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Despite the various benefits of chlorpromazine, its misuse and overdose may lead to severe side effects,
therefore, creating a user-friendly point-of-care device for monitoring the levels of chlorpromazine drug
to manage the potential side effects and ensure the effective and safe use of the medication is highly
desired. In this report, we have demonstrated a simple and scalable manufacturing process for the
development of a 3D-printed conducting microneedle array-based electrochemical point-of-care
device for the minimally invasive sensing of chlorpromazine. We used an inkjet printer to print the
carbon and silver ink onto a customized 3D-printed ultrasharp microneedle array for the preparation of
counter, working, and
parameter optimization, the developed microneedle array-based three-electrode system was explored

reference electrodes. After physical characterization and electrochemical

for the detection of chlorpromazine. The analytical results showed high sensitivity and selectivity toward
chlorpromazine with a good linearity range from 5-120 pM and a low detection limit (0.09 uM). The
proof-of-concept study results obtained from the skin-mimicking model indicated that the developed
conductive microneedle array-based sensor can easily monitor the micromolar levels of chlorpromazine
in artificial interstitial fluid; this type of system can be further explored for the development of other

rsc.li/materials-b

1. Introduction

Antipsychotics or neuroleptics are drugs that are generally used
to manage the symptoms of psychiatric disorders such as
schizophrenia, bipolar disorder, and severe agitation."” Chlor-
promazine hydrochloride is the most commonly used first-
generation antipsychotic drug to treat the disorders mentioned
above by blocking the neurotransmitter involved in regulating
mood, behavior, and perception, reducing its activity.>* It is
recommended as a shock-reducing and sedative drug after
surgical procedures and is also utilized to treat tetanus, nausea,
and critical hiccups. Due to the beneficial anti-serotonergic and
antihistaminergic properties of chlorpromazine hydrochloride,
the World Health Organization (WHO) describes this typical
neuroleptic drug as an important medicine.>® Regardless of its
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minimally invasive electrochemical biosensors.

various biomedical significance, the use of chlorpromazine
hydrochloride may lead to severe side effects, including tardive
dyskinesia, orthostatic hypotension, decreased white blood cell
count, Parkinsonism, hyperprolactinemia, dropping of the
seizure threshold, blurred vision, urinary retention, cognitive
impairment, and neuroleptic malignant syndrome.”® There-
fore, the Food and Drug Administration (FDA) limited the
intake level of chlorpromazine to 0.125 mM and 0.235 mM
for children below 5 years old and 6-12 years old, respectively.'®
Thus, it is important for individuals taking chlorpromazine or
any other antipsychotic medication to monitor the levels of the
drug for management of the potential side effects in order to
facilitate the effective and safe use of the medication.
Considering the importance of the problem, various analyti-
cal techniques, including spectrophotometry, high-performance
liquid chromatography, mass spectrometry, and chemilumines-
cence, have been used to determine the concentration of chlor-
promazine in blood samples.®”**** Although these analytical
techniques are sufficiently sensitive for the determination of
chlorpromazine levels, these methods require the use of costly
equipment, environmentally unfriendly chemicals, complex
sample pretreatment steps, prolonged extraction and analysis

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0009-0009-3006-5327
https://orcid.org/0000-0002-2673-0939
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tb01808g&domain=pdf&date_stamp=2025-01-09
https://doi.org/10.1039/d4tb01808g
https://doi.org/10.1039/d4tb01808g
https://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01808g
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB013006

Open Access Article. Published on 31 December 2024. Downloaded on 1/23/2026 3:07:35 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

