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Laser-induced graphene on the surface

of carbon-coated 3D-printed microneedle arrays
for minimally invasive electrochemical detection
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We have developed a straightforward and scalable fabrication strategy to create laser-induced graphene
on the tips of a carbon-coated 3D-printed microneedle array-based wearable electrochemical sensor to
detect OZP in interstitial fluid. The device used a 3D-printed customized microneedle array, followed
by spray coating of conductive carbon and silver inks to form the working, counter, and reference
electrodes. Furthermore, the carbon-coated microneedle array-based working electrode was laser-
treated to alter the surface into a graphitic structure for enhanced sensitivity. After physical and
electrochemical characterization, the fabricated microneedle sensor was employed for detection of
OZP. Under optimized settings, the microneedle sensor exhibited high sensitivity and specificity toward
OZP, with a broad linear range of 0.05-500 pM and a lowest limit of detection of 0.0026 uM. The prac-
tical applicability was validated by detecting OZP in artificial interstitial fluid while penetrating a skin-like
parafilm model and phantom gel matrix, which demonstrated the potential and practicability of the
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feasibility of this cost-effective, scalable, and minimally invasive microneedle platform for monitoring
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1. Introduction

Schizophrenia is a complex and debilitating psychiatric dis-
order that is often characterized by profound disruptions in
cognition, affects regulation, mood, perception, emotions, and
behavior."”? This condition affects approximately 100 million
people across the globe; the onset of the condition commonly
occurs during late adolescence or early adulthood and often
persists as a lifelong condition.> Due to its chronic nature,
schizophrenia imposes a substantial burden not only on
affected individuals and their families, but also on healthcare
systems.” Consequently, the implementation of comprehensive
and effective treatment strategies is critical, not only for symp-
tom reduction and relapse prevention, but also for the restora-
tion of functional capacity.*”

Recently, olanzapine (OZP), a thienobenzodiazepine deriva-
tive and a second-generation (atypical) antipsychotic agent,
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OZP; this platform can also be readily adapted for the preparation of other wearable biosensors.

with notable antagonistic activity at dopaminergic (D1-D4),
serotonergic (5-HT2A/2C), and adrenergic (a1) receptor sub-
types, has been approved by the United States Food and Drug
Administration for the pharmacological management of schi-
zophrenia and other psychotic spectrum disorders that are
characterized by abnormal neurological function.®” Further-
more, clinical trials have demonstrated that OZP surpasses
haloperidol in attenuating both negative and positive symp-
toms associated with schizophrenia (e.g., avolition, social
withdrawal, delusions, hallucinations, and paranoia). Despite
its therapeutic advantages, OZP is associated with several
adverse metabolic effects (e.g., weight gain, obesity, insulin
resistance, dyslipidemia, elevated cholesterol levels, and high
triglyceride levels) as well as cardiovascular complications
(e.g., arrhythmias, fainting, or sudden cardiac death).®° Addi-
tionally, some patients may experience extrapyramidal and
neurovegetative side effects (e.g., visual disturbances, postural
disturbances, hypersalivation, dysarthria, and psychomotor
retardation).”'® Furthermore, the interindividual variability
in pharmacokinetics and pharmacodynamics necessitates the
precise monitoring of drug levels for better management of
therapeutic outcomes and management of potential adverse
effects.
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So far, several traditional chromatographic and spectro-
scopic methodologies have been employed for the qualitative
and quantitative analysis of OZP in both clinical and pharma-
ceutical settings."*™'*> While these techniques are well-known
for performing this type of testing, they are associated with
several limitations, including reliance on expensive instrumen-
tation, the utilization of labor-intensive workflows, the need for
highly trained personnel, and the requirement of extensive
sample preparation.

In contrast, electrochemical techniques with a low detection
limit, high specificity, and desirable sensitivity have emerged
as versatile analytical platforms across several areas, including
forensic science, clinical diagnostics, food safety, environmental
monitoring, and pharmaceutical detection.>'®*® For instance,
Muthusankar et al. used a nanocomposite containing sulfur-
doped carbon quantum dots and iron(in) oxide nanoparticles for
the surface modification of a glassy carbon electrode to develop
an electrochemical sensing platform for olanzapine detection."’
The analytical results demonstrated that this sensing platform
provided good electrocatalytic activity towards OZP, with a lower
detection limit of approximately 0.006 uM. Mahmoud et al. used
nanocellulose and nitrogen, sulfur co-doped graphene quantum
dots for the surface modification of a glassy carbon electrode;
this electrode was used for electrochemical detection of OZP,
and demonstrated a detection limit of 0.5 x 10~* M.>* More
recently, Yazan et al. decorated a pre-anodized pencil graphite
electrode using gold nanoparticles and poly(i-alanine) for the
electrochemical detection of OZP; this approach provided a
lower detection limit of 0.081 pM.>! Although these efforts are
associated with advantages in terms of sensitivity and analytical
performance, certain electrode materials (e.g., glassy carbon
electrodes or pencil graphite electrodes) are not well-suited for
on-site or real-time monitoring applications. Additionally, these
sensing platforms involve the use of multiple reagents, complex
surface modification protocols, complicated laboratory instru-
mentation, prolonged synthesis procedures, and elevated costs;
thus, these platforms are not able to measure OZP levels in a
point-of-care manner. As such, the development of a miniatur-
ized, scalable, and minimally invasive sensing approach that can
overcome the previously mentioned limitations through real-
time, on-site detection of OZP concentrations in interstitial fluid
with improved analytical sensitivity, selectivity, and reliability is
highly desirable.

