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Abstract: An electrochemical sensor for cinchocaine (CIN)
detection was developed based on surface molecular
imprinting technology utilizing screen-printed gold elec-
trodes modified with TiO, nanoparticles and electropoly-
merized polypyrrole. A novel sensor was developed using a
dual-stage methodology, which entailed initial CIN tem-
plate immobilization and subsequent electrochemical pyr-
role polymerization incorporating titanium dioxide nanos-
cale particles. The sensor exhibited enhanced electroactive
surface area (0.075cm? and improved electron transfer
kinetics (heterogeneous rate constant 8.2 x 107> cm's™)
compared to unmodified electrodes. Under optimized con-
ditions (pH 5.0, 15-min incubation), the sensor demon-
strated two linear response ranges from 0.1-10 and
10-100 uM, with a detection limit of 0.035 uM. The sensor
showed excellent selectivity against common interferents,
including a 100-fold excess of inorganic ions and a 50-fold
excess of structurally similar compounds. Analysis of clin-
ical samples yielded excellent recoveries (97.2-102.3%)
with relative standard deviations below 4.3%. The simple
fabrication process, rapid response time, and minimal
sample preparation requirements make this sensor parti-
cularly suitable for point-of-care applications.
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1 Introduction

The development of reliable, sensitive, and rapid point-
of-care testing platforms for pharmaceutical compounds
remains a significant challenge in analytical chemistry.
Among these compounds, cinchocaine (CIN), a potent local
anesthetic agent widely used in clinical practice, demands
particular attention due to its critical role in pain manage-
ment and its narrow therapeutic window [1]. As a member
of the amino ester class of local anesthetics, CIN finds
extensive application in spinal anesthesia and topical pre-
parations for treating hemorrhoids, making its accurate
determination essential for both quality control and clin-
ical monitoring [2]. Traditional analytical approaches for
CIN determination have predominantly relied on chroma-
tographic techniques, spectrophotometric methods, and
conventional electrochemical protocols [3,4]. Current diag-
nostic approaches, despite providing reasonable detection
capabilities, frequently encounter substantial obstacles in
clinical settings, such as intricate preprocessing require-
ments, costly equipment, prolonged analytical workflows,
and demands for specialized technical expertise [5]. These
constraints have driven the search for alternative analy-
tical strategies that can provide rapid, cost-effective, and
reliable determination of CIN in various matrices [6]. Over
the past decade, electrochemical sensors have emerged as
a prominent class of analytical tools for pharmaceutical
detection, thanks to their high sensitivity, portability, and
compatibility with miniaturized platforms. Recent trends
emphasize the development of molecularly selective, nano-
material-enhanced sensors capable of detecting active
pharmaceutical ingredients (APIs) in complex matrices
without the need for laborious preprocessing [7]. These
efforts have led to the integration of functional nanocom-
posites, screen-printed electrode platforms, and molecular
imprinting techniques into sensor design, marking a tran-
sition from laboratory-based assays to point-of-care dia-
gnostics. Our work aligns with these advancements by
leveraging a molecularly imprinted polymer (MIP) strategy
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enhanced with TiO, nanoparticles to address the growing
demand for robust and selective CIN sensors in clinical
environments [8].

As electrochemical sensor design has shifted towards
personalized medicine and decentralized diagnostics, the
ability to achieve high molecular selectivity remains a cri-
tical goal [9]. Selective recognition elements in chemical
sensors can be effectively crafted through the innovative
technique of molecular imprinting, which offers a sop-
histicated method for enhancing sensor specificity and
performance [10]. This method focuses on engineering mole-
cular recognition elements designed to precisely match a
target compound’s structural and chemical characteristics
through tailored receptor configurations [11]. Molecular
imprinting involves initially creating a complex between
selected monomers and a target molecule, which is subse-
quently stabilized through polymerization using a cross-
linking substance [12]. After extracting the template, specific
binding sites emerge that can precisely capture the intended
molecular target with high selectivity [13]. In recent years,
the integration of molecular imprinting technology with
electrochemical detection has gained significant attention
due to its inherent advantages [14]. Electrochemical sensors
offer excellent sensitivity, rapid response times, simple
instrumentation, and the potential for miniaturization [15].
The combination of molecular imprinting with electroche-
mical detection provides a synergistic approach that
addresses both selectivity and sensitivity requirements
for point-of-care testing applications [16].