processes, trained technicians, and the production of large
amounts of liquid waste, which limit their feasibility for onsite
and rapid monitoring applications. Because of their good sensi-
tivity, low detection limit, high specificity, rapid analysis, simple
operation procedures, portability, and ease of fabrication, the
low-cost electrochemical sensing platforms for onsite detection
of several types of drugs, opioids, and biomolecules have gar-
nered substantial attention from both academia and the phar-
maceutical industry.”>* For instance, Wang et al. developed an
antimony vanadate (SbvO,) microsphere-modified glassy carbon
electrode-based electrochemical sensing approach for the
amperometric evaluation of chlorpromazine hydrochloride in
blood serum samples, which provided a lower limit of detection
of 0.11 nM."® Lu et al. introduced a new molecularly imprinted
polymer-based Ni-MOF/Fe-MOF-5 hybrid gold nanoparticles
modified glassy carbon electrode with a signal on-off ratiometric
electrochemical sensing approach for chlorpromazine detection,
which provided a detection limit of 0.025 uM.** Liu et al. used
vertically ordered mesoporous silica films and electrochemically
reduced graphene oxide nanosheets modified screen-printed
carbon electrodes for the development of an electrochemical
sensing platform for the detection of chlorpromazine in blood
samples, which provided a 16 nM detection limit.>> Palakollu
et al. prepared a glassy carbon electrode that was decorated with
a nitrogen-doped carbon dots/cuprous oxide composite for
electrochemical sensing of chlorpromazine in human urine,
which provided the detection limit of 25 nM.>® Although there
are previous reports on electrochemical sensing platforms for
chlorpromazine detection, these sensing probes rely on the
collection of a blood sample, laboratory instrumentation,
unwanted pain during blood acquisition from finger pricking,
and modification of the electrode surface; they are unable to
monitor the chlorpromazine levels in a rapid, simple and
straightforward way at the point-of-care site. Thus, the fabrica-
tion of a portable, minimally invasive, and point-of-care sensing
approach that can address the aforementioned issues by onsite
detection of chlorpromazine levels in interstitial fluid with
enhanced analytical performance is highly desirable.

Recently, the advantages of wearable and portable sensing
technologies have garnered interest from scientists for the
fabrication of customized and straightforward-to-use health-
care devices.”’*" Among several wearable sensing methods
proposed in the last few years, microneedle-based sensing
platforms have attracted significant attention for the rapid,
simple, and minimally invasive monitoring of different bio-
markers present in interstitial fluid.*>*® Due to the micron size
and minimally invasive characteristics of the microneedle
array, microneedles can smoothly puncture the stratum cor-
neum layer found in human skin and create artificial pores for
biomarker monitoring, with minimal discomfort and tissue
inflammation.>”~*° These micrometer-size wearable electroche-
mical sensing platforms depend on the surface of the micro-
needle array encompassing the biosensing electrodes at their
tips and offer simultaneous monitoring of multiple biomarkers
that are present in the interstitial fluid.*"*> Due to their several
advantages, microneedle array-based sensing approaches have
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been described for the detection of different analytes, including
lidocaine, glucose, ketones, dopamine, cholesterol, potassium
ions, alcohol, L-dopa, and lactate.?®**3"%” However, to the best
of our knowledge, no efforts have been made involving the
fabrication of nonmetallic 3D-printed conducting microneedle-
based sensors to detect chlorpromazine in interstitial fluid.

Therefore, the present work demonstrates the development of a
3D-printed conducting microneedle array-based electrochemical
point-of-care device for the detection of chlorpromazine. The
developed microneedle-based sensing platform utilizes micronee-
dle technology, 3D printing, and inkjet printing for the fabrication
of conducting microneedle array-based three-electrode electroche-
mical systems. The fabricated sensing platform utilized an inkjet
printer to print the carbon and silver ink onto a customized 3D-
printed ultrasharp microneedle array for the preparation of coun-
ter, working, and reference electrodes. To achieve highly sensitive
detection of the analyte, the working electrode microneedle array
was further modified with freshly prepared carbon dots. Before
sensing chlorpromazine, the electrochemical, analytical, struc-
tural, and morphological characteristics of the as-prepared
microneedle-based sensing platform were investigated. Under
the optimized parameters, the developed wearable microneedle-
based point-of-care device demonstrated appropriate sensitivity
and selectivity towards chlorpromazine. The practicability and
real-time sensing potential of the wearable microneedle-based
sensor were further examined by investigating the analytical
performance of the device via a skin-mimicking parafilm layer in
the artificial interstitial fluid. The collected results indicated that
through the use of inkjet printing and 3D printing techniques, a
simple, economical, user-friendly, and minimally invasive wear-
able microneedle-based electrochemical point-of-care device could
be fabricated for wireless detection of chlorpromazine. Moreover,
the customized fabrication of a novel 3D-printed microneedle-
based wearable sensor demonstrated here can also be explored for
the development of other wearable biosensors.

