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ABSTRACT: Non-invasive monitoring of biomarkers is crucial for the wide adoption of health monitoring and the early detection of
health conditions. L-Arginine, a conditionally essential amino acid with a variety of significant physiological roles, is critical for the
pathogenesis of various cardiovascular diseases (CVD) such as endothelial dysfunction, neurodegenerative disorders, and overall
homeostasis. However, current methods of detection of L-Arginine are unsuitable for continuous monitoring due to their heavy
requirements on resources and invasive sampling. Here, we describe the fabrication of an L-Arginine-specific electrochemical
sensor by integrating a Molecularly Imprinted Polymer (MIP) on a PEDOT:PSS modified Laser-Induced Graphene (LIG) electrode
on a flexible substrate. The MIPs function as sensitive and selective synthetic receptors for L-Arginine, while the PEDOT:PSS
electrodeposited LIG electrode provides low impedance and a high sensitivity detection. The MIP-PEDOT:PSS-LIG platform uses
Electrochemical Impedance Spectroscopy (EIS) and demonstrates exceptional analytical performance, achieving a low Limit of
Detection (LOD) (~1 nm) and a wide linear dynamic range (1 nM to 1 mM), effectively covering the physiologically relevant
concentrations of arginine in sweat. The sensor exhibited high selectivity against structurally similar amino acids (lysine, histidine,
and citrulline) and maintained robust linearity (R? ~ 0.98) when tested in an artificial sweat medium. Furthermore, the device
exhibited excellent reusability and stability via controlled electrostatic regeneration, demonstrating robustness and applicability
within artificial sweat. In summary, a sensitive and selective MIP is developed which enables non-invasive sensing of L-arginine
with readily made flexible electrodes and provides a promising device for next-generation point-of-care diagnostics and health
monitoring.

KEYWORDS: Molecularly Imprinted Polymer, L-Arginine, Flexible Sensors, Laser-Induced Graphene, Electrochemical Impedance
Spectroscopy

1 Introduction

Developing real-time molecular sensors is important towards
continuous health monitoring [1-5]. Traditional biomarker
analysis relies heavily on blood sampling, which provides a
comprehensive metabolic panel but requires invasive procedures,
a heavy expenditure of manpower and time, and is therefore
unsuitable for continuous use and monitoring [1, 5, 6]. This has
spurred significant interest in analyzing alternative biofluids such
as interstitial fluid, saliva, and sweat for non-invasive and
minimally-invasive health monitoring. The development of sweat
sensors has garnered significant attention within the recent
literature [7-9]. Sweat contains a variety of important analytes
such as electrolytes, metabolites, hormones, and proteins, all of
which can aid in creating a comprehensive profile reflecting
homeostasis and potential pathological conditions. [10, 11]. The
appeal of sweat sensors lies in their non-invasive and wearable
nature, suitable for continuous and real-time monitoring without
the discomfort and risks present within traditional sampling
methods [12]. Amino acids stand as pathologically and
physiologically significant biomarkers that warrant interest in
their potential for continuous and real-time monitoring [13—15].
Past research with amino acid liquid chromatography
demonstrates a substantial concentration of amino acids within

sweat with demonstrated concentration-dependent correlations
between both biofluids (though these connections still require
further investigation) [16, 17]. Further analysis by Kuroki and
Tsunado demonstrates intra- and inter-day stability in sweat
amino acid concentrations regardless of sex [18]. This
demonstrates the increasing feasibility in integrating wearables
for amino acid detection in health monitoring. Among the various
amino acids present in sweat, L-Arginine is of particular
significance due to its various roles in health conditions,
prevalence in sweat (97.01 £ 67.42 uM), and sheer importance in
physiological function [17, 19].

L-Arginine is an endogenous conditionally essential amino acid
traditionally associated with the urea cycle through facilitating the
detoxification of ammonia and aiding renal function [20].
Furthermore, L-Arginine also plays a significant role as a
precursor for other critical molecules, including -creatine
(involved in energy metabolism), proline and collagen (wound
healing and tissue repair), and polyamines (involved in cell
growth), and plays a significant role in the immune response [19,
21, 22]. Its most studied and significant role is in the nitric oxide
(NO) pathway, where it acts as the sole source of nitrogen for NO
synthesis [23—26]. L-Arginine is the primary substrate in which
the enzyme endothelial nitric oxide synthase (eNOS) produces
NO in endothelial cells. Low NO levels are associated with
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oxidative stress, further damaging the endothelium and promoting
atherosclerosis by facilitating the oxidation of low-density
lipoprotein (LDL) cholesterol and the subsequent inflammatory
response within arterial walls [27]. The loss of endothelial NO is
the central mechanism in the pathogenesis of endothelial
dysfunction and vascular dysregulation [28, 29]. Defects in the L-
arginine: NO pathway have been linked to a variety of
cardiovascular  diseases (CVD) such as hypertension,
atherosclerosis, coronary artery diseases (CAD), and peripheral
artery disease (PAD), and more, as well as pathophysiology in
several CNS complications such as acute brain injuries (e.g.,
stroke, traumatic brain injury) and chronic neurodegenerative
diseases such as Alzheimer’s disease. [23, 25, 28, 30, 31, 32]. L-
-Arginine, with its multifaceted physiological impact and
predecessor relation to nitric oxide, is hence a promising
diagnostic biomarker for CVD, CNS health, metabolic health, and
immune status. Traditional methods of sweat detection of L-
arginine rely on analytical techniques such as High-Performance
Liquid Chromatography (HPLC) and Liquid Chromatography
Mass Spectrometry (LC-MS/MS) [17, 18]. These methods offer
high sensitivity and precision in various biological matrices but
have high operational costs, time-consuming protocols, and the
need for specialized expertise, therefore rendering them
unsuitable for point-of-care or continuous monitoring
applications. L-Arginine sensors have been previously produced
using mostly enzymic and optical methods, with instances of
enzymic amperometric sensors for arginine detection through the
enzyme arginine deiminase [33, 34]; enzymic potentiometric
sensors, commonly using the enzymes urease and arginase [35,
36]; and optical ratiometric sensors, such as through optical
monitoring of  arginine-induced  disintegration of a
supramolecular assembly [37]. Many of these enzymatic sensors,
however, lack selectivity and can offer false positives through the
detection of other amino acids [38, 39]. Current literature has yet
to demonstrate the detection of L-Arginine in a flexible device,
especially with high sensitivity, selectivity, robustness, and
reversibility.