In recent years, the emergence of wearable and portable
sensing technologies, including wrist-worn devices, skin
patches, microneedle arrays, smart textiles, contact lenses,
minimally invasive implantable sensors, and oral sensors has
drawn substantial attention from the scientific community,
driven by their potential use in user-friendly, customizable,
and point-of-care healthcare devices.”>*> Among the various
wearable sensing strategies that have been evaluated, micro-
needle-based platforms have garnered significant interest due
to their capability for rapid, minimally invasive, and straight-
forward monitoring of a broad spectrum of biomarkers within
interstitial fluid.**™*' Owing to their micrometer-scale dimen-
sions and minimally invasive design, microneedles are capable
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of penetrating the stratum corneum, the outermost layer of
human skin, to form transient microchannels, facilitating the
detection of biologically relevant molecules with minimal dis-
comfort and negligible tissue damage.*>™*> These microneedle-
based wearable electrochemical sensors typically incorporate
biosensing electrodes at the tips of the microneedle array; these
sensors may be used for real-time, multiplexed detection
of several analytes that are found in interstitial fluid.**™*®
Because of their several advantages, including minimally inva-
sive tissue-sensor interactions, high sensitivity, and potential
use for continuous monitoring, microneedle-based sensing
systems have been successfully utilized for the detection of
several types of biologically relevant analytes such as ketones,
potassium ions, alcohol, dopamine, cholesterol, lidocaine,
glucose, 1-DOPA, and lactate.**>> Despite this progress, to the
best of our knowledge, no prior work has described the devel-
opment of laser-induced graphene on the tips of carbon-coated
3D-printed microneedle arrays for electrochemical sensing of
drug molecules in interstitial fluid.

In this work, we have prepared laser-induced graphene on
the tips of a carbon-coated 3D-printed microneedle array; this
approach was used for the fabrication of a wearable electro-
chemical sensor to detect OZP in interstitial fluid (Fig. 1). While
LIG-based electrochemical sensors and microneedle-based sen-
sing platforms have been explored previously, this study intro-
duces several distinct innovations that advance the state of the
art. Notably, we demonstrate one of the earliest integrations
of laser-induced graphitization directly with high-resolution
3D-printed microneedles, enabling the formation of high
surface-area conductive electrodes without the need for metal
deposition, transfer processes, or complex microfabrication.
Through an innovative and unique working-electrode micro-
needle design, selective LIG formation was achieved uniformly
along the microneedle sidewalls, which is particularly challen-
ging for curved, high-aspect-ratio structures. This wearable
sensing platform integrates microneedle technology, 3D printing,
spray coating, and CO, infrared laser irradiation approaches to
prepare a microneedle-based three-electrode electrochemical sys-
tem. Carbon and silver conductive inks were deposited onto a
custom-designed ultrasharp 3D-printed microneedle array using
spray coating in order to form the working, counter, and reference
electrodes. To improve the conductivity and enhance the sensi-
tivity, a CO, infrared laser was used to modify the surface of a
carbon-coated 3D-printed microneedle array-based working elec-
trode into a graphitic structure on the tips of the microneedle
array. Prior to OZP detection, the morphological, structural,
electrochemical, and analytical properties of the microneedle-
based device were characterized. Under the optimized conditions,
the microneedle-based sensing platform exhibited high sensitivity
and specificity toward OZP. The feasibility for real-time monitor-
ing was validated by examining the analytical characteristics of
the sensor towards OZP in artificial interstitial fluid while pene-
trating a skin-mimicking parafilm model and phantom gel
matrix, which indicated the potential and practicability of the
sensor for minimally invasive monitoring of antipsychotic drugs.
The obtained results emphasize the viability of this cost-effective,
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Fig.1 Schematic illustration of an integrated wearable microneedle sensor applied on the human arm for wireless detection of the drug olanzapine.

scalable, and minimally invasive wearable platform, enabled
by 3D printing, for wireless detection of OZP; this processing
approach is adaptable to the development of many other types of
wearable biosensors.

2. Experimental section
2.1 Materials and methods

The commercial-grade conductive ink (carbon black JR-700 LV,
exhibiting a resistivity of 0.7 to 0.9 Ohm-cm), paper, glass,
plastics, and metal substrates and silver paste were obtained
from NovaCentrix (Round Rock, Texas, USA). All of the chemi-
cals (e.g., potassium ferricyanide and phosphate buffer), target
analytes (e.g., OZP), and interfering compounds (e.g., ascorbic
acid, citric acid, acetaminophen, uric acid, caffeine, and dop-
amine) were sourced from Sigma Aldrich (St. Louis, Missouri,
USA). Fresh deionized water (18.2 MQ cm at 25 °C) was
obtained from a Milli-Q system (St. Louis, Missouri, USA) for
all solution and dilution preparations. All of the other analy-
tical grade reagents were used as received without further
modification.