The selection of appropriate materials for sensor fabh-
rication plays a crucial role in determining analytical per-
formance. Polypyrrole (PPy) has emerged as an attractive
conducting polymer for molecular imprinting due to its
excellent electrical conductivity, environmental stability,
and facile synthesis through electrochemical methods
[17-19]. The incorporation of titanium dioxide (TiO,) nano-
particles into the polymer matrix offers additional advan-
tages, including enhanced surface area, improved electron
transfer kinetics, and superior mechanical stability [20,21].
The development of a point-of-care sensor for CIN deter-
mination requires careful consideration of several key
aspects. First, the optimization of the molecular imprinting
process must ensure the formation of selective binding
sites while maintaining good accessibility for the target
analyte [22]. Second, the electrochemical platform must
provide stable and reproducible responses under various
operating conditions [23]. Finally, the sensor must demon-
strate reliable performance in complex matrices encoun-
tered in clinical samples.

This research addresses these challenges through the
development of a novel electrochemical sensor based on
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PPy-TiO, molecular imprinting technology. While prior stu-
dies, such as those by Elashery et al. [24] and Ghoniem
et al. [25], have demonstrated effective electrochemical
approaches for CIN detection using ion-pairing agents or
carbon-based nanocomposites, our work introduces sev-
eral key innovations. Specifically, we employ a surface
molecular imprinting strategy that ensures high selectivity
via template-specific binding cavities, and incorporate TiO,
nanoparticles to enhance electron transfer and mechanical
stability. Unlike carbon paste or ionic liquid systems, our
platform utilizes screen-printed gold electrodes, offering
superior scalability, reproducibility, and ease of use for
point-of-care testing. Furthermore, the dual-linear detec-
tion range, low detection limit (0.035 uM), and excellent
recovery in clinical samples highlight the sensor’s analy-
tical superiority. The sensor design emphasizes practical
considerations for point-of-care applications, including
rapid response time, minimal sample preparation require-
ments, and stable performance under ambient conditions.
The use of screen-printed electrodes as the underlying plat-
form facilitates mass production and ensures cost-effec-
tiveness, while the molecular imprinting strategy provides
the necessary selectivity for reliable measurements in com-
plex biological matrices.

2 Materials and methods
2.1 Synthesis and characterization

The preparation of TiO,-modified PPy molecular imprinting
polymer began with the surface modification of TiO, nano-
particles. A suspension of TiO, nanoparticles (1.0 g) in
ethanol (50 mL) was subjected to ultrasonication for
30 min to achieve uniform dispersion. The suspension
was then mixed with 3-aminopropyltriethoxysilane
(2.0 mL) and refluxed at 80°C for 4 h under nitrogen atmo-
sphere. The synthesized TiO, nanoparticles were isolated
through centrifugation, subsequently rinsed multiple times
with ethanol, and then dehydrated in a vacuum oven at
60°C for a 12-h period.

The synthesis procedure entailed establishing a pre-
liminary interaction between CIN and pyrrole within a
phosphate-based aqueous medium, supplemented with
functionalized TiO, nanoscale particles under specific
pH and concentration conditions. The solution was agitated
for half an hour at ambient conditions to promote intermole-
cular hydrogen bond establishment. Utilizing a standard elec-
trochemical cell with three electrodes — glassy carbon as the
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working electrode, platinum wire serving as the counter elec-
trode, and silver/silver chloride as the reference electrode —
the polymer synthesis was performed. The electropolymeriza-
tion process involved cyclic voltammetric scanning from -0.2
to +0.8V, applying a 50 mV-s™ sweep rate across 10 consecu-
tive cycles.

2.2 Electrode fabrication

Gold electrodes were fabricated via semi-automatic screen
printing techniques employing a specialized template
design. The modification of screen-printed electrodes
began with electrochemical cleaning by cycling in 0.5M
H,S0, between -0.2 and +1.3V at 100 mV-s~* until stable
voltammograms were obtained. The MIP solution was
drop-cast (5uL) onto the working electrode surface and
allowed to dry at room temperature. Template removal
was achieved through potential cycling in 0.5M oxalic
acid solution between 0.0 and +1.0 V at 100 mV-s™* for 15
cycles.