Molecularly imprinted polymers (MIPs), or synthetic antibodies,
have shown considerable potential for highly sensitive and
selective detection as a sensing agent for usage within a biological

medium [40, 41]. MIPs are synthetic polymers that are engineered
to create specific molecular binding sites within polymeric
matrices for the target molecule through a template-assisted
polymerization synthesis with crosslinked monomers in the
presence of the target analyte molecules, leaving behind
complementary cavities that can bind target compounds with high
specificity, akin to natural receptors or antibodies [42]. This
technology offers several advantages, including selectivity,
scalability, stability, and reusability, making MIPs particularly
suitable for detecting endogenous metabolites [40, 43]. The
integration of such sensors into wearable platforms necessitates
materials that are not only highly sensitive but also flexible and
robust [3, 8]. Laser-induced graphene (LIG) has emerged as a
promising material for this purpose due to its facile and cost-
effective fabrication via direct laser writing on polymer
substrates, offering a scalable approach for creating intricate
electrode patterns [44]. LIG electrodes possess a unique porous
3D structure, providing a high surface area and excellent
electrical conductivity, which significantly enhances the
sensitivity and performance of electrochemical biosensors [45,
46]. Furthermore, its inherent flexibility and ready integration
with flexible and skin-like substrates allows for further
compatibility with the skin and access to biofluids, enhancing
biocompatibility [46, 47]. Furthermore, we found in this work that
the integration of electroconductive polymers like PEDOT:PSS
can serve to further improve the LOD of a device and mitigate
some of the inherent inter- electrode variability across LIG
samples. In this study, we developed an L-Arginine-specific MIP
integrated in a PEDOT:PSS electrodeposited laser-induced
graphene electrode to create a flexible, sensitive, selective, and
reusable electrochemical sensor. The MIP sensor functions via
the analyte’s binding with the recognition cavities which impedes
ion transport to the electrode surfaces, subsequently increasing
the impedance of the entire system (detected/monitored through
EIS), which rises with analyte concentration until the MIP is
saturated. By combining the selectivity of MIPs with flexible
electronics, our sensor demonstrates the highly sensitive, non-
invasive sensing of L-arginine, offering a promising and viable
approach for the early detection/management of numerous health
conditions and furthering development of next-generation
wearable molecular sensors.
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Figure 1. Schematic and Microscopic Images of the Arginine-Specific MIP Sensor. (a) The synthesis process for the L-arginine molecularly imprinted polymer
(MIP). The template molecule (L-Arginine) and functional monomer (Methacrylic Acid, MAA) form a complex, which is then polymerized with a cross-linker
(Ethylene Glycol Dimethacrylate, EDMA). Subsequent removal of the template leaves recognition cavities for selective analyte binding. (b) Illustration of the
flexible sensor device designed for non-invasive sweat analysis on the forearm. (¢) Top-down SEM image showing the sensor electrode tip (MIP-LIG) after
cutting (red circled regions: visible nanoparticles from MIP). (d) A top-down SEM image displaying LIG morphology as a control (¢) SEM image showing the
cross-section of the sensor electrode tip after cutting (visible nanoparticle formation). (f) SEM image showing the cross-section of the LIG tip (No MIP or PEDOT)
after cutting. (g) PEDOT:PSS electrodeposition cyclic voltammetry (CV) cycles (10) -0.8 to 1.8V at 50 mV/s

2 Results and Discussion

2.1 Sensor Creation

The key in developing the selective sensing interface is the
successful synthesis of a molecularly imprinted polymer (MIP)
tailored for L-Arginine recognition. The synthesis process (Fig.
la) employs molecular imprinting through free-radical bulk
polymerization to generate selective recognition sites. L-Arginine
first forms a pre-polymerization complex with Methacrylic Acid
(MAA), the functional monomer, which is subsequently
crosslinked using Ethylene Glycol Dimethacrylate (EDMA). This
MIP is then mixed with a polymer binder (poly(vinyl chloride)
(PVC)) and dip coated as a thin film to create a molecular
selective membrane (MSM) integrated into a flexible, multi-
layered device designed for continuous, noninvasive sweat
analysis on the skin (Fig. 1b). The top-down view SEM images
(Fig. 1c (MIP-PEDOT/LIG) and 1d (LIG-only)) show a clear
difference in morphology after MIP and PEDOT deposition.
Cross-sectional images of the MIP-modified electrode tip (Fig.
le-f) further confirmed successful MIP adhesion, characterized