2.2 Design and fabrication of microneedles

An ultra-sharp microneedle array consisting of 14 pyramid-
shaped needles (7 for the counter electrode, 4 for the working
electrode, and 3 for the reference electrode) was designed using
SolidWorks 2016 (Dassault Systémes, Vélizy-Villacoublay,
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Yvelines, France). Each needle featured a square base of 600 pm
per side and a height of 1800 pm. The array was fabricated using
a Boston micro fabrication (BMF) S130 3D printer (Maynard,
Massachusetts, USA), which utilizes projection micro stereolitho-
graphy (PuSL) technology. For the high-resolution 3D printing
process, the SolidWorks file was converted into a printer-
compatible format by slicing it into digital layers using BMF
Slicer software. This process generated a machine-readable
code that was compatible with the BMF S130 3D printer.
A yellow-colored photoreactive BIO resin (BMF, Maynard,
Massachusetts, USA) was used as the printing material; this
material was previously validated for biocompatibility by the
manufacturer through standardized tests, including the ISO
10993-12:2012 (acute systemic toxicity) test, the ISO 10993-
12:2012 (in vitro cytotoxicity) test, and the ISO 10993-10:2010,
ISO 10993-12:2012, and ISO 10993-2:2006 (skin irritation) tests.
The mechanical properties of the cured BIO resin were pre-
viously evaluated using a Ubi-1 nanoindenter (Hysitron, Eden
Prairie, Minnesota, USA) equipped with a Berkovich diamond
tip; the measured Young’s modulus was 3.29 £ 0.12 GPa, and
the measured hardness was 302.19 + 10.44 MPa (reported as
mean =+ standard deviation).** Following the 3D printing
process, the fabricated microneedle arrays were rinsed in
isopropyl alcohol to remove residual unpolymerized resin.
Post-curing was performed by exposing the structures to a
405 nm wavelength light source (Formlabs Inc., Somerville,
Massachusetts, USA) at 45 °C for 10 minutes to ensure complete
polymerization. To modify the 3D-printed microneedle array
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into a three-electrode system, commercially-obtained carbon
and silver conductive inks were deposited using an air spray
coating technique. To ensure the selective deposition, only the
regions designated for electrode formation were exposed to the
spray; the rest of the part was carefully masked using adhesive
tape. The microneedle array was securely mounted onto a
custom platform to ensure uniform coating, and a fine airbrush
system was used to spray each ink selectively according to a
predefined electrode pattern. Spray parameters such as nozzle-
to-substrate distance, air pressure, and spray duration were
optimized to achieve uniform coverage, while preserving the
microneedle geometry. Following ink deposition, the coated
array was cured in a conventional oven at 100 °C for 15 minutes
to enhance adhesion and conductivity. To establish reliable
electrical connections, conductive silver epoxy was applied
along the electrode contact leads and allowed to cure at 80 °C
for 25 minutes.

2.3 Laser-induced graphene on microneedles

A CO, laser machine (Universal Laser Systems, Inc., Scottsdale,
Arizona, USA) operating at a wavelength of 10.06 pm was used
to modify the surface of a carbon-coated 3D-printed micro-
needle array-based working electrode into a graphitic structure
on the tips of the microneedle array (Fig. S1a). To determine
optimal laser parameters for effective carbon-to-graphene
conversion, preliminary tests were conducted using a flat 3D-
printed substrate that was uniformly coated with the same
carbon ink, while maintaining consistent coating parameters.>®
The laser beam was intentionally defocused by 2 mm above the
substrate to produce a broader, thermally diffused spot and less
aggressive irradiation profile, minimizing potential damage to
the underlying polymer structure (Fig. S1b). A series of laser
power settings ranging from 12% to 17% (in 1% increments)
was applied, while keeping the scanning speed and Z-axis
height constant. This controlled defocused irradiation allowed
for localized thermal treatment, promoting graphitization with-
out damaging the 3D-printed parts. Once the laser power was
optimized, the carbon-coated 3D-printed microneedle array
was affixed onto a custom 3D-printed block angled at 60° using
double-sided adhesive tape to ensure stable positioning and
exposure (Fig. S1c). The mounted array was then placed inside
the laser system at the same 2 mm defocused height and
irradiated at the optimized power settings. To ensure uniform
graphitization across all four lateral surfaces of the micronee-
dles, the array was rotated 90° clockwise for each of four
successive laser exposures. The laser-treated microneedle array
was subsequently characterized using scanning electron micro-
scopy (SEM) to assess morphological changes and confirm
localized surface modification. Raman spectroscopy was
employed to verify the structural transformation of the carbon
layer, particularly via assessment of the characteristic D and G
bands that are indicative of graphitic carbon. After these
analyses and confirmation of the successful formation of
graphitic domains on the microneedle tips and bases, the
laser-treated microneedle array was used as a working electrode
in the three-electrode electrochemical sensing system.
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2.4 Physical and electrochemical characterization

The topological and morphological characteristics of the 3D-
printed microneedle arrays, both before and after laser treat-
ment of the carbon-coated microneedles, were evaluated using
a SU3900 variable pressure scanning electron microscope (VP-
SEM) (Hitachi, Tokyo, Japan); this instrument is equipped with
a solid-state backscattered electron (BSE) detector and is cap-
able of operating across an accelerating voltage range of 0.3 kV
to 30 kV. Raman spectroscopy was employed to assess the
structural transformation of the carbon coating into graphitic
domains following laser treatment. The electrochemical char-
acterization of the three-electrode electrochemical sensing sys-
tem on the microneedle arrays was carried out using a battery-
powered, handheld PalmSens4 potentiostat (PalmSens BV,
Houten, Netherlands). This portable device enabled compre-
hensive wireless electrochemical testing at room temperature,
such as cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV), for assessing electrode stability, analyte detection
sensitivity, temporal signal stability, and interference response.
Data acquisition and transfer were performed wirelessly via
Bluetooth, facilitating real-time monitoring and subsequent
data analysis without the need for tethered instrumentation.