3 Results and discussion

3.1 Material characterization

The surface morphology and structural features of TiO,
nanoparticles, functionalized TiO,, and the MIP composite
were examined in detail. Scanning electron microscopy
(SEM) analysis revealed the distinct morphological evolu-
tion during the sensor fabrication process. Figure 1a shows
pristine TiO, nanoparticles exhibiting a uniform spherical
morphology with an average particle diameter of 25 nm.
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Figure 2: XRD patterns of pristine TiO, nanoparticles and molecularly
imprinted polymer composite. Major crystallographic planes are
indexed.

Following surface functionalization, the TiO, nanoparticles
maintained their spherical structure while displaying slight
aggregation tendencies (Figure 1b).

X-ray diffraction (XRD) patterns were recorded to inves-
tigate the crystalline structure of the materials. Figure 2 pre-
sents the XRD patterns of the synthesized composites. The
characteristic peaks at 20 values of 25.3, 37.8, 48.0, 53.9, and
55.1° correspond to the (101), (004), (200), (105), and (211)
crystal planes of anatase TiO,, respectively. The preservation
of these peaks in the MIP composite confirms the stability of
the TiO, crystal structure during the modification process
[26]. A broad peak observed between 20° and 30° in the
composite pattern indicates the presence of the amorphous
PPy matrix [27].

(b)

Figure 1: Electron microscopy analysis of sensor materials: (a) SEM image of pristine TiO, nanoparticles and (b) SEM image of functionalized TiO,

nanoparticles.
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Figure 3: FTIR spectra of TiO, nanoparticles and molecularly imprinted
polymer composite showing characteristic vibrational bands.

Fourier transform infrared (FTIR) spectroscopy provided
valuable information about the chemical composition and
interactions within the composite material. Figure 3 displays
the FTIR spectra of the various synthesis stages. The charac-
teristic Ti-O-Ti stretching vibration at 495cm™ and Ti-O
stretching at 625 cm™ confirm the presence of TiO, [28]. After
surface functionalization, new bands appeared at 1,085 and
1,560 cm ™, corresponding to Si—-O-Si and N-H bending
vibrations, respectively. The molecular imprinted com-
posite exhibited additional peaks at 1,455 cm ™ (C-N stretching)
and 1,640 cm™ (C=C stretching), characteristic of the PPy
structure [29].

Thermal stability analysis was conducted using TGA
under nitrogen atmosphere. Figure 4 illustrates the thermal
decomposition profiles of the materials. The TiO, nanoparti-
cles showed minimal weight loss (<8%) up to 800°C, con-
firming their high thermal stability. The functionalized TiO,
exhibited a weight loss of approximately 8% between 200°C
and 400°C, attributed to the decomposition of surface modi-
fiers. The molecularly imprinted composite demonstrated a
three-stage decomposition pattern: initial moisture loss
(30-150°C), template removal (150-300°C), and polymer
degradation (300-600°C), with a total weight loss of 35%.

3.2 Electrochemical characterization

The electrochemical behavior of the developed sensor was
systematically investigated using various electrochemical
techniques to understand the electron transfer characteristics
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Figure 4: TGA curves of TiO, nanoparticles and molecularly imprinted
polymer composite under nitrogen atmosphere (heating rate:
10°C-min”™").

and surface properties of the modified electrode. Cyclic
voltammetry studies using [Fe(CN)¢]*/*” as a redox
probe revealed the progressive modification of the elec-
trode surface. Figure 5a presents the cyclic voltammo-
grams obtained at different stages of sensor fabrication.
The bare screen-printed gold electrode exhibited well-
defined redox peaks with a peak-to-peak separation
(AEp) of 147 mV, indicating reversible electron transfer
kinetics [30]. Following TiO, modification, the peak cur-
rents increased by approximately 45%, attributed to the
enhanced electroactive surface area provided by the
nanoparticles. The molecular imprinting process initi-
ally resulted in decreased peak currents and increased
AE, (422 mV) due to the insulating nature of the polymer
layer. However, after template removal, the peak cur-
rents partially recovered, and AE, decreased to 327 mV,
suggesting the formation of accessible binding cav-
ities [31].