by the presence of distinct nanoparticles and integration. In
contrast, the bare Laser-Induced Graphene (LIG) sensor tip (Fig.
1f) exhibited a feathery and less dense structure, confirming the
morphological changes induced by the MIP layer. The
PEDOT:PSS electrodeposition was conducted through cyclic
voltammetry (CV), and cycles recorded during this process (Fig.
1g) show the steady growth of current over successive cycles as
well as visible morphological changes, confirming successful
deposition. This was further confirmed by the SEM top-view
(Fig. S1 in the Electronic Supplementary Information (ESM)) and
cross-sectional view (Fig. S1 in the ESM) as indicated by the
fibrous morphology from PEDOT:PSS. We found that ten cycles
of CV demonstrated the optimal, and most efficient, impedance
result for the PEDOT:PSS electrodeposition (Fig. S2 in the ESM).
Furthermore, Raman Spectroscopy was conducted to further
characterize the laser-induced graphene electrode we used within
the sensor, with characteristic peaks of graphitic materials (D
peak at ~1350 cm™, G peak at ~1580 cm™, 2D peak at ~2700
cm™'), confirming the successful formation of laser-induced
defective and multi-layered graphene (Fig. S3 in the ESM). These
characterization results confirm the successful creation of MIP-
adhered PEDOT:PSS-LIG electrodes.
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Figure 2. (a) High-resolution SEM images of the synthesized MIP particles, revealing an irregular, porous morphology composed of aggregated nanospheres (i)
20kX Zoom, (ii) 30kX Zoom, (iii) 50kX Zoom of MIPs. (b) Brunauer—-Emmett—Teller (BET) and Barrett-Joyner—Halenda (BJH) analysis results. The plots
confirm a significant difference in surface area between the MIP (301.6 m2/g) and NIP (128.2 m%g) and a mesoporous structure with an average pore diameter
of 4.68 nm for the MIP. (c) Isothermal Titration Calorimetry (ITC) Time to Corrected Heat Ratio (up) and Mass Ratio to Enthalpy and Fit data (down) for the
MIP-arginine binding interaction. The exothermic enthalpy of (—3.86 kJ/mol—1) indicates successful and favorable binding within the imprinted cavities. (d)
Fourier-Transform Infrared Spectroscopy (FT-IR) spectra comparing unwashed and washed MIPs and NIPs with the L-arginine template. The disappearance of
characteristic arginine peaks (e.g., at 1671 cm—1) in the washed MIP confirms the complete removal of the template molecule [48].

2.2 MIP Characterization and Morphology

The SEM images revealed that both the MIP and Non-Imprinted
Polymer (NIP, made without L-Arginine templates) consist of
irregularly shaped agglomerates of nanospheres (Fig. 2a, Fig S4).
A notable qualitative difference was observed in the surface
topography, where the MIP surface presented a discernibly
rougher and more porous morphology as compared to the
smoother surface of the NIP (Fig. S5 in the ESM). Furthermore,
we used Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) analyses to quantitatively characterize the specific
surface area and porosity of the polymers. The specific surface
area for the MIP was measured as 301.6 m?%/g (Fig. 2b), compared
to the 128.2 m?/g measured for the NIP (Fig. S5 a, b in the ESM).
This indicates a significant difference in porosity, with BJH
adsorption-desorption analysis further determining the porous
nature of the materials and confirming a mesoporous structure for
the MIP. The pore volume of the MIP (0.558 cm?/g) was
substantially larger than that of the NIP (0.334 cm®/g), an average
nanoparticle size of 19.8961 nm, and an average MIP pore
diameter of 4.68 nm. Spectroscopic and thermodynamic
characterizations were subsequently performed to validate the
chemical integrity and binding functionality of the polymers. The
thermodynamics of the binding interaction were quantified using
Isothermal Titration Calorimetry (ITC). The analysis of the MIP-
L-Arginine interaction yielded a negative enthalpy change (AH)
of —4.76 kJ/mol, indicating a spontaneous and enthalpically
favorable exothermic binding event, though it is in the lower
binding energies of conventional MIPs. Such a reaction is
characteristic of the formation of favorable non-covalent
interactions, such as hydrogen bonding and Van der Waals
interactions, between the analyte and the functional monomers