2. Experimental section
2.1 Materials and methods

All commercial-grade conductive inks, plastics, paper, glass,
and metal substrates were purchased from NovaCentrix,
USA. Interference compounds, analytes, and other chemicals,
including potassium ferricyanide, chlorpromazine, citric acid,
urea, ascorbic acid, caffeine, uric acid, phosphate buffer, dopa-
mine, and acetaminophen were obtained from Sigma Aldrich,
USA. Milli Q system was used to obtain the fresh deionized
water (18.2 MQ cm at 25 °C) for the preparation of all dilutions
and solutions. All other reagents were of analytical grade; these
reagents were used without any modifications.

2.2 Synthesis of carbon dots

Carbon dots were synthesized using previously reported
bottom-up methodology via direct pyrolysis of citric acid and
46,4849 In this approach, 1.8 g citric acid and 0.5 g urea
powder were crushed in a ceramic mortar and kept at 220 °C for

urea.
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12 min in a glass beaker. After 12 minutes, the white-colored
powder turned into an orange-colored liquid, which was added
to freshly prepared 25 mL (10 mg mL ') NaOH solution with
vigorous stirring. After the neutralization of pH, the resultant
solution having carbon dots was filtered through a 0.22 pm
pore size syringe filter to eliminate the unreacted large particles
and remaining reagents, followed by further dialysis filtration.
The filtered and purified solution was kept in a refrigerator at
4 °C until further use.

2.3 Microneedle design and fabrication

A high-resolution and ultra-sharp microneedle array structure
having 67 conical shape needles (30, 25, and 12 needles for
counter, working and reference electrode, respectively) with
height of 1200 pm and base diameter of 350 um was designed
using SolidWorks 2016 software provided by Dassault Systems
and printed using a Boston Micro Fabrication (BMF) $130 3D-
printer (working on Projection Micro Stereolithography (PuSL)
technology). For 3D printing of the microneedle array, the
SolidWorks design file was sliced into layers via BMF Slicer
software to generate a 3D printing instrument that was compa-
tible with writing language code. A yellow biocompatible photo-
reactive BIO resin obtained from BMF was used for the
microneedle array fabrication. The biological properties of the
BIO resin were previously evaluated by the manufacturer via the
ISO 10 993-12: 2012 in vitro cytotoxicity test; the ISO 10 993-10:
2010, ISO 10 993-12: 2012, and ISO10 993-2: 2006 skin irritation
test; and the ISO 10 993-12: 2012 acute systemic toxicity test.
The Young’s modulus and hardness value of the resin were
previously calculated using a Ubi-1 nanoindenter (Hysitron,
microneedle, USA) having Berkovich-type tip and found to be
3.29 £+ 0.12 GPa and 302.19 + 10.44 MPa (mean value +
standard deviation value), respectively."”” Upon the printing
step was completed, the 3D-printed parts were rinsed in iso-
propyl alcohol to remove the unpolymerized resin and further
kept at 45 °C under a 405 nm wavelength lamp (Formlabs Inc.,
USA) for 10 minutes. To make the 3D-printed microneedle array
a three-electrode system, commercially available carbon and
silver inks were inkjet-printed using a Fujifilm Dimatix DMP-
2831 material printer and DMCLCP-11610 inkjet cartridges.
To complete this step, the 3D-printed microneedle array was
placed onto the printer platen, and a customized design was
loaded into an inkjet printer-integrated computer system. To
avoid physical contact with the printing jet and retain consis-
tency in terms of the distance of droplet flight, the substrate
thickness was set to 3500 um. Two separate inkjet cartridges
were loaded with 1.5 mL of each ink and deposited one by one.
Afterward, the conductive ink-deposited microneedle array was
kept at 100 °C in a conventional oven for 15 minutes for further
curing process of the ink. To make good electrical connections,
a conductive silver epoxy was lined over the connecting legs and
further cured at 80 °C for 25 min. To construct a micro-nano
hierarchical structure on the microneedle surface, as prepared
carbon dots were drop cast onto the working electrode (array of
25 microneedles), followed by the deposition of a protective
Nafion layer to avoid possible leaching from the needle surface.
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To fully assemble the device, a 3D printed very thin cover
(0.25 mm thick) was incorporated to shield the electronic
pathways and avoid any unwanted electrical contacts other
than at the tip area.