Electrochemical impedance spectroscopy provided
valuable insights into the interfacial properties of the mod-
ified electrodes. The Nyquist plots (Figure 5b) were fitted
using an equivalent circuit model (inset of Figure 5b). The
bare electrode displayed a small semicircle, indicating effi-
cient electron transfer. The TiO, modification decreased
Rct, consistent with improved conductivity. The MIP layer
significantly increased [32], while template removal reduced,
corroborating the CV findings.

Cyclic voltammetry was employed to determine the
electrochemically active surface area by applying the
Randles-Sevcik relationship across different potential
sweep velocities. The graph depicts a direct proportional
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Figure 5: Electrochemical characterization of sensor fabrication steps: (a) cyclic voltammograms in 5 mM [Fe(CN)> ™4 containing 0.1 M KCl at
50 mV-s™" for bare electrode, TiO,-modified electrode, molecular imprinted polymer before template removal, and after template removal, and

(b) Nyquist plots with corresponding for the same modification steps.

correlation between maximum electrical currents and
the square root of scanning velocity across various elec-
trode surface treatments. The calculated electroactive
surface areas were 0.052, 0.075, and 0.068 cm? for bare,
TiO,-modified, and molecularly imprinted electrodes,
respectively. These results indicate a 44% increase
in surface area after TiO, modification, with a slight
decrease following molecular imprinting due to polymer
coverage [33] (Figure 6).

Electron transfer kinetics were evaluated by analyzing
the relationship between AE, and scan rate. Employing the
Nicholson approach, researchers determined the electron
transfer kinetics across different interfaces by evaluating
the rate constant for heterogeneous electron transfer. The
bare electrode exhibited ks = 5.8 x 10 cm-'s™, which
increased to 8.2 x 103cm-s™ after TiO, modification. The
molecularly imprinted sensor showed ks = 3.4 x 10~ cm-s ™,
reflecting the balance between polymer insulation and
facilitated electron transfer through binding cavities [34].

To elucidate the electrochemical oxidation mechanism
of CIN, we considered its structural features, particularly
the presence of a tertiary aromatic amine group, which is
typically responsible for redox activity. Upon applying a
positive potential, CIN undergoes a one-electron oxidation
process at the nitrogen atom, leading to the formation of a
radical cation intermediate. To confirm the number of elec-
trons transferred (n), we employed the Laviron method by
analyzing the linear relationship between peak potential
(Ep) and the logarithm of scan rate. The slope of this plot
was approximately 59.2mV/decade, consistent with a
single-electron transfer process (n = 1) under the assumed

transfer coefficient (a = 0.5). This is in agreement with the
literature on structurally similar amine-containing com-
pounds [25]. The oxidation reaction can be summarized as

CIN - e~ = CIN* — oxidized CIN.

These findings corroborate the voltammetric data pre-
sented, where well-defined oxidation peaks were observed
and used for analytical quantification. The selective re-
cognition achieved through molecular imprinting further
confirms that the redox activity is specific to CIN, likely
involving its electroactive aromatic amine moiety.
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Figure 6: Plot of peak current versus square root of scan rate for dif-
ferent electrode modifications.
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3.3 Optimization studies

The analytical performance of the molecularly imprinted
sensor was systematically optimized by investigating var-
ious experimental parameters that influence the detection
of CIN. The effect of pH on the electrochemical response
was studied over the range of pH 3.0-9.0 using phosphate
buffer solutions. Figure 7a illustrates the relationship
between peak current and pH for 50 uM CIN. The current
response increased significantly from pH 3.0 to 5.0, reached
maximum intensity at pH 5.0, and gradually decreased at
higher pH values. The peak potential shifted linearly with
PH (slope = -59.2 mV/pH), suggesting a proton-coupled elec-
tron transfer process [35,36]. The optimal response at pH
5.0 can be attributed to the balance between the protonation
state of CIN and the stability of the polymer matrix [37].

