition performance.
In biosensor development, bulk polymerization, core-shell im-

printing, and electropolymerization are among the most utilized
techniques. Bulk polymerization is a simple and scalable syn-
thesis approach; however, when MIPs fabricated using this ap-
proach are applied for biosensing, they often suffer from het-
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erogeneous binding sites and diffusion limitations.[9,20] Surface
imprinting techniques, such as core-shell grafting, improve recog-
nition performance by creating uniform particles with high sur-
face area, although challenges remain for large molecules such
as proteins.[5,9] Electropolymerization is another surface imprint-
ing technique that offers a straightforward approach to synthesiz-
ing a few nanometers-thick MIP layers directly on the surface of
conductive substrates, such as gold (Au) or platinum (Pt).[21] MIP
polymerization can be conducted using various electrochemi-
cal modes, including potentiostatic and potentiodynamic tech-
niques, which enable in situ monitoring of the polymerization
process and real-time control over film growth.[22]

Up to now, several electropolymerized MIP (e-MIP) biosen-
sors have been successfully developed using various functional
monomer and crosslinker combinations, demonstrating versa-
tility in disease diagnostics that range from cardiovascular dis-
orders to cancer and infectious diseases. For example, e-MIP
biosensors have been designed to detect cardiac troponin T us-
ing o-phenylenediamine as the functional monomer and Au elec-
trodes, achieving a limit of detection (LOD) of 9 pg mL−1 with
a detection range from 0.009 to 0.8 ng mL−1.

[23] For breast can-
cer diagnostics, two distinct MIP-based biosensors were devel-
oped for the detection of carbohydrate antigen 15-3: one utiliz-
ing toluidine blue and the other 2-aminophenol as the func-
tional monomer polymerized on Au screen-printed electrodes
(SPEs), achieving limits of detection of 0.10 and 1.5 U mL−1,
respectively.[24,25] Another study utilized m-phenylenediamine
functional monomer polymerized on an Au-coated Teflon elec-
trode, achieving ultra-sensitive detection of SARS-CoV-2 nucle-
oprotein down to 15 fM, with a linear range from 2.22 to 111
fM.[26] Although the examples provided here, along with many
others in the literature, demonstrate high analytical performance
in detecting and quantifying various protein biomarkers, a criti-
cal knowledge gap still exists in the mechanistic understanding
of the electrochemical detection strategies being utilized. In other
words, while electrochemical techniques, such as EIS and DPV,
have been used separately for MIP-modified biosensor-assisted
protein detection, systematic comparative studies on identical
platforms are scarce, which limits the understanding of optimal
transduction approaches for specific applications.
This study addresses this knowledge gap by developing an

electropolymerized MIP-modified single electrode (e-MIP/SE)
biosensor and conducting twowidely used electrochemical detec-
tion methods: differential pulse voltammetry (DPV) and electro-
chemical impedance spectroscopy (EIS) for protein biosensing.
Human cysytatin-C (Cys-C) was chosen as a model protein for
several reasons: i) its relatively small size (≈13 kDa) allows for
well-defined imprinting cavities compared to larger proteins, ii)
being positively charged at physiological pH (isoelectric point≈9)
facilitates electrostatic interactions with negatively charged redox
probes and the polybithiophene matrix, iii) its established role as
a clinically relevant serum and urine biomarker for various dis-
eases, including acute kidney injury (AKI), highlights its transla-
tional significance for point-of-care diagnostics development.[27]

Controlled buffer conditions are used to isolate the mechanisms
of fundamental signal transduction considering the complexities
introduced by of matrix effects. This approach aims to reveal the
underlying mechanistic principles influencing subtle variations
in the electrochemical signal detection amethods. The primary

goal is to provide a mechanistic understanding that will inform
the selection of electrochemical signal transduction strategies for
MIP-based protein sensing, and facilitate their adaptation e to
various protein targets for broader biosensing applications.

2. Results and Discussion

2.1. Molecular Docking Simulations and MIP Component
Selection

The strength and modes of the interaction between the target
analytes (or template protein) and the functional monomers de-
termine the effectiveness of the molecular recognition events,
directly affecting the biosensor’s analytical performance. There-
fore, selecting an appropriate functional monomer that can effec-
tively interact with a target protein of interest is crucial for devel-
oping MIP-based biosensors that perform comparably to biolog-
ical receptor-based diagnostic platforms.
Molecular docking simulations were performed to explore

the potential interactions between Cys-C and three different
electroactivemonomers: 2,2′-bithiophene-5-carboxylic acid (BTP-
BCA), o-phenylenediamine, and 3-aminophenol, in an aqueous
environment (Figure 1). Each monomer was evaluated based on
its predicted binding free energy with Cys-C and possible binding
poses. The BTP-BCA demonstrated superior binding character-
istics, achieving a binding free energy of −19.5 ± 0.8 kcal mol−1

with four distinct binding poses. This binding energy exceeded
other electroactive candidates, including o-phenylenediamine
(−15.0 ± 1.2 kcal mol−1, five poses) and 3-aminophenol (−13.1
± 1.8 kcal mol−1, six poses), accompanied by the lowest stan-
dard deviation, indicating consistent binding free energy predic-
tions. While BTP-BCA showed the fewest binding poses among
the tested monomers, four distinct poses represent sufficient
binding diversity for effective molecular recognition. The qual-
ity of interactions, as reflected by the strong binding energy, is
more critical than the quantity of poses for effective molecular
imprinting.[28] Overall, the combination of high binding affinity
andmultiple interactionmodes indicates that BTP-BCA can offer
optimal molecular recognition of Cys-C.
The superior performance of BTP-BCA can be attributed to its

balanced molecular architecture, enabling multiple complemen-
tary interaction mechanisms. i) Electroactive thiophene moieties
enable controlled polymerization, ii) the carboxylic acid function-
ality provides electrostatic interactions with positively charged re-
gions of Cys-C (pI ≈ 9) under physiological conditions (pH 7.4),
where the protein carries a net positive charge.[29] Simultane-
ously, the bithiophene backbone offers hydrophobic interactions
and 𝜋-𝜋 stacking with aromatic amino acid residues (e.g., pheny-
lalanine, tyrosine, and tryptophan). This can ease monomer-
protein interactions during pre-polymerization and subsequent
analyte recognition stages, contributing to recognition site speci-
ficity and binding stability.[27,30] This dual interaction profile en-
ables balanced molecular recognition, facilitating stable yet re-
versible protein binding, which is essential for biosensor applica-
tions that require both sensitivity and regenerability, particularly
when designed for reuse. The computational modeling thus pro-
vides a strong theoretical basis for favoring BTP-BCA as the func-
tional monomer for the subsequent electropolymerization step.
However, before that, it was critical to determine the appropri-
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Figure 1. Molecular docking simulation of BTP-BCA with Cys-C (PDB ID: 1G96) shows potential binding interactions. The surface of Cys-C is colored
based on electrostatic potential: red indicates negatively charged (acidic) regions; blue highlights positively charged (basic) areas; and green/white
represents hydrophobic or neutral zones. The carboxylic acid group of BTP-BCA faces basic residues (e.g., Lys, Arg, His), suggesting possible salt bridge
formation. Meanwhile, the conjugated bithiophene ring system aligns with aromatic residues, indicating potential 𝜋–𝜋 stacking interactions. The image
was generated using Schrödinger Maestro 2024-3.