within the pre-organized cavity. In contrast, the ITC data for the
NIP revealed no significant change in enthalpy with a (AH) of
—1.61 kJ/mol, out of the range for meaningful binding energy,
confirming a lack of recognizable thermodynamic binding (Fig
S5 c-d) [49]. However, it is important to note that the MIP’s
binding affinity stands on the lower end of binding affinities
observed in the current literature [49]. This low binding affinity
was attributed to the addition of trifluoroacetic acid (TFA) to
enhance solubility during the synthesis [42]. L-Arginine is
inherently a highly polar molecule and is among the most polar
of all amino acids, making it exceptionally challenging to identify
an ideal solvent for MIP polymerization so that all components
are soluble. We found that polar aprotic solvents such as
dichloromethane and tetrahydrofuran can only dissolve limited
amount of L-Arginine due to its high polarity. Addition of TFA
was conducted in accordance with previous reports on creating
Phenylalanine-detecting MIPs [48, 49]. This lower binding
affinity still resulted in good sensitivity and selectivity of the
resulting MIPs for detection purposes, demonstrated later by the
clear EIS trends, low LOD, and large linear range of L-Arginine
EIS detection. Overall, the ITC results demonstrate that the pre-
organized cavities do create preferential binding in the MIP.
Additionally, Fourier-Transform Infrared Spectroscopy (FT-IR)
provided spectroscopic evidence of complete template removal
(Fig. 2d). The spectra of the unwashed MIP displayed
characteristic absorption peaks at 1671 and 1612 cm—1 from C=N
stretching and N-H bending/COO~ asymmetric stretching
respectively, which are attributable to L-Arginine and
Methacrylic acid (MAA) interactions. The significant attenuation
of these signature peaks in the washed MIP confirmed the
successful and efficient elution of the template molecules, a
crucial step for ensuring the availability of the binding cavities.
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Figure 3. MIP Optimization based on testing from four-parallel connected MIP-PEDOT:PSS-LIG Electrodes using EIS. Each electrode was 200 micron in width
and 1 cm in length. (a) MIP prepared from 1:6:100 (Arginine: MAA: EDMA) (template: monomer: crosslinker ratio) EIS from 1nM-1mM. (b) MIP 1:6:60 EIS
from InM-1mM. (c) MIP 1:6:30 EIS from InM-1mM N=4. (d) MIP 1:6:100 EIS calibration curve. (¢) MIP 1:6:60 EIS calibration curve N=4. (d) MIP 1:6:30

EIS calibration curve N=4.

2.3 MIP Optimization

Sensitivity testing was then conducted to understand and optimize
the MIP through Electrochemical Impedance Spectroscopy (EIS)
over a frequency range of 1Hz to 1MHz. The impedance
increased significantly with rising L-Arginine concentrations,
confirming the sensor’s responsiveness. The impedance of the
device was analyzed throughout its modification process to better
set an effective control. The frequency of 1 kHz was chosen for
analysis, with the device demonstrating lower/improved
impedance after PEDOT:PSS deposition (log|Z| = 3.21 for
PEDOT-LIG vs. = 3.38 for LIG) (Fig. S6 in the ESM). Three
distinct formulations were prepared with varying monomer-to-
crosslinker molar ratios: 1:6:100, 1:6:60, and 1:6:30 as shown in
(Fig. 3a), (Fig. 3b), and (Fig. 3c), respectively. The MIP
synthesized with a template: monomer: crosslinker molar ratio at
1:6:100 demonstrated the lowest calculated LOD. Specifically,
this formulation exhibited a marked and systematic increase in
impedance upon exposure to escalating concentrations of L-
Arginine from 1 nM to 1 mM with the lowest calculated LOD of
1.17 nM (Fig 3a). MIP 1:6:100 contains a high proportion of
crosslinker to monomers, which should facilitate the formation of
a more densely crosslinked, more rigid, three-dimensional

polymer network. This structural rigidity can more effectively set
the functional monomers in a specific spatial orientation around
the L-arginine template molecule and organize them for more
optimal non-covalent interactions. Upon subsequent removal of
the template, this high degree of structural integrity ensures that
the resulting recognition cavities are preserved with high fidelity.
In contrast, the MIP formulations with lower crosslinker content
displayed progressively diminished sensing performance. The
sensor based on the 1:6:60 ratio (Fig. 3b) showed a less
pronounced impedance response to L-arginine, yielding a slightly
poorer/higher LOD of 2.75 nM. Performance degraded
substantially for the 1:6:30 formulation (Fig. 3¢), which produced
a weak and less consistent response, resulting in a LOD of 69.18
nM, suggesting that this formulation has insufficient crosslinking
density [43]. While recognition sites are still formed during
polymerization, the reduced structural support makes these sites
less defined, which upon removal of the L-arginine template
possesses greater conformational freedom which may lead to
potential distortion. Overall, the MIP formulation of 1:6:100 was
determined to be the most effective recognition element and was
used for subsequent electrochemical experiments and the final
sensor design.
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Figure 4. EIS characterization and analytical performance of the LIG-based molecularly imprinted sensors. (a) Schematic illustration of the three-electrode
electrochemical setup (MIP-PEDOT:PSS-LIG working electrode, platinum wire counter electrode, and Ag/AgCl reference electrode) utilized for EIS analysis
through an MSM. (b) EIS bode plots of the MIP-LIG sensor (without PEDOT:PSS) upon exposure to arginine concentrations ranging from 1 nM to 1 mM in 1x
PBS. (¢) EIS bode plots of the optimized MIP-PEDOT:PSS-LIG sensor in 1x PBS. (d) Bode plots of the optimized MIP-PEDOT:PSS-LIG sensor evaluated in an
artificial sweat matrix. The red vertical lines in (bd) indicate the selected characteristic frequency (1 kHz; log(freq/Hz) = 3) for quantitative analysis. (e) Calibration
curve derived from the data in (c) at 1 kHz in PBS (R? = 0.98). (f) Calibration curve derived from the data in (d) at 1 kHz in artificial sweat (R>=0.98), N=4. The
incorporation of PEDOT:PSS significantly enhanced sensor performance, lowering the calculated LOD from 46.12 nM (MIP-LIG) to 1.73 nM (MIP-PEDOT:PSS-
LIG) N=4. Error bars in (e) and (f) represent the standard deviation of the measurements.