Scan rate studies provided insights into the mass trans-
port characteristics of the sensor. The peak current for
oxidation demonstrated a linear correlation with the scan
rate’s square root, suggesting that the mechanism is gov-
erned by diffusive transport (Figure 7b). The peak potential
shifted positively with increasing scan rate, with a slope of
28.3mV/decade, suggesting quasi-reversible electron transfer
kinetics [38].

The binding kinetics of CIN to the molecularly imprinted
sites were investigated through time-dependent current
response measurements [39,40]. Figure 8a shows the evolu-
tion of peak current with incubation time at different CIN
concentrations. The binding process followed pseudo-first-
order kinetics, with equilibrium reached within 15 min for
concentrations below 100 uM [41]. The association rate
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constant (ka) was determined to be 32 x 10* M-, while
the dissociation rate constant (kd) was 1.8 x 105", yielding
an affinity constant (Ka) of 1.78 x 10" M.,

Temperature effects on sensor performance were eval-
uated between 15°C and 45°C. Figure 8b demonstrates the
variation in peak current and potential with temperature.
The current response increased by approximately 2.5%/°C
up to 35°C, followed by a decline at higher temperatures
[42]. This behavior reflects the competition between
enhanced diffusion kinetics and decreased stability of the
molecular imprinting sites at elevated temperatures [43].
The activation energy for the electron transfer process was
calculated to be 28.3kJ'mol™ using the Arrhenius plot
(inset).

These optimization studies established optimal oper-
ating conditions of pH 5.0, scan rate 50 mV-s~% incubation
time 15 min, and temperature 25°C for subsequent analy-
tical applications of the sensor.

3.4 Analytical performance

The practical utility of the molecularly imprinted sensor
was evaluated through comprehensive analytical perfor-
mance studies under optimized conditions. Differential
pulse voltammetry was employed to establish the quanti-
tative relationship between current response and CIN con-
centration. Figure 9a presents overlaid voltammograms
showing well-defined oxidation peaks at increasing CIN
concentrations. The peak current exhibited two distinct
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Figure 7: Optimization of experimental parameters: (a) effect of pH on peak current response for 50 uM CIN. Inset shows the linear relationship
between peak potential and pH. (b) Linear relationship between peak current and the square root of scan rate.



DE GRUYTER Development of point-of-care testing sensor == 7
a) © b) 32

(a) [ ——10m (b) =7

50 4 30

.28

40 -

Z E]

= = 26
c c
@ 30 g
= P

=] 3 24
© (&)
x 204 x

3 $ 22
o Q.

10 20 4

0 18 i 342 1
T . T 5 T . T T T T T T T T 1 T
0 5 10 15 20 15 20 25 30 35 40 45
Time (min) Temperature (°C)

Figure 8: Kinetic and thermodynamic studies: (a) time-dependent current response at different CIN concentrations (10-100 pM) showing binding
kinetics and (b) temperature dependence of peak current. Inset shows the Arrhenius plot for electron transfer activation energy determination.

linear ranges (Figure 9b): 0.1-10 and 10-100 uM, with
regression equations of ip (uA) = 0.542C (uM) + 0.128
(R* = 0.9985) and ip (uA) = 0.326C (uM) + 2314 (R* =
0.9962), respectively. The dual-linear ranges likely reflect
the heterogeneous binding site distribution within the
MIP, with high-affinity sites dominating at lower concen-
trations. The limit of detection (LOD) was determined to be
0.035uM (S/N = 3), while the limit of quantification was
0.12 uM (S/N = 10). These values demonstrate superior sen-
sitivity compared to conventional electrochemical methods
and are suitable for clinical applications.