ate crosslinker that not only provides structural integrity but also
maintains chemical compatibility with the functional monomer,
ensuring uniform network formation.
Accordingly, 2,2′-bithiophene (BTP) was chosen as the

crosslinker due to three main factors: i) the structural similar-
ity between BTP and the bithiophene backbone of BTP-BCA,
which ensures excellent chemical compatibility, promoting uni-
form copolymerization during electropolymerization;[31] ii) the
electroactive nature of thiophene units in BTP enables controlled
polymerization, enhancing the structural integrity of the MIP
network and reduces the risk of network collapsing;[32] iii) the
dimeric structure of BTP enhances network stability compared
to thiophenemonomers while offering optimal crosslinking den-
sity for maintaining imprinted cavity structure after template
removal.[33]

2.2. Synthesis of Electropolymerized Molecularly Imprinted
Polymers

Electropolymerization enables the easy control of film thickness
and morphology, as well as high reproducibility, with film thick-
ness governed by the amount of charge transferred during elec-
tropolymerization, regardless of the electrode geometry.[34] The
electropolymerization conditions andmonomer-crosslinker con-
centration ratios were selected based on comprehensive opti-
mization studies (Sections S1 and S2, Supporting Information).
These studies used 90 pairs of 5 μm-sized gold interdigitated elec-
trodes (IDEs) sputter-coated on a glass substrate with a 5 μm gap
between each pair (ED-IDE5-AU, Micrux Technologies, Spain).
An external platinum (Pt) wire counter electrode (Pt-CE) and a sil-
ver/silver chloride reference electrode (Ag/AgCl-RE) were used
in conjunction with the gold (Au) working electrode (Au-WE) of
the IDE for electropolymerization. On the other hand, electro-
chemical analyses were performed using a two-electrode config-
uration of IDEs, employing Au-WE and Au-CE.
Briefly, cyclic voltammetry (CV) analysis identified the poten-

tial window for BTP oxidation between 1.5 and 1.7 V. Subse-
quently, electropolymerization via potentiostatic screening was
performed at predetermined voltage points within this range
(i.e., 1.5, 1.6, and 1.7 V), showing that 1.6 V provides optimal

conditions for homogeneous network formation. The complete
crosslinking at this voltage prevents overoxidation effects, re-
sulting in densely packed layers of crosslinked network (Sec-
tion S1 and Figure S1, Supporting Information). Second, the im-
pact of functional monomer-crosslinker (BTP-BCA:BTP) molar
ratios (1:4, 1:8, and 1:10) and polymerization potential (i.e., 1.5,
1.6, and 1.7 V for 60 s), on the electrochemical properties of elec-
tropolymerized non-imprinted polymer (e-NIP) layers (protein-
free) formed on the IDEs (e-NIP/IDEs) was investigated. During
the electropolymerization of e-NIP/IDEs, gel formation was ob-
served as a side reaction, a phenomenon known to occur under
energy input when carboxylic acid groups are present.[35] There-
fore, amonomer-crosslinkermolar ratio of 1:10, where gel forma-
tion was negligible, was selected as the optimal solution param-
eter to avoid inhomogeneity in the polymer network microstruc-
ture. (Section S2 and Figure S2, Supporting Information).
The optimization studies for the electropolymerization pro-

cess are deemed transferable across electrode geometries (inter-
digitated versus single electrodes), as both systems utilize Au-
WE, Pt-CE, and Ag/AgCl-RE. The electrochemical potential is
controlled betweenWE and RE, while current flows betweenWE
and CE, driving the electropolymerization reactions at the WE
surface.[36] Accordingly, the optimal solution and process param-
eters for further e-MIP synthesis in this study were defined as
follows: a BTP-BCA:BTP molar ratio of 1:10 and electropolymer-
ization via potentiostatic deposition at 1.6 V for 60 s.

2.3. Physicochemical Surface Characterization

Microstructural analysis of e-MIP films, which function as syn-
thetic receptors on gold single electrode (SE) surfaces, is essential
for establishing the structure-property-performance relationship.
This is because both EIS and DPV electrochemical techniques
are sensitive to surface features that affect charge transfer kinet-
ics and redox probe accessibility. Changes in surface roughness,
porosity, and film thickness directly impact the effective surface
area available for electrochemical reactions and can significantly
affect sensor sensitivity and response mechanisms. For instance,
increased surface roughness or porosity typically enhances elec-
tron transfer by providing a greater surface area and improved
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diffusion of redox species. In contrast, excessive surface damage
or compaction can hinder charge transfer processes and reduce
the sensor’s analytical performance.[37]

Confocal microscopy (CM) and scanning electron microscopy
(SEM) analyses were performed to evaluate the microstructural
changes in Cys-C-imprinted e-MIP and Cys-C-free e-NIP films,
both of which were electropolymerized on SE surfaces (e-MIP/SE
and e-NIP/SE). The experimental design involved two key com-
parisons: e-MIP films before and after urea washing to as-
sess the effectiveness of protein extraction and cavity formation
(Figure 2a–f), and e-NIP films before and after the same wash-
ing treatment to evaluate non-specific effects of the urea washing
procedure on the polymer film structure (Figure 2g–l). This com-
parison between e-MIP and e-NIP films distinguishes template-
specific structural changes from general processing effects, con-
firming that the observed changes in microstructure and film
thickness in e-MIP layers result from protein removal rather
than polymer swelling, degradation, or other washing-related
artifacts.
The CM analyses demonstrated that e-MIP films underwent

significant structural changes after template removal, with the
mean height decreasing from 5.36 to 2.49 μm (Δ = -2.87 μm).
This confirms substantial extraction of the template molecules
from the polymer matrix (Figure 2a–f). Simultaneously, the sur-
face roughness increased as indicated by RMS height (Sq), rising
from 0.92 to 1.04 μm (Δ = +0.12 μm), consistent with cavity for-
mation. The corresponding SEM images (Figure 2c,f) clearly re-
vealed a transition to amore porous network structure, indicating
successful removal of the template from the e-MIP network after
washing. In contrast, the e-NIP films exhibited an opposite be-
havior, withminimalmean height reduction (Δ= -0.60 μm) and a
more pronounced increase in surface roughness (Δ = +0.30 μm)
(Figure 2g–k). The greater roughness increment in e-NIP com-
pared to e-MIP films after washing can be attributed to polymer
swelling effects during the washing process,[38] which create sur-
face irregularities in the absence of templated cavities. The ini-
tially smoother e-NIP morphology (Figure 2i) becomes more ir-
regular after washing (Figure 2l); however, it still lacks the or-
dered cavity structure that is characteristic of successful molec-
ular imprinting, since no protein was present during the elec-
tropolymerization stage.
The differing initial film thicknesses between e-MIP and e-