2.4 Arginine Detection

Next, we employed EIS as a label-free transduction method to
investigate the interfacial properties of the sensor modifications
and to quantify L-Arginine binding events. Measurements were
conducted using a conventional three-electrode system, as
illustrated in Fig. 3a, with a Platinum (Pt) counter electrode and
Ag/AgCl as a reference. The sensing mechanism for this type of
sensor is well established that as the target analyte molecules
occupy specific recognition cavities within the MIP layer, ionic
transport gets impeded and hinders charge transfer, consequently
increasing the measured impedance through the membrane.

To test sensing capabilities, we first tested LIG and found
slight inter- electrode variety and a higher LOD, which
necessitates the subsequent deposition of PEDOT:PSS, an
electroconductive polymer which facilitates ion transfer with the
MIP, enhancing the electrochemical transduction capabilities
(lower LOD), improving signal stability, and improving batch-to-
batch stability. The contribution of the conductive polymer
interlayer was evaluated by comparing the impedance spectra of
the MIP-LIG electrode (Fig. 3b) and the MIP-PEDOT:PSS-LIG
electrode (Fig. 3¢) in 1x PBS. The incorporation of PEDOT:PSS
resulted in a substantial reduction in the overall impedance of the
device. Specifically, at a frequency of 1 kHz (log(freq/Hz) = 3),
the baseline impedance (at a concentration of 0) decreased
substantially from approximately 10>!° for the MIP-LIG sensor to
107 for the MIP-PEDOT:PSS-LIG sensor. The subsequent
enhancement in LOD is a result from the more efficient charge
transfer kinetics at the electrode interface facilitated by
PEDOT:PSS, leading to improved electrochemical performance.
Crucially, this improvement translated to a significant

enhancement in analytical sensitivity. The calculated LOD for the
MIP-LIG sensor was 46.12 nM. In contrast, the optimized MIP-
PEDOT:PSS-LIG sensor achieved a substantially lower LOD of
1.73 nM, representing a greater than 25-fold improvement in
detection capability.

Fig. 3¢ displays the impedance plots for the optimized MIP-
PEDOT:PSS-LIG sensor when exposed to analyte concentrations
ranging from 1 nM to 1 mM in 1x PBS. A systematic,
concentration-dependent increase in the impedance magnitude,
was observed across the measured frequency spectrum,
confirming the successful binding of the analyte within the MIP
cavities, with higher concentration leading to increased
impedance. To assess the sensor’s applicability in complex
biological fluids, its performance was evaluated in artificial sweat
(Fig. 3d). The impedance trends closely mirrored those observed
in the idealized PBS buffer, demonstrating the robustness and
inherent selectivity of the MIP layer in a physiologically relevant
medium, with minimal interference from the matrix components.

For quantitative analysis, 1 kHz was selected as the optimal
operating frequency, as it demonstrated a significant and stable
impedance response to changes in analyte concentration
(indicated by the red vertical lines). Calibration curves were
generated by plotting the logarithm of the impedance magnitude
against the logarithm of the analyte concentration. The MIP-
PEDOT:PSS-LIG sensor exhibited excellent linearity over a wide
dynamic range spanning six orders of magnitude (1 nM to 1 mM).
In 1x PBS (Fig. 3e) with a high coefficient of determination (R =
0.98) and an LOD of 1.73 nM. When tested in artificial sweat (Fig.
3f), the sensor maintained strong linearity (R? = 0.98). These
results validate the efficacy of the MIP-PEDOT:PSS-LIG
platform for sensitive and reliable analyte detection in both
standardized solutions and more complex artificial sweat.
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Figure 5. Electrostatic Release and Selectivity. (a) Bode amplitude measured at 1 kHz as a function of time after the voltage pulse for releasing is applied.
Effect of pulse amplitude (0.2, 0.5, 0.8, and 1 V) and duration (2, 6, 8, 10, 14 s) on the releasing event after exposure to 100 uM of arginine. (b) Reversibility of
releasing by voltage pulse. A potential of 0.8V was applied for 10 seconds to induce analyte repulsion. Impedance was measured and measured again after
subsequent exposure to 100 M of arginine. This process is then repeated twice (second, third). Repeated reversibility with no discernable difference in sensing
is observed. (c) Reversibility test by recording bode amplitude through EIS measured at 1 kHz over 30 binding—releasing cycles for the sensor in the presence
of 1 uM L-arginine. (d) Selectivity analysis of the sensor from the change in impedance (AZ) upon exposure to 100 uM of arginine versus histidine, lysine, and

citrulline. N=4.

2.5 Reversibility and Selectivity

The long-term stability and reusability of the sensor are critical
for continuous monitoring. Using a controlled electrostatic pulse
to actively trigger analyte release, a rapid and non-destructive
method, the sensors demonstrate an almost complete release and
no discernable variation to subsequent sensing EIS
measurements, achieving a similar result to Hemed et. al’s work
on reversible dopamine MIP sensors [50]. The parameters for the
electrostatic release were optimized to maximize regeneration
while minimizing applied potential and time. This optimization
involved testing a variety of pulse amplitudes (0.2, 0.5, 0.8, and
1.0 V) following sensor saturation with 100 uM L-arginine across
various durations (2 to 14 s) (Fig. 5a). The voltages were selected
based on potential release mechanisms. Regeneration under lower
potentials (e.g., < 0.2 V) would indicate the presence of primarily
electrostatic repulsion of the positively charged L-arginine.
Conversely, potentials exceeding 0.5 V would be approaching the
threshold for direct electrochemical oxidation governed by the
Butler—Volmer equation of L-arginine. The results successfully
demonstrated sensor regeneration using a potential of 0.8 V
applied for 10 seconds to achieve near-complete analyte release
(>98% signal recovery). The reversibility of the sensor under
these optimized conditions was further evaluated using EIS. As
depicted in Fig. 5b, re-exposure to L-arginine (100 uM) induced