2.5 Electrochemical sensing of OZP

Prior to evaluating the OZP sensing capability of the micro-
needle-based electrochemical platform, the electrochemical
characteristics and stability of the carbon-coated conductive
microneedle working electrode were evaluated using cyclic
voltammetry (CV) in a 3 mM potassium ferricyanide solution
prepared in 0.1 M phosphate buffer (pH 7.4) at a fixed scan rate
of 50 mV s '; studies were performed to assess redox activity,
electron transfer efficiency, and current response stability over
repeated cycles. Subsequently, the electrochemical perfor-
mance of the three-electrode system was re-assessed after laser
treatment of the carbon-coated microneedle working electrode,
which generated graphitic structures and improved electrical
conductivity at the microneedle tips. CV measurements under
the same experimental conditions were obtained to assess
enhancements in peak current response, electrochemical rever-
sibility, and overall electron transfer efficiency resulting from
the laser-induced surface modification. For quantitative analy-
sis of OZP, various concentrations of OZP were freshly prepared
by diluting the 1.0 mg mL~" stock solution into fresh support-
ing phosphate buffer electrolyte; DPV measurements were
collected for each concentration over a potential window from
—0.2 V to +0.5 V vs. Ag/AgCl using a pulse time of 20 ms and a
potential step of 10 mV. The corresponding DPV spectra were
used to determine sensitivity, linear dynamic range, and limit
of detection. For each experiment, including the calibration
curves, we tested n = 3 independently fabricated sensors.
Furthermore, to evaluate the long-term storage stability of the
sensor, the electrochemical response toward a fixed concen-
tration of OZP was measured periodically over a span of three
weeks under ambient storage conditions. Variations in peak
current intensity, potential shifts, and signal reproducibility

This journal is © The Royal Society of Chemistry 2026
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were analyzed to quantify degradation effects and validate the
operational reliability of the microneedle-based sensing platform.

2.6 Proof-of-concept study

To evaluate the practical applicability and real-time sensing
performance of the fully assembled microneedle-based electro-
chemical sensor, the electrochemical response of the laser-
treated carbon-coated microneedle working electrode was eval-
uated using artificial interstitial fluid (ISF) using both a skin-
mimicking parafilm interface and a phantom gel model via
DPV.** In the first model, a Petri dish containing artificial ISF
was spiked with varying concentrations of OZP, followed by
sealing the solution surface with a stretched parafilm layer to
mimic the mechanical resistance of the skin. The microneedle-
based sensor assembly was then gently pressed against the
parafilm, ensuring that the microneedle tips penetrated the
membrane and reached the underlying fluid layer to facilitate
analyte-electrode interaction. The DPV measurements were
recorded over a potential window of —0.25 V to +0.5 V vs. Ag/
AgCl, with a potential step of 10 mV. In the second model, a
skin-analogous phantom gel matrix was fabricated according to
previously established protocols to simulate the viscoelastic
and ionic properties of human dermal tissue. The OZP-spiked
phantom gel was brought into contact with the microneedle
sensor; after a fixed diffusion period of 3 minutes, the DPV
signal was recorded under identical electrochemical para-
meters. This approach enabled evaluation of the microneedle
penetration and detection capabilities of the sensing platform
in a more physiologically relevant medium to understand its
feasibility for use in transdermal sensing applications.

3. Results and discussion
3.1 Design and working of the microneedle sensor

The development of conductive microneedle array-based plat-
forms for minimally invasive sensing of pharmacological and
physiological biomarkers is emerging as a transformative tech-
nology for wearable diagnostics. While earlier approaches
have primarily relied on metallic microneedles to construct
electrochemical working electrodes, their high fabrication
costs, material rigidity, and limited scalability have hindered
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widespread adoption of microneedle technology.
come these challenges, we developed a cost-effective, scalable,
and customizable microneedle-based electrochemical sensing
system by leveraging additive manufacturing techniques, includ-
ing high-resolution 3D printing, selective air-spray deposition,
and laser-induced graphitization. A schematic overview of the
fabrication workflow of the fully integrated microneedle device is
presented in Fig. 2. The desired microneedle array geometry was
first designed using SolidWorks and fabricated via a projection
micro-stereolithography (PuSL)-based BMF S130 3D printer with a
biocompatible photopolymer resin. Following 3D printing, the
array was selectively masked and coated with carbon and silver
inks via air-spray deposition to establish conductive paths for the
working, counter, and reference electrodes. The central portion of
the array, designated as the working electrode, was coated with
carbon ink and subsequently subjected to CO, laser-induced
graphitization to enhance surface conductivity and electrocatalytic
activity by locally converting the amorphous carbon into graphitic
domains at the microneedle tips as well as on the base. The left
L-shaped region coated with carbon ink functioned as the counter
electrode. The right strip was coated with Ag/AgCl paste; it was
assigned as the reference electrode. Next, electrical interconnects
were established by applying a conductive silver epoxy along the
connecting legs, followed by thermal curing. To ensure opera-
tional stability and prevent electrical shorting, a thin, custom
3D-printed insulating cover was aligned and attached over the
microneedle base, exposing only the tips for analyte interaction.
Furthermore, for a proof-of-concept demonstration, the fully
integrated microneedle device was then interfaced with a porta-
ble, battery-powered wireless PalmSens4 potentiostat and utilized
for the electrochemical detection of OZP. The recorded electro-
chemical signals were wirelessly transmitted to a local computing
device for real-time data acquisition and analysis, demonstrating
the feasibility of this sensing device for decentralized and con-
tinuous transdermal biosensing.