NIP samples likely reflect the effect of protein presence during
electropolymerization on the kinetics ofpolymer network forma-
tion. The significant thickness reduction observed in e-MIP films
(2.87 μm for e-MIP versus 0.60 μm for e-NIP) following washing
provides quantitative evidence of effective template extraction, as
demonstrated by CM analysis.While both film types exhibited in-
creased surface roughness after washing, the moderate increase
in e-MIP films (0.12 μm) compared to e-NIP films (0.30 μm) sug-
gests the formation of ordered binding cavities rather than ran-
dom surface irregularities caused by polymer swelling or other
effects. These morphological changes confirm successful MIP
synthesis and effective template removal, providing the basis for
subsequent electrochemical characterization studies.
In addition to morphological characterization, attenuated total

reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)
analyses were employed to gain insights into the altered surface
functional groups on the e-MIP films after the washing process

(Figure S3, Supporting Information). The broad absorption band
in the O-H/N-H stretching (3200–3600 cm−1) region exhibited
an apparent reduction in intensity upon washing. This change
is attributed to the removal of the Cys-C protein, which con-
tributed N-H stretching vibrations from its amino acid residues,
particularly lysine and arginine. The residual intensity remain-
ing in this region after washing reflects the presence of hydroxyl
groups from the washing process and potentially some adsorbed
water molecules, consistent with the hydrophilic nature of the
carboxylic acid-functionalized polymer network. Additionally, the
C = O stretching associated with secondary protein structure
(amide I) at 1640 cm−1 disappeared after washing, confirming
the absence of hydrogen bonds and thus indicating the removal
of template proteins.[39]

In contrast to the template-associated changes, several key
peaks remained consistently present, confirming the selective na-
ture of the template removal process. The aromatic C-H stretch-
ing vibration at 2940 cm−1 persisted uniformly across both spec-
tra, suggesting structural integrity of the electroactive polybithio-
phene backbone. The newly formed aromatic C = C stretching
peak at 1607 cm−1 indicates a reorganization of the polymeric net-
work upon template removal, resulting in the formation of cavi-
ties, which suggests improved 𝜋–𝜋 conjugation within the poly-
meric network. Additionally, the slightly altered yet retained C-H
stretching band (2800–3000 cm−1) of the polymer backbone con-
firmed that template extraction was successfully achieved with-
out structural damage to the polymer matrix, validating the ef-
fectiveness of the urea washing protocol.[40] Along with the fin-
gerprint region between (1500–600 cm−1), which shows charac-
teristic peaks for the polybithiophene structure, the spectroscopic
and morphological evidence confirms successful molecular im-
printing and template removal, setting the stage for subsequent
electrochemical studies.

2.4. Analytical Detection Performance: EIS versus DPV

Human Cys-C shows high diagnostic accuracy for early-stage
AKI, with reported cut-off values of 0.4 μg mL−1 for urinary Cys-
C and 1.0 μg mL−1 for serum Cys-C.[13,41–44] The investigations
focused on the ability of e-MIP/SE and e-NIP/SE to detect Cys-C
within a range from 0.1 to 3.0 μg mL−1 (including c = 0 for blank
measurement) in a physiological buffer (pH:7.4) solution con-
taining 5 mM [Fe(CN)6]

3 − /4 − redox probe and 1 M KCl support-
ing electrolyte. This defined redox system was purposely selected
to provide a controlled environment for themechanistic compari-
son of DPV and EIS responses. Unlike complex biological fluids,
which contain numerous endogenous electroactive species that
can generate overlapping signals, the well-characterized redox
probe eliminates matrix-derived signal variability, allowing direct
assessment of how specific protein-polymer interactions mod-
ulate electron transfer. While this controlled setup limits direct
clinical applicability, it establishes the basis for interpreting the
fundamental signal transduction mechanisms of the e-MIP/SE
platform.
It is important to emphasize that the purpose of this study

was not to establish a complete biosensor platform but rather
to employ Cys-C as a model protein for demonstrating molecu-
lar recognition and to elucidate mechanistic differences between
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Figure 2. The images obtained through CM and SEM during the morphological characterization of e-MIP/SE and e-NIP/SE surfaces, before and after a
3 h urea wash. (a–c) e-MIP/SE before washing: a) 3D surface topography profile, b) 2D height map, and c) SEM image. (d–f ) e-MIP/SE after washing: d)
3D surface topography profile, e) 2D height map, and f) SEM image. (g–i) e-NIP/SE before washing: g) 3D surface topography profile, h) 2D height map,
and i) SEM image. (j–l) e-NIP/SE after washing: j) 3D surface topography profile, k) 2D height map, and l) SEM image. The topographical analysis with
CM shows surface roughness variations with height scales indicated by color gradients (blue = low, red/yellow = high), while SEM images demonstrate
the morphological changes in polymer film structure at different potentials (scale bar = 50 μm).
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DPV and EIS techniques on identical e-MIP/SE interfaces in
comparison to protein-free e-NIP/SE controls.

2.4.1. DPV

DPV is a highly sensitive electroanalytical technique used for de-
tecting electroactive species and studying electron transfer reac-
tions atmodified electrode interfaces. It is particularly well-suited
for biosensing and molecular diagnostic applications due to its
ability to discriminate Faradaic currents from background noise
and its compatibility with miniaturized, point-of-care analytical
systems.[45]

DPV operates by applying a staircase voltage waveform to the
WE, superimposed with small amplitude rectangular pulses. The
current is measured twice, immediately before and after each
pulse, and the difference is recorded. This differential measure-
ment suppresses capacitive (non-Faradaic) currents and ampli-
fies Faradaic signals arising from redox reactions, resulting in
voltammograms with characteristic peak-shaped signals.[45] In
the context of MIP-based biosensors, the peak current response
(Ipeak) provides a quantitative measure of analyte interaction with
the biosensor surface.For e-MIP sensors, DPV directly moni-
tors how protein binding within the imprinted polymer net-
work affects the acces of redox probes to the electrode surface.
For instance, when target analytes, such as Cys-C, occupies the
MIP cavities, they can alter the accessibility of redox probes to
the electrode, thereby either enhancing or inhibiting electron
transfer.[46,47]