Current (uA)

0.'55
Potential (V)

Reproducibility studies encompassed both intra-
sensor and inter-sensor precision. Figure 10a shows the
current responses obtained from six consecutive measure-
ments using a single sensor, yielding an relative standard
deviation (RSD) of 2.8% for 50 uM CIN. Inter-sensor reprodu-
cibility was evaluated using six independently fabricated
sensors, producing an RSD of 3.9%. These results confirm
the reliability of the sensor fabrication process and mea-
surement protocol. Long-term stability was assessed by
monitoring sensor response over 30 days, with electrodes
stored at 4°C between measurements. Figure 10b illustrates

(b)
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Figure 9: Analytical performance characterization: (a) differential pulse voltammograms at increasing CIN concentrations (0.1-100 pM) and (b)
calibration curves showing dual-linear ranges with corresponding regression equations.
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Figure 10: Precision and stability studies: (a) reproducibility data showing intra-sensor (n = 6) and inter-sensor (n = 6) measurements for 50 pM CIN
and (b) long-term stability assessment over 30 days with electrodes stored at 4°C.

the retention of sensor activity, maintaining 95.2% of the
initial response after 30 days. The excellent stability can
be attributed to the robust molecular imprinting architec-
ture and the stabilizing effect of TiO, nanoparticles.

Interference studies evaluated the sensor’s selectivity
against potential competing species commonly found in
clinical samples. Table 1 presents the tolerance ratios for
various interferents, determined as the maximum concen-
tration ratio ([interferent]/[CIN]) causing less than +5%
change in signal. The sensor exhibited excellent selectivity,
tolerating 100-fold excess of common ions (Na*, K, CI’,
HCO3;") and 50-fold excess of structurally similar com-
pounds (procaine, lidocaine, benzocaine).

3.5 Real sample analysis

The practical applicability of the molecularly imprinted
sensor was rigorously evaluated through analysis of serum
samples and comparison with established analytical
methods. Initial studies focused on method optimization
to minimize matrix effects. A simple 1:1 dilution with phos-
phate buffer (pH 5.0) followed by centrifugation proved
sufficient for reliable measurements, eliminating the
need for complex extraction procedures. We evaluated
the accuracy of the analytical method by introducing pre-
determined amounts of CIN into serum specimens and
assessing the subsequent detection rates. Table 2 sum-
marizes the recovery results obtained from twenty

Table 1: Interference study results showing tolerance ratios for various
potentially interfering species at 50 pM CIN concentration

Interfering species Maximum tolerable  Signal
ratio* change (%)
Common ions
Na* 100 -2.8+0.24
K* 100 -2.5+0.21
cr 100 -23+0M
HCO5™ 100 -3.1+017
ca* 80 -3.8+0.32
Mg** 80 -35+0.24
Structural analogs
Procaine 50 -4.2 +0.34
Lidocaine 50 -4.5 1+ 0.31
Benzocaine 50 -43+0.17
Common biomolecules
Glucose 75 -32+0.22
Uric acid 60 -3.9+0.31
Ascorbic acid 60 -4.1+0.12
Pharmaceutical excipients
Starch 90 -2.1+0.20
Lactose 90 -24+0.15
Magnesium stearate 80 -3.3+0.12

different serum samples spiked at three concentration
levels (1.0, 10.0, and 50.0 uM). The average recoveries
ranged from 97.2% to 102.3%, with relative standard
deviations below 4.5%.
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Table 2: Recovery results from analysis of spiked serum samples at
different concentration levels (n = 20)

Sample no. Added Found (uM) Recovery (%) RSD (%)
(uM)

Series 1 - low concentration

1-5 1.0 0.972+0.042 97.2 4.3

6-10 1.0 0.985 98.5 3.9
+0.038

11-15 1.0 0.978 £ 0.041 97.8 4.2

16-20 1.0 0.968 96.8 4.1
+ 0.040

Series 2 - medium concentration

1-5 10.0 10.15 £ 0.31 101.5 3.1

6-10 10.0 10.08 £ 0.29  100.8 2.9

11-15 10.0 10.22 £ 033 102.2 3.2

16-20 10.0 1018 £ 0.32  101.8 3.1

Series 3 - high concentration

1-5 50.0 51.05 £ 1.12 1021 2.2

6-10 50.0 50.85 +1.07 101.7 2.1

11-15 50.0 51.25 £ 1.18 102.5 23

16-20 50.0 51.45 +1.13 102.9 2.2

Table 3: Precision data showing intra-day and inter-day variations for
quality control samples

Concentration Day Found Intra- Inter-
level concentration day day
(M) RSD (%) RSD (%)