an expected significant shift in the impedance spectra due to the
analyte binding within the MIP cavities. Upon application of the
optimized regeneration pulse (0.8 V for 10 s), the impedance
signal consistently returned to its initial baseline within
approximately 15 seconds. This process was repeated for two
consecutive exposure and regeneration cycles (Exposures 1, 2,
and 3; initial, second, and third) to demonstrate successful
repeated reversibility with no discernible difference in sensing.
The negligible variation observed in both the binding sensitivity
and the baseline recovery across these cycles confirms the
potential for continuous, rapid electrochemical reversibility of the
platform. To further assess long-term operational stability, the
sensor was subjected to 30 continuous binding—releasing cycles
in the presence of 1 puM L-arginine (Fig. 5¢). Each cycle
comprised a 5-minute incubation period to allow for binding,
followed by the 10-second electrostatic release pulse. The Bode
amplitude was monitored at 1 kHz throughout the 30 cycles. The
impedance signal reliably returned to the baseline following each
regeneration step, indicating analyte desorption with no
discernible memory effect or significant signal drift. This stability
confirms that neither the MIP recognition layer nor the underlying
LIG electrode suffered notable degradation during repeated
electrochemical pulsing. This high degree of reusability is critical
for the integration into wearable devices through facilitating
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continuous or semi-continuous monitoring. Furthermore,
selectivity is critical for a biosensor to function reliably within a
complex biofluid such as sweat. The selectivity of the sensor was
tested against three biologically relevant and structurally
analogous amino acids (lysine (Lys), histidine (His), and
citrulline (Cit)) through EIS. The sensor was exposed to 100 uM
of each molecule for 10 minutes and its impedance change was
recorded (AZ) and compared to a response elicited by an
equimolar concentration of L-arginine (Fig. 5d). This selection of
amino acids was intentional, as Lysine and histidine are
structurally similar to arginine, the only significant structural
difference being the side chain. Instead of L-Arg’s guanidinium
group, Lys possesses an e-amino group and His possesses an
imidazole ring, both of which could potentially interact non-
specifically with faulty MIP cavities. Furthermore, Citrulline is
the direct metabolic product of arginine, warranting interest due
to its shared biological relationship, and holds further structural
homology. The results demonstrate pronounced selectivity; the
impedance change (AZ) upon exposure to L-arginine was
approximately three-fold higher than the response generated by
any of the interfering amino acids. This differential response
confirms that the selectivity of the sensor’s recognition
mechanism is not simply based on non-specific electrostatic
attraction and stands as an important step towards discerning
specific biomolecules through sweat in a wearable device.

3 Conclusion

Our work successfully demonstrated the fabrication of a selective
and sensitive L-arginine MIP-based sensor on a PEDOT:PSS
deposited laser-induced graphene electrode on a flexible
polyimide substrate. The PEDOT:PSS coating was found to
decrease impedance and improve sensitivity. Our fabricated
sensor showed high sensitivity and selectivity toward its target
analyte, more than covering the physiologically relevant range of
L-arginine in human sweat (InM-1mM). Our sensor provides a
potential point-of-care alternative to traditional lab-based blood
analysis. When incorporated into wearable devices, they offer
significant promise for benefits in accessibility and continuous
monitoring. Future work will focus on in vivo testing, integration
of a sensor array for other biomarkers like L-Citrulline and L-
Ornithine, and development of a complete system with miniature,
embedded wireless electronics.

4 Methods
4.1 Materials

L-Arginine (Sigma), Methacrylic acid (MAA) (Sigma), Ethylene
Glycol Dimethacrylate (EDMA) (Ambeed), 2,2'-azobis(2-
methylpropionitrile) (AIBN) (Sigma), Dioctyl Phthalate (Sigma),
tetrahydrofuran (THF), Potassium tetrakis(4-chlorophenyl)
borate (Sigma), Poly(vinyl chloride) (PVC) (Sigma), 2,3-
Dihydrothieno[3,4-b][1,4]dioxine ~ (Ambeed), Lithium
Perchlorate (Sigma), Poly(sodium 4-styrenesulfonate) (Sigma),
Acetonitrile, Trifluoroacetic acid (Sigma), Methanol, DI Water,
Silver Paste, Polyimide (Kapton), Epoxy (Torr Seal®), and 1x
PBS solution were purchased from Fisher BioReagents. Working
standard solutions were prepared fresh daily. All solvents were of
either analytical or HPLC grade.

4.2 SEM Parameters

Instrument Model: Zeiss Sigma 360. Spectrometer: Oxford
Azteclivelite Ultimax 40. We applied approximately 10 mg of
MIP powder directly to the conductive adhesive for testing

4.3 BET Parameters

BET: Instrument model: Mac ASAP2460. For nitrogen
adsorption, as the specific surface area was still unknown, the
mass for testing the full pore and micropore mode used was over
100 mg, with over 250 mg required for testing in the mesopore
mode.