Determining the optimal incubation time is critical for maxi-
mizing the efficiency of protein-receptor interaction. Therefore,
open-circuit potential (OCP) measurements were performed to
determine the optimal incubation time for interaction between
0.5 μg mL−1 Cys-C and e-MIP/SE, yielding the highest signal-to-
noise ratio. As shown in Figure 3a, the OCP rapidly increases
within the first 200 s before reaching a stable plateau, suggest-
ing that interfacial reorganization and analyte binding equili-
brate well within 10 min. This stabilization indicates that the
electrode surface undergoes minimal changes beyond this point,
supporting the use of a 10 min incubation time for electrochemi-
cal analysis. Figure 3b further confirms this observation through
time-dependent normalized oxidation peak |Ipeak, t| (|Ipeak, t| =
|Ipeak,Cys − C(t) − Ipeak,blank(t)/Ipeak,blank(t = 0)) using DPV analyses. The
signal increases steadily and peaks ≈10 min, after which it de-
clines, particularly beyond 20 min, where evaporation effects in-
terfere with analyte diffusion and signal reliability. The gray-
shaded region highlights this undesired effect. Based on both sig-
nal stabilization and current response behavior, a 10min incuba-
tion period is selected to perform the following electrochemical
analysis.
The DPV results presented in Figure 3c (e-MIP/SE) and

Figure 3d (e-NIP/SE) illustrate the changes in redox behavior of
[Fe(CN)6]

3 − /4 − and Ipeak in response to increasing Cys-C concen-
trations. Across all concentrations, including the blank (c = 0),
the voltammograms exhibit sharp, symmetrical peaks at consis-
tent potentials, indicating stable redox activity and reproducible
electron transfer kinetics. The absence of peak distortion further
supports the structural integrity of the polymer films and the suit-
ability of the system for analyte detection.

The DPV results for e-MIP/SE, shown in Figure 3c, exhibit an
apparent increase in Ipeak with increasing Cys-C concentrations.
This progressive increase in oxidation peak current suggests that
the presence of Cys-C alters the electrochemical environment of
the polymeric e-MIP network in a manner that promotes elec-
tron transfer of the redox probes. While this trend contrasts with
the current-suppressing behavior typically reported inMIP-based
platforms,[46,48] where target binding hinders the redox probe’s
accessibility and decreases the measured current, it can be ex-
plained by electrostatic and conductive polymer-related effects,
the mechanisms, which are depicted in Figure 4f and thoroughly
discussed in the Conclusions and Future Work section. In con-
trast, the DPV responses for e-NIP/SE in Figure 3d show minor
changes, with several overlapping voltammograms (e.g., between
the blank and 3.0 μgmL−1 Cys-C and between 0.5 and 2.0 μgmL−1

Cys-C), indicating inconsistent signal generation. This behavior
results from the absence of interactions between Cys-C and the e-
NIPmatrices due to the lack of functionalized imprinted cavities,
which limits the charge transfer process. The observed signal
variation is due to non-specific interactions, where Cys-C binds
to carboxylic groups on the surface of the polymer film. The dif-
ference in current response trends between the e-MIP/SE and
e-NIP/SE suggests that the e-MIP/SEs exhibit protein-responsive
behavior. In contrast, the e-NIP/SE control does not display a con-
sistent response under the same experimental conditions.
To further evaluate the signal behavior of the e-MIP/SE and

e-NIP/SE, the Ipeak data measured for the corresponding Cys-C
concentration was extracted, and the normalized current, |Ipeak|,
was calculated using the formula |Ipeak| = |ΔIpeak/Ipeak,blank| where
Ipeak,blank represents the peak current measured for the blank so-
lution (c = 0). This normalization facilitates direct comparison of
current trends and sensitivity for both e-MIP/SE and e-NIP/SE.
The resulting normalized current values were plotted against var-
ious Cys-C concentrations (Figure 3e).
The |Ipeak| data for the e-NIP/SE exhibited a nearly flat re-

sponse (R2 = 0.02) with minimal variation across all concentra-
tions. In contrast, those of e-MIP/SE exhibited a substantial linear
increase with increasing Cys-C concentration (R2 = 0.98), con-
firming a consistent and concentration-dependent electrochemi-
cal response. Themarked differences in signal response patterns,
with signal ratios exceeding two-fold at most concentrations, in-
dicate that the e-MIP/SEs generate protein-specific signals.

2.4.2. EIS

EIS is a powerful and label-free technique used to analyze the
electrochemical properties of solid-liquid interfaces. In MIP-
based biosensors, EIS enables the investigation of charge transfer
dynamics and interfacial phenomena occurring at the solid elec-
trode and the surrounding electrolyte solution, which contains
target analytes.[49] EIS data are typically interpreted using equiva-
lent circuit (EC) models, which simulate the electrode-electrolyte
interface using circuit elements, such as resistors and capacitors.
One of themost usedmodels in EIS analysis is the Randles equiv-
alent circuit, which consists of the (Rs) in series with a parallel
combination of the double-layer capacitance (Cdl) and the charge
transfer resistance (Rct), coupled in series with the Warburg
impedance (Zw), representing diffusion-controlled processes.

[49]
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Figure 3. Incubation time assessment and DPV analysis for analytical performance evaluation of e-MIP/SE versus e-NIP/SE for Cys-C detection. a) In-
cubation time optimization showing OCP voltage profiles and b) time-dependent normalized current signal, |Ipeak, t| calculated for e-MIP/SE in response
to blank (c = 0) and a 0.5 μg mL−1 Cys-C-spiked electrolyte solution. DPV voltammograms of c) e-MIP/SE and d) e-NIP/SE for varying Cys-C concen-
trations (0.1–3.0 μg mL−1) under identical conditions. e) |Ipeak| as a function of Cys-C concentration measured by DPV analyses employing e-MIP/SE
and e-NIP/SE. The electrolyte solution was prepared in PBS buffer (pH 7.4), consisting of 5 mM [Fe(CN)6]

3 − /4 − redox probe and 1 M KCl supporting
electrolyte. Data represent mean ± SD from three independent measurements (n = 3).

Among these components, Rct is the most relevant circuit ele-
ment for MIP-based biosensing studies, as it hints at the elec-
tron transfer dynamics between the redox probe and the MIP-
modified electrode surface.[50] When the target analyte, such as
Cys-C, binds to the imprinted cavities within the polymer matrix,
it forms a physical barrier to electron transfer, and the Rct value
typically increases. Thus, a concentration-dependent increase in
Rct serves as a direct indicator of target analyte binding.

[46,48] This
correlation is based on Faraday’s law, linking the amount of trans-
ferred charge to the quantity of electroactive species involved.[51]

The impedance data are presented as Nyquist plots in
Figure 4a (e-MIP/SE) and Figure 4b (e-NIP/SE), where the real
part of the impedance (Zreal) is plotted on the x-axis and the imag-
inary part (Zimag) on the y-axis. Each data point corresponds to
the system impedance at a given frequency. The semicircle shape
commonly observed in Nyquist plots reflects a charge transfer
process, with the diameter of the semicircle being directly pro-
portional to the Rct. This parameter serves as a key indicator for
evaluating the interfacial electron transfer properties and the ef-
fect of Cys-C binding on the e-MIP/e-NIP modified SEs.