3.2 Fabrication, graphitization, and evaluation of the
conductive microneedle array

Advancements in computer-aided design software and high-
resolution 3D printers have significantly streamlined the fabri-
cation and customization of microneedle arrays, allowing
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Fig. 2 Schematic illustration of the step-by-step fabrication procedure for the development of laser induced graphene on the tips of the carbon-coated
microneedle array: (a) 3D-printed microneedle array, (b) air-spray deposition of carbon and silver inks on the 3D-printed microneedle array, (c) laser-
induced graphitization of the carbon-coated working electrode 2 x 2 microneedle array, and (d) fully integrated microneedle device.
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precise control over their geometry, dimensions, and spatial
configuration. These scalable manufacturing techniques have
emerged for the cost-effective and rapid fabrication of complex
biomedical and wearable healthcare devices. In this study, we
leveraged these capabilities to develop a highly specialized
microneedle array tailored for transdermal biosensing appli-
cations. A microneedle array comprising 14 pyramid-shaped
needles was designed using SolidWorks 2016 software. Each
microneedle was engineered with a height of 1800 pm and
a square base measuring 600 pm per side to ensure sufficient
mechanical strength and skin penetration efficiency while
minimizing tissue damage. The designed array was subse-
quently fabricated using a BMF S130 3D printer, which employs
PuSL technology for high-fidelity printing of microscale
features. Given the requirement for controlled skin insertion
and minimal invasiveness, a photoreactive, biocompatible BIO
resin (yellow color) supplied by BMF was selected as the
printing material. This resin exhibits mechanical properties,
including Young’s modulus and hardness, which are sufficient
for transdermal penetration through the stratum corneum layer
of the epidermis.®®

A detailed stepwise visual representation containing photos
of each stage of the fabrication process is provided in Fig. 3,
demonstrating the integrated design and manufacturing strat-
egy employed in developing the microneedle-based sensing
platform. The initial 3D-printed microneedle array, as depicted
in Fig. 3a, served as the base structure for subsequent functio-
nalization. The selective deposition of conductive inks was
achieved using an air spray coating technique, enabling pat-
terning of conductive materials onto predefined regions of the
array. A macroscopic image of the spray-coated microneedle
array following this deposition process is presented in Fig. 3a.
To configure the electrochemical sensing interface, a three-
electrode configuration was established directly on the micro-
needle array surface. The central 2 x 2 region, previously coated
with carbon ink, was designated as the working electrode and
further modified by locally converting the amorphous carbon
into graphitic domains at the microneedle tips (Fig. 3b) as well
as on the base via laser treatment to enhance surface conduc-
tivity and facilitate electron transfer kinetics.”® In addition to
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the optical image, a short video (SI, Video S1) of the laser-
induced graphitization of the carbon-coated 3D-printed micro-
needle array using a CO, laser was also recorded and incorpo-
rated in the SI. Following the graphitization of the working
electrode, a thin biopolymeric protective layer was applied to
the working electrode to prevent potential leaching and ensure
mechanical stability during transdermal insertion. The right-
side 1 x 3 array was functionalized with Ag/AgCl paste to serve
as the integrated reference electrode; the L-shaped region
coated with carbon ink was assigned as the counter electrode.
A final encapsulation step was performed to electrically isolate
the conductive traces and contact pads, leaving only the micro-
needle tips exposed for analyte interaction. The fully assembled
sensing unit, housed within a 3D-printed protective cover, is
shown in Fig. 3c; this figure shows the completed microneedle-
based platform prepared for subsequent electrochemical char-
acterization and biosensing studies. To characterize the micro-
scale morphology of the fabricated microneedle structures,
scanning electron microscopy (SEM) was employed to capture
the three-dimensional topographical features of the laser-
treated and untreated carbon-coated microneedles. Represen-
tative SEM micrographs of the pristine carbon-coated micro-
needle and laser-induced graphitic domains on the carbon-
coated microneedle are presented in Fig. 4. Fig. 4a and b
present SEM micrographs of the tips of an individual pristine
carbon-coated microneedle and laser-treated carbon-coated
microneedles, respectively. These images demonstrate the
sharpness of the microneedle tips, with well-defined apex
geometries and diameters of approximately 5-6 um, even after
the carbon coating and laser treatment of microneedles; this
feature is critical for efficient skin penetration while minimiz-
ing tissue damage. Fig. 4c and e show the magnified SEM
images of pristine carbon-coated microneedles at different
magnifications. These images demonstrate the consistent and
uniform coating of the carbon ink along the microneedle
surface, with no evidence of large aggregates or coating irregu-
larities, which can be noticed in depositions made via the air
spray coating technique. Next, Fig. 4d and f show the magnified
SEM images of laser-treated carbon-coated microneedles
at different magnifications, demonstrating the significantly

3D-printed Cover

Insulation

Fully integrated
Microneedle Device

Fig. 3 Real images of (a) silver ink-coated contact pads and carbon-coated 3D-printed microneedle array, (b) laser-induced graphitization of carbon-
coated 2 x 2 microneedle array-based working electrode, and (c) fully shielded and integrated 3-electrode arrangement on the tips of the microneedles.
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Fig. 4 Demonstration of scanning electron microscope (SEM) images of a pristine carbon-coated microneedle and laser-induced graphitic domains on
a carbon-coated microneedle. SEM micrographs of (a) the tip of a single carbon-coated microneedle, (b) the tip of a laser-treated carbon-coated
microneedle, (c) and (e) magnified SEM images of carbon-coated microneedles at different magnifications, and (d) and (f) magnified SEM images of laser-

treated carbon-coated microneedles at different magnifications.