4.4 ITC Parameters

The test concentration of L-Arginine used for ITC was 20 mg/ml
with a 2 mg/ml concentration of MIP/NIP. The initial volume of
the L-arginine solution titrated was 50 pl (drawn into the syringe)
with an initial volume of the MIP/NIP solution of 300 pul (added
to the sample cell). 20 drops of 2 pl of solution were added
dropwise, with a titration interval of 120 seconds, a temperature
of 25°C, and a stirring speed of 350 rpm.

4.5 FT-IR Parameters

Instrument Model: Bruker INVENIO S. FT-IR was conducted
with both the MIPs and NIPs using a Bruker INVENIO S by
mixing a small amount of powdered sample with potassium
bromide, pressing the compound into a pellet, and placing it on a
universal attenuated total reflectance (ATR) sample accessory.

4.6 MIP Synthesis

10 mL of unacidified acetonitrile was poured into a 250 mL
round-bottom flask with a subsequent addition of 20.2 mg of
template (L-arginine). To improve the solubility of L-arginine in
acetonitrile, 40 pL of trifluoroacetic acid was added dropwise, and
a 1:6:100 molar ratio of template to monomer (MAA) to cross-
linker (EDMA) was added to the solution, followed by sonication
for 10 minutes to completely dissolve the template. After
sonication, the mixture was allowed to sit at room temperature for
about 5 minutes to rest, and then 20.0 mg of initiator 2,2’-
azobisisobutyronitrile (AIBN) was added. The solution was than
purged with nitrogen for 7 minutes and then closed entirely with
a glass stopper and wrapped with parafilm tape. The reaction flask
was then immersed in an oil bath placed on a hot plate set at 60°C
to start the polymerization reaction through thermal initiation.
After 24 hours of polymerization, the MIPs were removed from
the flask and dried under vacuum at 60 °C to remove any residual
chemicals. The dried polymer was then mechanically crushed,
ground in a mortar, and sieved on a 47 uM pore sieve to obtain a
fine powder. The powder was then loaded into a thimble, and the
template was removed from the MIP using a Soxhlet apparatus
for overnight washing cycles with methanol. After washing, the
MIP powder was again dried in a vacuum oven for twenty-four
hours at 60 degrees Celsius. The dried MIP’s composition
consistency was monitored using FT-IR Spectroscopy. The
nonimprinted polymer (NIP) was prepared and treated in a similar
manner as described above, except the template (L-arginine) was
not included in the reaction mixture.

4.7 MSM Preparation

The selective membrane was prepared by dissolving 51.0 mg of
PVC, 120.0 pL of bis(2ethylhexyl) phthalate, and 15.0 mg of
potassium tetrakis(4-chlorophenyl) borate in 2 mL of THF. The
arginine MIP was then dispersed into this solution using a 5
mg/ml ratio.

4.8 Sensor Preparation

Sensor fabrication began with laser engraving of 100-micron LIG
electrodes under a 6-watt CO2 laser to pyrolyze polyimide.
Afterward, each sensor was connected to a copper tape. Silver
paste was then applied on the connections area followed by drying
on a hot plate set at 60°C for 15 minutes. Further strengthening of
the sensor using Polyimide (Kapton) tape was done, with
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complete coverage except for the connection areas and
electrode/sensor tips. The connection areas were then reinforced
with Kapton tape and epoxy (Torr Seal®). The molecularly
selective layer was coated on top of electropolymerized
PEDOT:PSS by dip coating into a mixture of tetrahydrofuran (2
mL) containing MIPs (concentration), high molecular weight
PVC (51.0 mg), bis(2-ethylhexyl) plasticizer solvent medium
(120.0 L), and anion excluder tetrakis(4-chlorophenyl)borate
(15.0 mg). The sensors were dried overnight at ambient
temperature under vacuum conditions.

4.9 PEDOT:PSS Electrodeposition

Electrodeposition of PEDOT:PSS on LIG was conducted to
increase overall electrode conductivity and lower impedance.
Electrodeposition was performed using a PalmSens4 potentiostat
in a three-electrode setup with the encapsulated LIG sensor as the
working electrode, a Platinum counter electrode (CE), and a
commercial? silver/silver chloride (Ag/AgCl) reference electrode
(RE). A 6 ml solution of 10 mM 3,4-Ethylenedioxythiophene
(EDOT) and 0.1 mM poly(sodium-4-styrenesulfonate) (NaPSS)
containing 0.1 M Lithium Perchlorate (LiClO4) in a solvent
mixture of DI water/Acetonitrile (1:1 v/v) was created. The
PEDOT:PSS electropolymerization was performed using Cyclic
voltametric (CV) at -0.8 to 1.8V at 50 mV/s for 10 cycles in the
solution. The sensor was then subsequently dip-coated in the
membrane solution, allowed to sit in ambient air for 30 minutes,
and then subjected to overnight drying under vacuum conditions
at 60°C using a house vacuum.

4.10 EIS Testing Parameters

EIS measurements were performed using a PalmSens4
Potentiostat with the MIP-PEDOT:PSS-LIG sensor as the
working electrode, a platinum electrode as a counter and an
Ag/AgCl reference electrode. Impedance characteristics were
performed in the frequency range 1 Hz—1 mHz using a
potentiostat. The electrolyte used was 10 mL of PBS 1x solution
at pH = 7.45 at room temperature. For the sensitivity testing,
parameters of 1Hz-1mHz, 31=5/dec n frequencies, fixed scan
were used, with the electrolyte being an L-arginine solution in a
concentration range of 1 nM - 1mM. The measurement protocol
included an initial equilibration period of 5 minutes followed by
five consecutive impedance measurements. Testing was first
conducted without L-arginine to establish a baseline, then
incrementally adjusted by adding various concentrations of the
analyte solution respectively, with the impedance measurements
repeated after each concentration adjustment.