Adv. Sensor Res. 2025, e00104 e00104 (7 of 13) © 2025 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH
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Figure 4. Electrochemical characterization and performance comparison of e-MIP/SE versus e-NIP/SE. Nyquist curve obtained by EIS analysis for a)
e-MIP/SE and b) e-NIP/SE. c) |Rct| values of e-MIP/SE and e-NIP/SE in response to various concentrations of Cys-C spiked in PBS buffer (pH 7.4),
consisting of 5 mM [Fe(CN)6]

3 − /4 − redox probe, and 1 M KCl supporting electrolyte. Calibration curves showing d) Rct (from EIS) and e) Ipeak (from
DPV) in response to various Cys-C concentrations tested with e-MIP/SE. f) Schematic representation of expected (left) and experimentally observed
electrochemical behavior (right) in both EIS andDPV analyses. The figure is created by BioRender.com (https://BioRender.com/16zka2d). Data represent
mean ± SD from three independent measurements (n = 3).
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Both e-MIP/SE and e-NIP/SE exhibit typical semicircular
Nyquist plots, indicative of charge transfer behavior. For e-
MIP/SE, a distinct trend is observed: the diameter of the semi-
circle decreases with increasing Cys-C concentration, suggest-
ing that the presence of Cys-C positively contributes to the elec-
tron transfer kinetics. In contrast, the e-NIP/SE shows minimal
impedance changes across all concentrations, with no consistent
trend, indicating that the impedance changes observed for the
e-MIP/SE are associated with specific molecular interactions oc-
curring between the imprinted recognition layer and Cys-C.
For further analysis, the EIS spectra were fitted to a mod-

ified Randles EC model using ZView software, and numeri-
cal values corresponding to critical circuit elements were ex-
tracted (Figure S4, Supporting Information). The fitting proce-
dure yielded low chi-square (𝜒2) values on the order of 10−4, in-
dicating high-quality fits (Table S1, Supporting Information). The
close overlap between fitted and experimental curves, combined
with relative errors generally below 10%, confirms the reliability
and robustness of the chosen ECmodel. A graphical comparison
of experimental and fitted data, together with the EC diagram, is
provided in Section S4 (Supporting Information).
For direct comparison of signal trends between e-MIP/SE

and e-NIP/SE, the Rct values were normalized |Rct|, (|Rct| =
|ΔRct/Rct, blank|), whereRct, blank represents the resistance in the ab-
sence of Cys-C (c= 0). This normalization compensated for base-
line variability, enabling a uniform assessment of concentration-
dependent signal changes. Figure 4c shows the changes in |Rct|
as a function of Cys-C concentration e-MIP/SE and e-NIP/SE.
The e-MIP/SE exhibited a concentration-dependent decrease
with a strong linear correlation (R2 = 0.80), indicating system-
atic impedance response to increasing Cys-C concentrations. In
contrast, e-NIP/SE exhibited scattered data with poor correla-
tion (R2 = 0.26), showing no apparent concentration-dependent
trend. The substantial difference in signal patterns, with min-
imal overlap in standard deviations between the two systems,
suggests concentration-sensitive impedance behavior specific to
the protein-imprinted polymer network. In other words, this be-
havior indicates that Cys-C binding within the e-MIP cavities
enhances charge transfer resistance through specific protein-
polymer interactions (please see Figure 4f for the depiction of
this effect and the Conclusions and Future Work section for de-
tailed mechanistic insights). In contrast, the absence of recogni-
tion sites in the e-NIP network leads to inconsistent responses.
The consistent response differences across all tested concentra-
tions provide evidence for successful molecular imprinting and
protein-specific recognition and signal generation.
The inverse correlation between Cys-C concentration and Rct

for e-MIP/SE, while consistent with the findings from another
MIP study,[52] contrasts with the more commonly reported pro-
portional relationship in some MIP systems.[46,48] This behav-
ior may be explained by changes in the surface charge distribu-
tion resulting from protein adsorption within the cavities.[34,50]

At neutral pH, Cys-C is positively charged (pI ≈ 9)[29] and can at-
tract the negatively charged redox ions, thereby enhancing their
accessibility to the MIP-modified electrode surface and facilitat-
ing charge transfer. Additionally, the interaction between Cys-C
and the polymericMIP networkmay affect the interfacial ionmo-
bility and local conductivity. This effect is supported by the in-
herent doping ability of the 𝜋-conjugated polybithiophene back-

bone, which can undergo localized re-doping or charge redistri-
bution upon protein binding.[53] These interactions may increase
the density of mobile charge carriers and promote counter-ion
flux within the film, further facilitating electron transfer.[52] Over-
all, although the inverse relationship between Rct and Cys-C con-
centration observed here is uncommon in theMIP-based biosen-
sor literature, these findings demonstrate that the e-MIP/SE re-
sponds to the presence of Cys-C in a concentration-dependent
manner, in contrast to the non-specific response observed for e-
NIP/SE.

2.5. Analytical Performance Comparison

The direct comparison between e-MIP/SE and e-NIP/SE demon-
strates consistent protein-responsive behavior of e-MIP/SE
across both detection methods. Although statistical significance
testing was not performed due to the limited replication (n = 3),
the magnitude and consistency of response differences, with e-
MIP/SE showing signals more than 100% higher than those of
e-NIP/SE across multiple concentrations, demonstrate success-
ful molecular imprinting and protein-specific recognition. These
results confirm the efficacy of the e-MIP/SE as a protein-sensing
platform, providing proof of concept through the electrochem-
ical detection of Cys-C. Still, the correlation between signal in-
tensity and target analyte concentration is crucial for evaluating
the analytical performance characteristics of the e-MIP/SE plat-
form for Cys-C detection. Therefore, the Rct and Ipeak data were
plotted against varying Cys-C concentrations to derive calibra-
tion curves and calculate the limit of detection (LOD) and limit
of quantification (LOQ) for EIS and DPVmeasurements, respec-
tively (Figure 4d,e).
Both EIS and DPV techniques exhibit a concentration-

dependent signal response for the e-MIP/SEs across the tested
range (0.1–3.0 μg mL−1). The EIS calibration plot, as shown in
Figure 4d, reveals two distinct linear regions. While switching
from the lower to the higher concentration range (from 0.0–0.5
to 0.5–3.0 μg mL−1), the slope of the calibration curve reflecting
sensitivity sharply decreases from −29 kΩ μg−1 mL (R2 = 0.73) to
−1.9 kΩ μg−1 mL (R2 = 0.94). The corresponding LOD and LOQ
values were calculated as 0.53 and 1.78 μgmL−1 for the lower con-
centration range (0.0–0.5 μg mL−1), and 0.99 and 3.31 μg mL−1

for the higher concentration range (0.5–3.0 μg mL−1), respec-
tively. The relative standard deviation (RSD) for EIS measure-
ments showed good reproducibility, with RSD values improv-
ing from 0.51 at baseline to 0.11 at 3.0 μg mL−1, demonstrating
excellent precision at higher concentrations (Table S2, Support-
ing Information). The biphasic behavior observed in EIS calibra-
tion curves can be attributed to different binding mechanisms
at low versus high protein concentrations. At concentrations be-
low 0.5 μg mL−1, protein binding occurs primarily within high-
affinity imprinted cavities, resulting in steep resistance changes.
Above 0.5 μg mL−1, saturation of primary binding sites leads
to weaker secondary interactions, producing a more gradual re-
sponse slope.[54]