Low (2.0 pM) 1 1.98 £ 0.08 21 3.2

2 1.95 + 0.07 23

3 2.02 + 0.08 22

4 1.97 £ 0.08 24

5 1.94 + 0.07 22
Medium (20.0 pM) 1 19.8 £ 0.6 2.8 3.9

2 20.2+£0.7 3.1

3 19.7+0.6 2.9

4 20.3+0.7 3.2

5 19.9 + 0.6 3.0
High (80.0 pM) 1 81.2+28 35 47

2 79.8 +2.9 3.6

3 80.5 + 3.1 3.8

4 789 +28 37

5 814 +3.2 3.8

Table 4: Comparison of analytical methods for cinchocaine determination
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Precision studies encompassed both intra-day and
inter-day variations. Table 3 presents the results obtained
from analyzing quality control samples at three concentra-
tion levels over five consecutive days. The intra-day rela-
tive standard deviations ranged from 2.1% to 3.8%, while
inter-day values were between 3.2% and 4.7%, demon-
strating excellent method precision.

3.6 Comparative analysis with previous
methods

To further contextualize the analytical performance of the
proposed sensor, we compiled a comparative table (Table 4)
that benchmarks our method against several previously
reported electrochemical and potentiometric strategies for
CIN detection. The comparison includes detection limits,
linear ranges, matrix compatibility, and sample preparation
requirements. As shown in Table 4, many conventional
approaches — such as potentiometric ion-selective electrodes
or CNT-based sensors — offer reasonable sensitivity but often
require complex fabrication, extensive calibration steps, or
use of costly modifiers. Notably, some rely on PVC mem-
branes or ionic liquids that are not ideal for point-of-care
applications due to leaching or biocompatibility concerns. In
contrast, our MIP-based electrochemical sensor not only
demonstrates a competitive detection limit (0.035 uM) and
dual-linear ranges but also features a rapid, low-cost fabri-
cation process, simplified sample preparation (1:1 dilution
and centrifugation), and high selectivity in biological
matrices. These attributes support its practical applic-
ability for clinical point-of-care use.

4 Conclusion

In this study, we have successfully developed a novel elec-
trochemical sensor based on PPy/TiO, molecular
imprinting technology for the sensitive and selective

Method/reference Electrode type Linear range (pM) LOD (pM) Sample matrix
Electrochemical sensor [24] In situ carbon paste + ion pairing agents 10-10,000 10 Otal (ear drops)
Electrochemical sensor [25] CPE/IL-functionalized CNT 0.1-44 0.02 Spiked real samples
Spectrophotometry (generic) UV-based 1-100 ~1 Bulk formulations
Chromatography (generic) HPLC 0.5-100 ~0.1 Serum, pharmaceuticals
This work MIP@PPy-TiO, on SPE 0.1-100 0.035 Human serum
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determination of CIN. The sensor demonstrated excellent
analytical performance characteristics, including dual-
linear response ranges (0.1-10 and 10-100 uM) with cor-
relation coefficients of 0.9985 and 0.9962, respectively.
The detection limit of 0.035uM represents a significant
improvement over existing analytical methods. The sensor
exhibited remarkable stability, retaining 95.2% of its initial
response after 30 days of storage at 4°C, and showed excel-
lent reproducibility with intra-sensor and inter-sensor RSDs
of 2.8% and 3.9%, respectively. The molecular imprinting
strategy provided outstanding selectivity, tolerating 100-
fold excess of common ions and 50-fold excess of structu-
rally similar compounds. The sensor’s practical utility was
validated through analysis of clinical samples, achieving
recoveries hetween 97.2% and 102.3% with RSDs ranging
from 2.1% to 4.3%. The electrochemical characterization
revealed enhanced surface area (0.075cm? and improved
electron transfer kinetics (ks = 8.2 x 103 cm-s ™) after TiO,
modification. The activation energy for electron transfer
was determined to be 28.3kJ'mol™, indicating efficient
charge transfer processes. These results, combined with
the simple fabrication process, rapid response time
(15min), and minimal sample preparation requirements,
demonstrate that the developed sensor holds great promise
for point-of-care testing applications in clinical settings. The
successful integration of molecular imprinting technology
with electrochemical detection provides a robust platform
that could be extended to other pharmaceutical compounds
of interest.
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