4.11 Reversibility/Arginine Release

Reversibility validation was performed using a conventional
three-electrode-cell setup with our device as the working
electrode, a platinum metal counter electrode, and an Ag/AgCl
reference electrode. A small potential step was then applied with
an amplitude of 0.8 V and duration of 10s.

Electronic Supplementary Material: The Supporting
Information is available free of charge. Experimental
procedures and characterization data are available online
is available in the online version of this article at
http://dx.doi.org/10.1007/s12274-%** k% _*

(automatically inserted by the publisher). Figures
detailing SEM characterization (top-view and cross-
sectional) of PEDOT:PSS morphology; optimization of
PEDOT:PSS electrodeposition cycles for impedance
reduction; Raman spectroscopy of the laser-induced

graphene (LIG) electrode; SEM analysis of MIP and NIP
nanosphere agglomerates; comparative analysis of MIP
and NIP surface topography and BET specific surface
area; Isothermal Titration Calorimetry (ITC) data for the
NIP; BJH analysis detailing average nanoparticle size
and MIP pore diameter; and impedance analysis
characterizing the different stages of device modification
(PEDOT:PSS deposition and MSM integration).

Data availability
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Figure S1. (a, b) Two representative SEM images of the LIG-PEDOT:PSS substrate prior to MIP deposition,

revealing the architecture of the modified electrode. Top-down Scanning Electron Microscopy (SEM) visualization
of the sensor surface morphologies. Fig S1. (c, d), Two representative SEM images of the complete LIG-
PEDOT:PSS-MIP composite, illustrating the deposition of MIP particles on the surface of PEDOT:PSS-LIG. Fig S1
(e) shows the cross section of the PEDOT:PSS-LIG electrode, demonstrating a dark and bright layer of the
PEDOT:PSS integrated with the LIG. Fig S1 (f) shows the cross-section of the LIG-PEDOT:PSS-MIP composite,

visualizing the coverage of LIG with PEDOT:PSS and MIPs.
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Figure S2. PEDOT:PSS Optimization from 5 cycles, 10 cycles, 15 cycles. Optimization of the PEDOT:PSS

conductive polymer deposition process assessed by Electrochemical Impedance Spectroscopy (EIS). Bode plots
(log|Z| vs. log(freq/Hz)) illustrate the electrochemical characteristics of electrodes fabricated using 5, 10, and 15
deposition cycles. Triplicate measurements (indicated as -1, -2, -3) for each condition demonstrate high

reproducibility of the fabrication process and consistent impedance characteristics.
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Figure S3. Raman spectroscopic characterization of the Laser-Induced Graphene (LIG) electrode substrate. The
spectrum exhibits characteristic peaks of graphitic materials: the D band (~1350 cm™), associated with defects or
disordered carbon; the G band (~1580 cm™), corresponding to the vibration of sp2-hybridized carbon atoms; and the

2D band (~2700 cm™). The presence and profile of these peaks confirm the successful formation of multi-layered

graphene structures during the laser induction process.
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Figure S4. Scanning Electron Microscopy (SEM) images of the microstructure and surface morphology of the Non-
Imprinted Polymer (NIP) particles. The micrographs reveal agglomerated structures composed of irregular
nanoscale subunits. Images captured at increasing magnifications: (i) 20.00 K X (Scale bar: 500 nm), (ii) 50.00 K X
(Scale bar: 200 nm), and (iii) 100.00 K X (Scale bar: 100 nm). Imaging conditions: EHT = 10.00 kV, WD = 5.1

mm, Signal A = InLens.
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Figure S5. Brunauer-Emmett-Teller (BET) measurements of NIP sample. Fig S5. (a) demonstrates the pore
distribution plot with Fig S5. (b) showing the adsorption-desorption isotherm of the NIP. The BET analysis returned
a specific surface area 128.2 m2/g measured for the NIP. The pore volume of the NIP was 0.334 cm3/g, with an
BJH Desorption average pore diameter of 11.4743 nm. Isothermal Titration Calorimetry (ITC) analysis of the
binding interactions between the Non-Imprinted Polymer (NIP) and L-Arginine. Raw thermogram displaying the
corrected heat rate (uJ/s) versus time (s) during successive injections of the analyte into the NIP suspension (Fig.
S6.c). The exothermic peaks indicate heat released upon interaction. (Fig S6.d). The analysis yields a low enthalpy
change (AH =—1.61 kJ-mol-1), indicating minimal thermodynamically significant interaction and confirming low

non-specific binding by the NIP.
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Figure S6. Evaluation of the effect of PEDOT:PSS deposition and MSM integration using Electrochemical

Impedance Spectroscopy (EIS). EIS plots illustrate the impedance changes during the sequential modification of the

Laser-Induced Graphene (LIG) electrode. The electrodeposition of PEDOT:PSS reduces the impedance (black

squares) compared to the bare LIG electrode (red circles) across the entire frequency range (1 Hz to 1 MHz.

Subsequent integration of the MIP-based MSM increases the impedance for both configurations (MIP-LIG, blue

triangles, and PEDOT-MIP-LIG, green inverted triangles), a consistent increase attributed to the inherent resistance

of the MSM
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