2.4 Physical and electrochemical characterization

A Hitachi SU3900 variable pressure scanning electron micro-
scope (VPSEM, Tokyo, Japan) equipped with solid state back-
scattered electron detector, which delivers an accelerating
voltage between 0.3 to 30 kv, was used for the topological
and morphological evaluation of the 3D-printed microneedle
array before and after the deposition of conductive ink. A
battery-powered rechargeable and hand-held PalmSens4 poten-
tiostat (PalmSens BV) was used for electrochemical analysis,
including electrode stability, analyte detection, temporal stabi-
lity, and interference studies of the as-developed conductive
microneedle array. All electrochemical investigations were per-
formed wirelessly at room temperature, and the acquired
dataset was also transferred wirelessly for further analysis.

2.5 Skin penetration test

The skin penetration capability of the as-developed microneedle-
based transdermal sensing platform was investigated ex vivo on
porcine skin. To complete this step, the recently slaughtered pig
skin was obtained from a regional provider and cleaned with
sanitizing wipes. Next, the sanitized skin patch was fixed on a
glass Petri plate and subjected to puncture with the as-developed
microneedle array. Further, to demonstrate the microneedle
array generated pores on the pig skin patch, an optical micro-
scope was used to capture the images of the pig skin surface
before and after skin penetration by the microneedle array.

2.6 Electrochemical sensing of chlorpromazine

Before using the as-developed microneedle-based sensing plat-
form for chlorpromazine sensing, the electrochemical charac-
teristics and stability of the conductive microneedle-based
working electrode were studied at a constant scan rate of
50 mV s~ ' in a ferricyanide solution (3 mM) through the cyclic
voltammetry technique. Next, the change in the electroanaly-
tical performance of the carbon dots-modified microneedle-
based working electrode was also examined under the same
experimental settings. Afterward, the chlorpromazine sensing
potential of the microneedle-based sensing platform was stu-
died by gathering the differential pulse voltammetry spectra
(between a potential window ranging from —0.2 to 0.5 V with a
pulse time of 0.02 s and potential step of 0.01 V) in fresh buffer
electrolyte solution after adding various concentrations of
chlorpromazine that were prepared from the fresh stock
solution (1.0 mg mL™"). Next, the long-term storage stability
of the developed microneedle sensor was evaluated by asses-
sing the variation in the analytical characteristics of the sensor
for three weeks.

2.7 Proof-of-concept study

To understand the real-time application potential of the fully
assembled microneedle-based sensor, the electrochemical

This journal is © The Royal Society of Chemistry 2025
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sensing efficacy of the carbon dots decorated conductive
microneedle-based working electrode was investigated in artifi-
cial interstitial fluid by collecting the differential pulse voltam-
metry response via a skin-mimicking parafilm layer and
phantom del model. In this approach, a Petri dish containing
artificial interstitial fluid was spiked with different chlorproma-
zine concentrations and carefully covered with parafilm tape.
Next, the fully assembled microneedle-based sensor was
smoothly pressed against the parafilm tape in such a manner
that the tips of microneedles could easily penetrate the skin-
mimicking layer and interact with the underneath analyte
solution. Afterward, the differential pulse voltammetry response
was recorded for a varying concentration of chlorpromazine
between a potential window ranging from —0.1 to 0.5 V and a
potential step of 0.01 V. Further, a skin-mimicking phantom gel
was made utilizing the previously reported process**?* and the
as-prepared microneedles-based sensing platform was examined
in the chlorpromazine infused phantom gel after 2 minutes of
gel and needle tips contact.