In contrast, the DPV calibration plot (Figure 4e) exhibits a
single, strongly linear response across the entire concentration
range, with a steeper slope of 0.38 μA μg mL−1, and a high linear
correlation (R2 = 0.99), indicating no signal saturation. The cal-
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culated LOD and LOQ (0.19 and 0.64 μg mL−1) for DPV were
lower compared to those of EIS, indicating enhanced perfor-
mance. The RSD values across replicate measurements demon-
strated acceptable reproducibility, with RSD improving from 0.57
at baseline to 0.33 at 3.0 μg mL−1 for DPV, consistent with en-
hanced signal-to-noise ratios at elevated analyte levels (Table S2,
Supporting Information). Despite slightly reduced reproducibil-
ity compared to that of EIS, the higher analytical accuracy of
DPV positions it as a more suitable option for Cys-C detection
across a wide range (0.0–3.0 μg mL−1). The steeper slope and
the higher regression coefficient in the DPV calibration curve in-
dicate greater resolution and more precise signal transduction,
particularly at low analyte concentrations (0.0–0.5 μg mL−1). This
advantage is likely due to the pulse-based nature of DPV, which
improves the signal-to-noise ratio byminimizing capacitive back-
ground currents and amplifying Faradaic signals. Consequently,
DPV appears to be better suited for protein biosensing with e-
MIP/SEs, where high sensitivity and a wide dynamic range are
demanded.

3. Conclusion and Future Work

This study demonstrates the development and systematic eval-
uation of an e-MIP-based sensing platform for protein detec-
tion, providing, to our knowledge, the first detailed mecha-
nistic comparison of DPV and EIS signal transduction strate-
gies on identical e-MIP/SE platforms. Cys-C was selected as a
model protein owing to its relatively small size (≈15 kDa), fa-
vorable charge characteristics (positively charged at physiologi-
cal buffer), structural stability, and established clinical relevance
as a biomarker, particularly in AKI diagnostics.[41] These features
make it an ideal model for probing imprinting efficiency and sig-
nal transduction in a controlled proof-of-concept study. Building
on this, molecular docking simulations were conducted to assess
the potential interaction between Cys-C and candidate electroac-
tive monomers, leading to the evidence-based selection of BTP-
BCA as the optimal monomer for effective protein-monomer
interaction. This selection informed the choice of its compati-
ble crosslinker, BTP, ensuring chemically compatible imprint-
ing conditions. Electropolymerization of polybithiophene-based
recognition layers on SE’s surface under optimized potentiostatic
conditions yielded a polymer network with functional imprinted
cavities and structural integrity, as confirmed through compre-
hensive morphological, topographical, and spectroscopic charac-
terization.
Unlike non-imprinted e-NIP/SE controls, electrochemical

characterization using both DPV and EIS demonstrated target-
specific and concentration-dependent responses of the e-
MIP/SEs in response to various Cys-C concentrations. The un-
derlying signal transduction mechanisms are revealed through
mechanistic analysis of the concentration-dependent trends,
where e-MIP/SE exhibits a systematic decrease in Rct (EIS)
and corresponding increase in Ipeak (DPV) with increasing
protein concentration, whereas e-NIP/SE shows minimal vari-
ation across both techniques. These opposing signal direc-
tions represent complementarymanifestations of enhanced elec-
tron transfer at the e-MIP/SE interface, potentially driven by
three main mechanisms (Figure 4f): i) electrostatic facilita-
tion through favorable interactions between positively charged

Cys-C and negatively charged redox probes, ii) semiconductor
doping effects within the 𝜋-conjugated polybithiophene back-
bone upon Cys-C binding that increase charge carrier den-
sity, and iii) enhanced ion transport through protein-induced
modifications within the polymeric matrix, where bound pro-
teins can create hydrophilic channels or alter the local ionic
strength.[34,50]

While both techniques demonstrated protein-specific recog-
nition, DPV exhibited superior analytical performance, offer-
ing a lower LOD (0.19 μg mL−1) and LOQ (0.64 μg mL−1),
a broader linear range (0.1–3.0 μg mL−1), and higher sensi-
tivity (0.38 μA μg−1 mL) compared to EIS, which exhibited a
biphasic linear response with two distinct regions, from 0–0.5
to 0.5–3.0 μg mL−1 with sensitivity decreasing with increasing
Cys-C concentrations from −29 kΩ μg−1 mL (R2 = 0.73) to
−1.9 kΩ μg−1 mL (R2 = 0.94), respectively. The corresponding
LOD and LOQ values were calculated as 0.53 and 1.78 μg mL−1

for the lower concentration range (0.0–0.5 μg mL−1), and 0.99
and 3.31 μg mL−1 for the higher concentration range (0.5–
3.0 μg mL−1), respectively. The superior performance of DPV is
attributed to the capacitive current suppression and enhanced
Faradaic signal amplification provided by the pulse-based mea-
surement technique, which positions it as a more convenient
strategy for protein sensing compared to EIS. Furthermore, ini-
tial regeneration studies show that the e-MIP/SE platform can be
reused. After a second wash step and re-incubation with Cys-C,
the DPV signal retained 75% of its original sensitivity, indicat-
ing the imprinted sites stayed active and accessible to the analyte
(Figure S5, Supporting Information).
It is important to reiterate that our primary objective was not

to develop a comprehensive biosensor, which typically requires
extensive evaluation of various other analytical performance pa-
rameters, such as imprinting quality, specificity, selectivity, and
reproducibility, but rather to establish a systematic approach sup-
ported by a mechanistic understanding of the most utilized elec-
trochemical detection strategies to guide future e-MIP biosen-
sor designs for protein sensing. Nonetheless, several limitations
must be acknowledged to inform future biosensor designs. First,
the limited replication (n = 3) restricts the evaluation of the sta-
tistical significance of observed differences. Second, the perfor-
mance was tested in a PBS medium to focus on mechanistic be-
haviors without interference from the matrix. While this method
allowed for a clear comparison of DPV and EIS detection strate-
gies, validation in complex biological fluids, including the eval-
uation of matrix effects, recovery rates, and non-specific fouling,
is still needed to demonstrate the clinical utility of the biosen-
sor. Further biosensor studies would involve examining inter-
ference from serum/urinary proteins, assessing biofouling over
time, and measuring recovery rates in spiked biological samples.
Third, although evaluating the equilibrium kinetics of the MIP is
an essential consideration in determining affinity interactions be-
tween the MIP and the analyte, binding isotherm analysis (such
as fitting to Langmuir or Freundlich models) was not feasible
with our experimental configuration. The SE setup, while op-
timized for sensitive electrochemical measurements, presented
fundamental limitations for such binding studies: i) the total
amount of Cys-C bound to the polymer does not necessarily cor-
relate with the signals observed in DPV and EIS experiments,
as a significant fraction of binding sites may not contribute to
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 27511219, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adsr.202500104 by K