increased surface roughness and microscale porosity as compared
to the pristine carbon-coated microneedles. These changes in the
surface morphology are attributed to localized thermal effects
induced by the laser, confirming the successful conversion of the
originally smooth carbon layer into a more electroactive graphitic
structure at the tips of the microneedles. Next, the ability to
effectively penetrate skin is a critical factor in assessing
the practical use of microneedle-based devices for transdermal
sensing. Accordingly, the skin penetration performance of the as-
printed microneedle array was evaluated using a porcine skin
patch (ex vivo). The optical image (shown in the SI, Fig. S2) of the
skin patch after microneedle insertion and Trypan Blue treatment
clearly demonstrates that the microneedle array penetrated
the skin in a controlled and topographically confined manner,
without causing damage to the surrounding tissue. This result
confirms the suitability of the developed microneedle array for
transdermal applications.

To understand the structural transformation of the carbon
coating that was induced by laser treatment, Raman spectro-
scopy was performed on both pristine and laser-treated carbon-
coated microneedle arrays. Fig. 5a contains the Raman spectra
of both the pristine carbon-coated microneedle array, abbre-
viated as CCMN, and the laser-induced graphene on the tips of
the carbon-coated microneedle array, abbreviated as LIGMN.
It can be noticed that the intensity of characteristic D
(~1340 cm ') and G (~1580 cm ') bands of CCMN is rela-
tively low, suggesting a predominantly amorphous carbon
structure.®® However, the Raman spectrum of the LIGMN
exhibits very strong characteristic D and G bands associated
with structural disorder and an increase in sp®-hybridized
carbon domains.®" Furthermore, a parallel reduction in the
2D band intensity was observed in the laser-treated samples,
which can be attributed to several laser-induced effects, including
increased structural disorder, generation of additional defects,
and changes in local strain within the carbon matrix.®"*>

This journal is © The Royal Society of Chemistry 2026

These spectral changes, along with the SEM images, confirm
the successful photothermal conversion of the carbon film
into an electrochemically favorable graphitic structure at the
microneedle tips.

3.3 Electrochemical response, olanzapine sensing, and
selectivity assessment

Before employing the developed microneedle-based sensor for
the electrochemical quantification of OZP, a systematic inves-
tigation of redox characteristics and operational stability of the
integrated three-electrode configuration on the tips of the
microneedle array was conducted. Cyclic voltammetry measure-
ments were performed in a freshly prepared 3 mM potassium
ferricyanide solution (in 0.1 M phosphate buffer, pH 7.4) at a
fixed scan rate of 50 mV s~ ' in order to characterize the charge
transfer efficiency of the microneedle electrodes. As shown in
Fig. 5b, the cyclic voltammetry response of the pristine carbon-
coated microneedle working electrode (green trace) exhibits a
quasi-reversible redox profile, with well-defined anodic and
cathodic peaks, confirming effective electron transfer at
the electrode/electrolyte interface. To assess the influence of
laser-induced surface modification, a comparative cyclic vol-
tammetry measurement was conducted using the laser-treated
carbon-coated microneedle array (red trace, Fig. 5b) as the
working electrode; a significant improvement in peak current
was observed following laser treatment, suggesting enhanced
electrochemical kinetics. This enhancement in the electron
transfer activity is attributed to increased surface roughness,
a higher density of electroactive defect sites, and the occurrence
of graphitic domains introduced by localized CO, laser irradia-
tion, as confirmed by SEM and Raman spectra analysis. These
surface changes collectively improve electron transfer rates
and interfacial accessibility, thereby enhancing the electroana-
Iytical characteristics of the microneedle-based working elec-
trode. Since the operational reliability of microneedle-based

J. Mater. Chem. B


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb02162f

Open Access Article. Published on 21 January 2026. Downloaded on 2/25/2026 10:04:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry B
LIGMN ———CCMN |
(a) ——ccMN 40— LiGMN (b)
—~ 20
3 g
= =
= S 0
] g
[— f=-
2 S
= 0—20-1
-40
500 1000 1500 2000 2500 3000 3500 -0.15 000 015 0.30 045 0.60
Raman Shift (cm™) Potential (V)
——Scan 1 —=—20 mV/s
40 4——Scan 2 (C) 60 ——40 mV/s (d)
——Scan 3 —— 60 mV/s
—— Scan 4 40'——80 mV/s
20 - —+—100 mV/s
f} 20

,Current (uA)
8 ©

|
»
o
1

T T T T

0.2 0.4 0.6
Potential (V)

£ o
5 0
3-20
-40 -
-60 Movoaeett”
-0.2 0.0 0.2 0.4 0.6

Potential (V)

Fig. 5 Demonstration of the Raman spectra, redox response, and stability of the fabricated microneedle-based sensor. (a) Raman spectra of the pristine
carbon-coated microneedle array (CCMN, black track) and laser induced graphene on the tips of the carbon-coated microneedle array (LIGMN,
red track). (b) Cyclic voltammetry spectra of the CCMN (green track) and LIGMN (red track) working electrode. (c) Multiple scans of the laser-treated

carbon-coated microneedle array in 3 mM ferricyanide solution at 50 mV s™

L and (d) cyclic voltammograms recorded at varying scan rates ranging from

20 mV s to 100 mV s~ using the laser-treated carbon-coated microneedle array.