3. Results and discussion

3.1 Design and working of the microneedle-based sensing
platform

The minimally invasive detection of biomarkers using conduct-
ing microneedles has demonstrated great potential for the
development of next-generation wearable devices. Previous
efforts to prepare a working electrode on the tip of a micro-
needle have involved metallic microneedles, which are asso-
ciated with expensive and complex manufacturing procedures;
these limitations could make it difficult to reach the full
potential of microneedle technology.’® We utilized additive
manufacturing approaches, including 3D printing and inkjet
printing, for the fabrication of tailored and scalable polymeric
microneedle arrays. Fig. 1 shows a schematic diagram of the
stepwise fabrication process that was used to prepare the
microneedle array-based sensing platform. The customized
computer-aided design of the microneedle array was 3D printed
using a BMF 3D printer and subjected to an inkjet printing
process to make the needles and contact pads conductive. Next,
to make a three-electrode electrochemical sensing system, Ag/
AgCl paste was lined over the right side of the silver ink-coated
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array and assigned as the reference electrode. Similarly, the
central carbon ink coated square shape array was further
modified with carbon dots to construct a micro-nano hierarch-
ical structure on the surface of the working electrode micro-
needle array for improved sensing performance. The left side
L-shaped carbon-coated array was assigned as the counter
electrode. To create good electrical connections, a conductive
silver epoxy was lined over the connecting legs. In the next step,
the microneedle portion was covered with a 3D-printed thin
cover to avoid any unwanted electrical contacts other than at
the tip area. Afterward, the as-developed fully assembled con-
ductive microneedle array-based sensing platform was used for
the electrochemical sensing of chlorpromazine via a wireless
potentiostat and the collected differential pulse voltammetry
response was sent to the personalized computer for further
data analysis.

3.2 Fabrication and characterization of the conductive
microneedle array

Computer-aided design software and modern 3D printers have
offered ease in manufacturing and modifying the dimensions,
configurations, and structure of microneedles, enabling us to
prepare the customized microneedle array for this study. 3D
printing has evolved as an economical and scalable fabrication
technique for manufacturing various healthcare devices. An
ultra-sharp microneedle array structure having 67 conical
shape needles with a height of 1200 pym and base diameter of
350 pm for the development of a microneedle-based transder-
mal sensing platform was designed in SolidWorks 2016 soft-
ware and printed using the BMF S130 3D-printer. Because the
transdermal biosensing technique needs a material that can
easily penetrate the stratum layer of the skin without any
damage to the surrounding tissues, a yellow color photoreactive
biocompatible resin BIO having appropriate hardness and
Young’s modulus values was used for the 3D printing of the
microneedle array. Fig. 2 shows realistic photographs of step-
by-step manufacturing of the proposed microneedle array-
based sensing platform. The as-printed microneedle array
shown in Fig. 2a was modified with different inks using a
Dimatix inkjet printer; a macroscopic image of the inkjet-
printed microneedle array is shown in Fig. 2b. To make an
electroactive three-electrode system on the tips of the

Micropipette
3D Printed
Cover

Ag/AgClpaste
coating

Carbon Dots (CDs) Decorated MNs Fully Assembled MN Device

Fig. 1 Schematic diagram of stepwise fabrication process for the three-electrode system on the tips of microneedle array using 3D printing and inkjet
printing techniques: (i) 3D-printed microneedle array, (i) inkjet-printed conductive microneedle array, (iii) carbon dots-decorated working electrode
microneedles and Ag/AgCl paste coating on reference electrode microneedles, and (iv) fully assembled three-electrode system-based microneedle
device.
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(c) CDs Decorated MNs

Illustration of 3D-printed ultra-sharp microneedle array. Realistic macroscopic images of (a) as-printed (yellow) microneedle array, (b) inkjet-

printed carbon-coated conductive (black) microneedle array and sliver ink-coated contact pads, (c) carbon dots decorated working electrode
microneedles and Ag/AgCl paste coated reference electrode microneedles, and (d) fully assembled three-electrode system on the tips of microneedles
covered by a 3D printed cover to avoid any unwanted electrical contact other than at the tip area.