arlsruher Institut für T
echnologie, W

iley O
nline L

ibrary on [22/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advsensorres.com


www.advancedsciencenews.com www.advsensorres.com

the electrochemical signals detected, and ii) the extremely thin
polymer layers result in minimal total protein binding, making
concentration changes in the supernatant undetectable for tradi-
tional binding analysis.We acknowledge that such kinetic charac-
terization would provide valuable affinity parameters and should
be considered in future studies using alternative experimental
configurations better suited for this purpose. Fourth, the find-
ings pertain to Cys-C and polybithiophene matrices; their rele-
vance to other proteins or polymers remains unexplored. Never-
theless, the MIP design workflow established here is adaptable
to other biomarkers if they meet important physicochemical cri-
teria, such as an appropriate molecular size for cavity formation,
a stable tertiary structure to withstand polymerization, and favor-
able charge properties that support electrostatic complementar-
ity with the functional monomer and redox system, which facil-
itates the imprinting of Cys-C. When these conditions are met,
the same electrochemical detection principles and transduction
mechanisms described here can be applied to detect other pro-
tein targets.
To conclude, building on the mechanistic insights obtained

from this study and acknowledging the limitations as mentioned
above, our ongoing work aims to develop a clinically relevant,
multiplexed biosensor platform for the diagnosis of AKI, incorpo-
rating an increased number of replicates for a more robust statis-
tical analysis, complex media testing for evaluating clinical appli-
cability, and simultaneous detection of complementary biomark-
ers to improve diagnostic accuracy.

4. Experimental Section
Computational Molecular Modeling by Docking Simulations: In the con-

text ofmolecular imprinting,molecularmodeling facilitates the calculation
of binding affinity between the template protein (also referred to as the
target analyte) and functional monomers used to create synthetic recep-
tors. This computational approach evaluates all possible binding orien-
tations and conformations to identify energetically favorable interactions,
with binding free energy and potential binding poses guiding the selec-
tion of monomers most likely to interact favorably with the target protein,
thereby optimizing the design of MIPs.

In this study, docking simulations were performed to identify po-
tential interactions between the target protein, Cys-C, and three elec-
troactive functional monomers: 2,2´-bithiophene-5-carboxylic acid, o-
phenylenediamine, and 3-aminophenol. Potential binding poses and free
binding energies between the Cys-C and each selected monomer were as-
sessed using Schrödinger software (v.2023-2, Schrödinger LLC, USA) ac-
cording to a protocol previously developed by our team.[55] Briefly, first,
LigPrep was employed to determine both the protonation states and the
3-D structures of three electroactivemonomers. To ensure comprehensive
coverage of the entire protein surface, two non-overlapping docking grids
were generated from the protein structure, each maximized to cover as
much surface area as possible. Combined, these grids encompassed the
whole surface of the protein.

For the initial screening of potential binding poses, Glide XP docking
was utilized. In cases where docking poses overlapped in space, only the
pose with the lower docking score was retained, allowing us to obtain dis-
tinct, non-redundant binding poses for each monomer. To further refine
these identified poses, Prime MM-GBSA was applied, followed by GFN2-
xTB single-point energy calculations to accurately determine the final bind-
ing free energies between each monomer and Cys-C. For the final analysis,
only binding poses with a binding free energy lower than −5 kcal mol−1

were retained, as poses with higher energies were considered unsuitable
and excluded from further consideration.

Development of a MIP-based Biosensor: Following the determination
of critical MIP-forming components, the second step was the selection
of optimal electropolymerization conditions for the synthesis of e-MIPs.
Accordingly, our preliminary investigations and systematic evaluation in-
clude the potential window and optimal potential value determination by
performing CV and potentiometric analyses. Meanwhile, EIS provided a
mechanistic understanding of the electrochemical behavior, which var-
ied with different monomer-crosslinker concentration ratios. Morpholog-
ical characterization by scanning electron microscopy (SEM) imaging of
the corresponding MIP networks, supported by the SEM images in Sec-
tions S1 and S2 (Supporting Information), further supported this under-
standing. Before electropolymerization, all SEs were subjected to electro-
chemical cleaning to avoid any production-related impurities thatmight af-
fect the measurements. Briefly, the SEs were treated with 0.05M of H2SO4
solution, followed by CV between −1.0 and 1.3 V for 12 cycles at a sweep
rate of 0.1 V s−1.[56]

The solutions for the electropolymerization of e-MIPs and e-NIPs were
prepared in a supporting electrolyte composed of 0.1 M tetrabutylam-
monium perchlorate (Sigma–Aldrich, Germany) dissolved in acetonitrile
(VWR Chemicals, Germany). This solution consisted of 10 mM BTP-BCA
(Apollo Scientific, UK) and 100mMBTP (Sigma–Aldrich, Germany), as the
functional monomer and crosslinker, respectively. The solution prepara-
tion protocol can be summarized as follows: for e-MIPs: First, 1 μM of hu-
man Cys-C (Aviva Systems Biology, USA) was transferred into the BTP-BCA
monomer mixture to form the initial pre-polymerization complex, gently
mixed, and incubated for 30 min at room temperature (20 °C). Second,
BTP was added to this protein and monomer mixture to procure a 1:10
BTP-BCA:BTP molar ratio, and the final mixture was later used to synthe-
size e-MIP/SE. For the preparation of e-NIPs, the solution mixture was
prepared identically to that of the e-MIP, containing BTP-BCA and BTP at
a 1:10 molar ratio in the supporting electrolyte, but without the addition
of Cys-C, so that it could serve as a protein-free negative control for e-MIP.
Before electropolymerization, a total of 100 μL of solution consisting of
BTP-BCA, BTP, and Cys-C (for e-MIP/SE) was placed on each SE surface.

Electropolymerization was carried out on the Au working electrode
(WE) of a thin-film Au-Pt double-metal single electrode (ED-SE1-AuPt, Mi-
cruX Technologies, Spain) mounted in a housing cell (EEP-AIO-CELL, Mi-
cruX Technologies, Spain). For controlled electropolymerization, a 1 mm-
diameter Au working electrode from the single electrode (SE) chip was
used along with external electrodes: a platinum (Pt) wire, 50 mm in length
and 0.3 mm in diameter, served as the CE, and an external Ag/AgCl elec-
trode, also 50 mm long, covered with a 2 mm diameter polypropylene
body, was used as the RE.[56] This three-electrode configuration was con-
nected to a Gamry Potentiostat/Galvanostat/ZRA (Reference 620, Gamry
Instruments, USA) via external cabling. Electropolymerization conditions
were selected based on systematic optimization studies, which suggested
that performing potentiometry at 1.6 V for 60 s ensures homogeneous
polymer formation on the SEs while minimizing side reactions (Sec-
tions S1 and S2, Supporting Information).