electrochemical sensors is dependent on the consistency of
their redox behavior, the electrochemical stability of the laser-
treated carbon-coated microneedle working electrode was
further assessed. This evaluation was performed by recording
five successive cyclic voltammetry scans under identical experi-
mental conditions in a 3 mM ferricyanide solution. As shown
in Fig. 5c, the cyclic voltammograms exhibited excellent repro-
ducibility, with highly overlapping oxidation and reduction
peaks across all scans. This high degree of overlap indicates
minimal variation in electron transfer dynamics, confirming
the robust electrochemical stability and repeatability of the
three-electrode microneedle platform; this feature is an essen-
tial requirement for reliable detection of olanzapine in real
biological environments. To further elucidate the interfacial
charge transfer characteristics and redox kinetics of the laser-
treated carbon-coated microneedle working electrode, a scan
rate-dependent cyclic voltammetry study was performed. The
cyclic voltammograms recorded at varying scan rates over a
range from 20 mV s~ ' to 100 mV s ' are shown in Fig. 5d.
Fig. 5d shows that with increasing scan rate, the anodic peak
potential shifts progressively toward more positive values, while
the cathodic peak potential shifts toward more negative values,
revealing the quasi-reversible redox process governed by
surface-confined electron transfer kinetics.

J. Mater. Chem. B

3.4 Olanzapine sensing and selectivity assessment

After examining the electrochemical characteristics, redox beha-
vior, and electrode stability of the microneedle-based three-
electrode system, the analytical functionality of the laser-
treated carbon-coated microneedle working electrode toward
various concentrations of OZP was evaluated using differential
pulse voltammetry. The widely accepted therapeutic plasma
concentration of OZP is 20-80 ng mL™' (64 nM to 256 nM)
as recommended by therapeutic drug monitoring (TDM) guide-
lines.®*** Concentrations above 80 ng mL ™" are associated with
an increased risk of adverse effects, while levels > 100 ng mL ™"
are generally considered to fall within a toxic or alert range.
Since ISF-based sensing research is still in its early stages,
no standardized therapeutic range for OZP in interstitial fluid
(ISF) has been established to this point, as routine clinical
monitoring continues to rely on plasma measurements.
However, because ISF (produced through capillary filtration
of blood) closely resembles plasma in composition and
is considered the most compelling alternative to blood for
minimally invasive monitoring,®> we designed and tested our
microneedle-based sensor, ranging from 50 nM to 500 pM, to
overlap with the clinically relevant OZP concentration range
observed in plasma. As shown in Fig. 6a, the differential pulse
voltammetry spectra reveal a concentration-dependent increase

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Demonstration of the electrochemical sensing potential of the fabricated microneedle-based sensing platform. (a) Differential pulse voltammo-
gram of the laser-treated carbon-coated microneedle-based working electrode corresponding to an increasing OZP concentration ranging from 0.05
to 500 puM. An illustration of the calibration curve between the peak current values and OZP concentration for (b) low (0.05-1.0 uM), (c) intermediate
(2.0-80 uM), and (d) high concentration ranges (100-500 pM). Inset: Real photo of the developed microneedle-based sensors used for sensing

experiments.

in the oxidation peak current with increasing OZP concen-
tration ranging from 0.05 to 500 pM; this result indicates
efficient electrochemical oxidation of OZP at the modified
microneedle surface. For quantitative analysis of the sensing
probe, the peak current values were plotted against the corres-
ponding OZP concentrations across a broad dynamic range
(0.05 to 500 pM). For enhanced analytical resolution, the
calibration data were segmented into three linear regions,
specifically low (0.05-1.0 uM), intermediate (2.0-80 uM), and
high concentration ranges (100-500 pM). It was noted that each
range exhibited strong linearity between the current response
and OZP concentration, with correlation coefficients (R”) of
0.985, 0.982, and 0.9747, respectively (Fig. 6b-d). Furthermore,
the limit of detection for OZP was calculated using the standard
equation (3s/M, where s represents the standard deviation of
the blank signal and M is the slope of the calibration curve),
and was determined to be as low as 0.0026 uM, highlighting
the high sensitivity of the microneedle-based sensing platform.
These results confirm the desirable sensitivity and wide
dynamic detection capability of the microneedle sensor, making
it suitable for both trace-level monitoring and therapeutic concen-
tration monitoring of OZP in bioanalytical and pharmaceutical
applications. While the obtained electroanalytical results confirm
the sensing capability of the microneedle-based sensing platform,

This journal is © The Royal Society of Chemistry 2026

understanding the selectivity of the sensor toward OZP in the
presence of possible interfering substances is critical for appro-
priate performance in complex biological environments. To assess
the selectivity of the microneedle-based electrochemical sensor
toward OZP, interference studies were conducted using common
electroactive biomolecules, including ascorbic acid, caffeine, uric
acid, acetaminophen, and dopamine. Differential pulse voltam-
metry responses were recorded after sequentially introducing each
interferent at a fixed concentration of 50 uM, while maintaining
all other experimental parameters constant. As shown in Fig. 7a,
minor variations in peak current were observed for the interfering
species; however, the response corresponding to OZP remained
distinct and well-defined. Furthermore, the anti-interference
performance of the sensor to selectively detect the target analyte
in the presence of potential interferents was assessed through
chronoamperometry, and an immediate change in the current
value upon successive addition of OZP even in the presence of
interferents was observed (shown in the SI Fig. S3), confirming the
strong anti-interference performance of the sensor. These results
confirm that the sensor exhibits adequate selectivity toward OZP,
even in the presence of structurally or electrochemically similar
compounds; moreover, these results support the applicability of
the microneedle-based sensing platform for real-time monitoring
in physiologically relevant environments.
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Fig. 7 lllustration of the selectivity assay and the proof-of-concept study of the fully assembled microneedle-based sensing system. (a) Demonstration