microneedle array, the carbon ink-coated central 5 x 5 array
was decorated with carbon dots, followed by deposition of the
protective biopolymeric layer to avoid potential leaching from
the needle surface; this structure served as the working elec-
trode (Fig. 2¢). Similarly, the right side 2 x 6 array was coated
with Ag/AgCl paste and assigned as the reference electrode. The
remaining L-shaped carbon-coated array was assigned as the
counter electrode. Fig. 2d demonstrates the macroscopic image
of a 3D printed cover encompassing a fully assembled and
ready-to-use microneedle array-based sensing platform. To
assess the three-dimensional topographical microscale features
of the tip and ensure the successful fabrication of a sharp
microneedle array, scanning electron microscope (SEM) images
of the as-printed, silver and carbon ink-coated, and Nafion layer
deposited microneedle array were collected and are shown in
Fig. 3. Fig. 3a and b show the SEM image of a 3D-printed solid
microneedle array and the magnified SEM image of a single
microneedle, respectively. It can be observed that the space
between the microneedles was consistent; the build layers of
the microneedle design were uniform and reproducible. The 3D

printer, which uses projection micro stereolithography (PpSL)
technology, facilitated the consistent production of micronee-
dle arrays with outstanding microscale features, leading to the
fabrication of ultra-sharp needle tips required for skin penetra-
tion. Thus, printing using a BMF 3D printer with economic and
biocompatible resin renders an attractive method for micro-
needle fabrication. Fig. 3c and d show an SEM image of a silver
ink-printed microneedle array and the magnified SEM image of
a single microneedle, respectively. It can be noted that the
silver ink was deposited consistently and uniformly on each
microneedle without any bulky coating features, which are
commonly observed in coatings made with the conventional
dip coating technique. Similarly, the uniform coating of carbon
ink on the microneedles is shown in Fig. 3e (microneedle array)
and Fig. 3f (magnified SEM image of a single microneedle from
the array). Further, the cloudiness and blurriness reflected in
Fig. 3g (microneedle array) and Fig. 3h (magnified SEM image
of a single microneedle from the array) indicate the successful
and uniform deposition of Nafion biopolymeric layer on the
microneedle array surface. These results reveal that the inkjet

Fig. 3

Illustration of microscale details of as-printed and surface-modified microneedle array through scanning electron microscope (SEM) images. SEM

images of (a) uncoated 3D printed microneedle array, and (b) single microneedle surface from the array. SEM images of (c) silver ink-coated microneedle
array, and (d) single microneedle surface from the array. SEM images of (e) carbon-coated microneedle array, and (f) single microneedle surface from the
array. SEM images of (g) Nafion biopolymeric layer deposited microneedle array, and (h) single microneedle surface from the array.
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printing facilitated the uniform deposition of different inks on
the microneedle surface with high accuracy. The skin penetra-
tion capability of the developed microneedle array-based sen-
sing platform also plays an essential role in assessing the
feasibility of the wearable device. A human skin mimicking
porcine skin patch was used to examine the skin penetration
characteristics of the microneedle array. Fig. 4a-d contain
macroscopic and microscopic pictures of porcine skin before
and after puncture with a microneedle array. Fig. 4a shows the
macroscopic image of clean and sanitized pig skin that was
obtained from a regional provider. Fig. 4b shows the optical
image of sanitized skin patch before penetration; Fig. 4c and d
show the optical images of different portions of the skin patch
after penetration by a microneedle array. These images demon-
strate that the developed microneedle array penetrated the skin
in a topographically-limited manner without injury to the
neighboring portion of skin; this result confirms the array
can be used for the development of wearable sensing devices.