Following e-MIP synthesis, template Cys-C washing was performed to
remove proteins from the e-MIP network by immersing the e-MIP/SEs in
a 0.1 M urea solution (Merck, Germany) and washing them for 3 h as de-
scribed in a previously published protocol.[27] e-NIP/SEs also underwent
an identical washing treatment for comparison. Subsequently, all modified
electrodes were thoroughly rinsed with distilled water and gently dried us-
ing compressed air, then stored at room temperature (≈20 °C) until further
electrochemical screening or characterization studies were performed.

Physicochemical Surface Characterization: Scanning electron mi-
croscopy (SEM) analyses were conducted to characterize the morphology
of e-MIP/e-NIP films. SEM images were obtained using a scanning
electron microscope (Vega3, Tescan, Czech Republic), operated at an
acceleration voltage of 10 kV and a working distance of 9 mm. All images
were taken at amagnification of 1000X and analyzed with ImageJ software.

A confocal microscope (CM) (MarSurf CM Expert, Mahr, Germany)
was used to visualize topographical features and measure the thickness
of e-MIP/e-NIP films. Illumination and detection optics were co-focused
onto a single diffraction-limited spot through a 100X objective and nu-
merical aperture of 0.95, producing a 160 × 160 μm2 field of view with
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sub-micrometer optical sectioning. A rotating Nipkow disc served as the
confocal aperture, effectively rejecting stray and out-of-focus light and en-
abling axial resolution on the order of a few nanometers. Under green-
light illumination, the lateral resolution achieved was≈250 nm, per Abbe’s
diffraction limit (𝜆/2).

Attenuated total reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR) analyses were performed to evaluate the chemical composi-
tion of the synthesized e-MIP films before and after being subjected to urea
washing. Spectra were recorded using a Fourier transform infrared spec-
trometer (Tensor 27 Bruker, Germany) equipped with an ATR accessory
(diamond crystal, 1 mm2 area with single reflection). Samples were ana-
lyzed in the range of 4000–400 cm−1 with a resolution of 4 cm−1, using 32
scans per sample. Spectra were processed and the baselines corrected us-
ing Bruker’s OPUS software (v.7.8). Characteristic absorption peaks were
identified to confirm successful polymeric network formation and effective
template removal.

Electrochemical Characterization: Electrochemical characterization of
the e-MIP/SE and e-NIP/SEwas performed usingDPV and EISmethods by
subjecting each surface-modified SE’s Au-WE portion to 20 μL phosphate
buffer solution (PBS, pH:7.4) containing 5 mM ferricyanide/ferrocyanide
([Fe(CN)6]

3 − /4 − redox couple), and 1 M KCl supporting electrolyte
(Thermo Scientific, USA). The integrated three-electrode configuration of
the single electrode chip: Au-WE, Pt-CE, and Pt-RE was directly utilized for
electrochemical analyses.

Before analyte detection, the optimal incubation time for achieving ef-
fective analyte-receptor interaction was investigated by spiking the elec-
trolyte solution with 0.50 μgmL−1 Cys-C and varying the incubation period
from 0 to 30 min while conducting open-circuit potential (OCP) measure-
ments along with DPV analyses. For DPV analyses, the scanning potential
ranged from −0.2 to 0.2 V, with a pulse duration of 0.1 s and an amplitude
of 25 mV. EIS analyses were conducted over a frequency range of 1 MHz to
0.1 Hz, with an alternating current (AC) perturbation amplitude of 10 mV.

Standard solutions of Cys-C were prepared at six concentration levels
(0, 0.1, 0.5, 1.0, 2.0, and 3.0 μg mL−1) in PBS buffer (pH 7.4) containing
5 mM [Fe(CN)6]

3 − /4 − redox couple and 1 M KCl. Each concentration was
measured in triplicate (n= 3) using both EIS andDPV techniques. For DPV
measurements, peak current (Ipeak) values were extracted from voltammo-
grams at the characteristic oxidation potential of the [Fe(CN)6]

3 − /4 − re-
dox couple. Electrochemical data were analyzed using Gamry Echem Ana-
lyst software (v. 7.8.2, Gamry Instruments, USA). For EIS analyses, the ob-
tained spectra were fitted to a modified Randles equivalent circuit model
using ZView software (v.3.5c, Scribner Associates, USA). The numerical
values corresponding to multiple circuit elements, including solution re-
sistance (Rs), constant phase element (CPE) accounting for surface het-
erogeneity in porous MIP films, charge transfer resistance (Rct), and War-
burg impedance (Zw), were extracted. Circuit fitting quality was validated
using chi-squared values (𝜒2 < 10−2). Please refer to the Supporting In-
formation file for example EIS spectra (Figure S4, Supporting Information)
and the list of parameters obtained from the modified Randles equivalent
circuit model fitting (Table S1, Supporting Information).

To enable direct comparison between e-MIP/SE and e-NIP/SE re-
sponses, raw data were normalized relative to blank measurements (c
= 0). For DPV, the normalized peak current (|Ipeak|) was calculated
with the following equation. |Ipeak| = |ΔIpeak/Ipeak,blank|, where ΔIpeak =
|Ipeak, Cys − C − Ipeak, blank|. For EIS, the normalized charge transfer resis-
tance (|Rct|) was calculated as |(|Rct| = |ΔRct/Rct, blank|), where ΔRct =
|Rct, Cys − C −Rct, blank|. Calibration curves were constructed by plotting nor-
malized electrochemical responses against Cys-C concentration. Linear re-
gression analysis was performed using OriginLab software (v. 7.0) to de-
termine the slope (S, a measure of sensitivity), intercept, and regression
coefficient (R2). LOD and LOQ were calculated following the ICH guide-
line: LOD = 3.3𝜎/S and LOQ = 10𝜎/S. Here, 𝜎 represents the residual
standard deviation obtained from the regression analysis of blank mea-
surements (n = 3), and S indicates the slope of the calibration curve, cor-
responding to the change in measured signal per unit concentration of
analyte.[57]

Statistical Analyses: For DPV measurements, raw voltammograms
were baseline-corrected prior to peak current extraction. No data transfor-

mation, normalization, or outlier removal was applied beyond this correc-
tion step. All data are presented asmean± standard deviation (SD) from n
= 3 independent replicates for each experimental condition. No statistical
testing was performed in this study, as the primary aim was to compare
electrochemical response trends. EIS data were fitted to equivalent circuit
models using ZView (v.3.5c, Scribner Associates, USA). All other data pro-
cessing, curve fitting, and figure preparation were performed in OriginLab
software (v.7.0, OriginLab, USA). Statistical significance testing will be in-
corporated in follow-up studies designed for full analytical validation of
the biosensor platform.
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