of peak current values recorded during selectivity studies after sequentially introducing each interferent at a fixed concentration of 50 pM, (b) differential
pulse voltammetry spectra recorded during OZP detection in artificial interstitial fluid through a skin-mimicking parafilm layer, and (c) respective
calibration curve for various OZP concentrations spiked in artificial interstitial fluid and the obtained peak current values (inset: macroscopic image of the

microneedle array-based sensors used in the proof-of-concept study).

3.5 Proof-of-concept demonstration in skin-mimicking
models and long-term stability

After the electrochemical sensing performance of the laser-
treated carbon-coated microneedle-based platform was demon-
strated, its applicability for the detection of OZP in practical
settings was systematically investigated using a skin-mimicking
parafilm model and a phantom gel matrix. A Petri dish was
covered with parafilm, which served as a synthetic skin barrier,
and was filled with artificial interstitial fluid; the fluid
was spiked with increasing concentrations of OZP. Next, the
differential pulse voltammetry measurements were collected
within a potential range of —0.25 V to 0.5 V, with a step
potential of 0.01 V. The recorded voltammetry measurements
(shown in Fig. 7b) demonstrated a smooth increase in oxida-
tion peak current, corresponding to each added OZP concen-
tration (20 uM to 200 uM), indicating appropriate transdermal
sensing functionality of the microneedle-based sensor. A cali-
bration curve, which was created by plotting peak current versus
OZP concentration (Fig. 7c), displayed a good linear relation-
ship with correlation coefficients (R*) of 0.9895; this result
indicated the high sensitivity and quantitative detection
potential of the microneedle-based sensor. To further validate
the practical applicability of the microneedle sensor, OZP

detection was also performed in a tissue-mimicking phantom
gel matrix spiked with different OZP concentrations ranging
from 20 pM to 150 pM. As shown in Fig. 8a, the sensor exhibited
distinct current responses across all of the OZP concentrations
that were tested in the phantom gel. Furthermore, the corres-
ponding calibration plot (Fig. 8b) between the peak current
values and varying OZP concentrations maintained excellent
linearity with correlation coefficients (R*) of 0.9890. These
proof-of-concept studies collectively confirm the robust perfor-
mance of the microneedle-based electrochemical sensor for
reliable, minimally invasive detection of OZP in physiologically
appropriate conditions. The long-term operational stability of
the fully integrated microneedle-based electrochemical sensor
was assessed by monitoring its sensing performance at five-day
intervals over a 20-day storage period at room temperature with
dry conditions in a closed, dust-free container (without exposure
to humidity or light). As illustrated in the bar graph (Fig. 8c), the
sensor retained approximately 87% of its original electrochemical
response after 20 days, indicating minimal degradation in analy-
tical performance. These findings indicate the structural integrity
and functional durability of the laser-treated carbon-coated micro-
needle array, highlighting its potential use for the transdermal
detection of micromolar concentrations of OZP.

60 (b) 100.(0)_
50 =
g e
50+ <80+
< P (7]
= < &
= 2 260
o 404 H 40 ¢ K]
5 £ o
($] o E 404
304 g
30+ @ 20
20 (R2=0.9890)
0.2 0.0 0.2 0.4 0 40 80 120 160 Y

Potential (V)

Olanzapine (M)

5 10 15
Time (in days)

Fig. 8 Demonstration of practical applicability and long-term operational stability of the fully assembled microneedle sensor. (a) Differential pulse
voltammogram recorded during OZP detection in a tissue-mimicking phantom gel matrix spiked with different OZP concentrations ranging from 20 uM
to 150 uM, (b) respective calibration curve of various OZP concentrations and the obtained peak current values, and (c) demonstration of the long-term
operational stability of the fabricated microneedle sensor at 5-day intervals over a 20-day storage period under ambient conditions.
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4. Conclusions

In this work, we developed a scalable and cost-effective electro-
chemical point-of-care platform using a laser-treated carbon-
coated microneedle array for the minimally invasive detection
of OZP. The microneedle sensor demonstrated excellent sensi-
tivity, low limit of detection, high selectivity for OZP, and strong
linearity in artificial interstitial fluid. The analytical perfor-
mance demonstrated in physiologically relevant models,
including a skin-mimicking parafilm layer and a phantom gel
matrix, indicated the practical applicability of the laser-treated
microneedle-based platform for transdermal monitoring
of antipsychotic drugs. This innovative microneedle sensor
platform was created using 3D printing, spray coating, and
CO, infrared laser irradiation for straightforward assembly,
economical manufacturing, and scalable manufacturing. The
favorable analytical performance and straightforward fabrica-
tion process make the microneedle-based platform appropriate
for the development of affordable, wearable, and single-use
biosensors to detect biologically relevant molecules in inter-
stitial fluid. In the future, we aim to integrate a multiplexed
sensing system and develop a fully wearable patch with a built-in
battery and wireless electronics for real-time health monitoring.
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