3.3 Electrochemical activity, chlorpromazine sensing, and
selectivity assay

Prior to using the fully assembled microneedle-based sensing
platform for the detection of chlorpromazine, the electroche-
mical activity and stability of the three-electrode system based
on the microneedles were investigated. Here, the cyclic voltam-
metry technique was used to understand the redox behavior of
the as-developed three-electrode system on the microneedle
array in a freshly prepared 3 mM ferricyanide solution at a

(a)

(b)

(c)
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constant scan rate of 50 mV s~ . The obtained green color cyclic
voltammetry spectra shown in Fig. 4e exhibited a desirable
reversible redox behavior, demonstrating the effective electro-
chemical charge transfer activity of the printed conductive
microneedle electrode. The cyclic voltammetry spectra of
carbon dots modified working electrode were recorded to
understand the effect of the carbon dots on the electroanaly-
tical performance of carbon-coated microneedle-based working
electrode. The obtained orange color cyclic voltammetry spectra
shown in Fig. 4e indicate a significant difference in the peak
current value after the deposition of carbon dots, suggesting
that micro-nano hierarchical structure facilitated by the carbon
dots on the microneedle surface has a notable effect on electron
transfer dynamics at the electrode interface. Further, the con-
sistency and stability of the as-developed three-electrode system
on the microneedle array can affect the real-time application and
performance of the device; thus, the electrochemical stability of
the carbon dots decorated carbon coated microneedle-based
working electrode was examined by collecting four cyclic voltam-
metry response scans. It was noted (Fig. 4f) that the cyclic
voltammetry response of all four scans was well overlapped,
suggesting the same oxidation and reduction peak for multiple
scans; this result confirms the desirable stability and electro-
chemical consistency of the developed microneedle-based sen-
sing platform. After understanding the electrochemical activity
and stability of the developed microneedle-based three-electrode
sensing system, the electrochemical analytical performance of
carbon dots-modified microneedle-based working electrode
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Illustration of skin penetration, electrochemical characteristics, and electrode stability of developed microneedle array-based sensing platform.

Illustration of (a) realistic photo and (b) optical microscopic image of clean and sanitized pig skin before skin penetration. Optical microscopic image of
microneedle arrays punctured pig skin (c) showing the insertion of working and counter electrode, and (d) showing the insertion of the reference
electrode and working electrode. (e) Cyclic voltammetry response of the as-developed three-electrode system on the microneedle array before and
after carbon dots deposition, and (f) multiple scans of carbon dots deposited carbon coated microneedle array in freshly prepared 3 mM ferricyanide
solution at a constant scan rate of 50 mV s%.
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towards varying concentrations (5-120 pM) of chlorpromazine
was examined via the differential pulse voltammetry method.
The collected differential pulse voltammetry spectra for increas-
ing concentrations of chlorpromazine are displayed in Fig. 5a. It
was noticed from the differential pulse voltammetry spectra that
the developed microneedle-based sensing system exhibited a
gradual increase in the peak current with increasing concen-
tration of chlorpromazine in the range from 5 to 120 pM.
Subsequently, the respective peak current values were plotted
corresponding to the increasing concentration of chlorproma-
zine; a linear correlation between the peak current and chlor-
promazine concentration was noted, with an R* value of 0.982 (as
demonstrated in Fig. 5b). Further, the lower detection limit was
determined through the equation 3s/M, where M represents the
slope and s denotes the standard error; it was found to be as low
as 0.09 uM. Further, Fig. 5¢ demonstrates the possible electro-
chemical reaction mechanism of chlorpromazine occurring on
the tip of microneedles. Although the electrochemical analytical
performance results of the developed microneedle-based sensing
platform confirmed the sensing potential of the probe, the
selectivity for chlorpromazine is also an important parameter
to assess the efficacy of an electrochemical sensing system.
As such, the selectivity assay was performed by evaluating the
change in current value in the presence of potential interferents,
including acetaminophen, ascorbic acid, dopamine, caffeine,
and uric acid; the differential pulse voltammetry response for
all interferents was obtained while adding a given amount
(50 uM) of interfering compound and keeping all other experi-
mental factors constant. The obtained spectra demonstrated
some changes in the peak current value for all of the interfering
compounds, as shown in Fig. 5d. All potential interfering
compounds used in the selectivity assay can indicate an oxida-
tion reaction on the electrode surface; we observed some peak
current for all interfering compounds. However, the value of the
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peak potential was different for the interferants, as shown in
Fig. S2 (ESIf). Even though the interferants exhibited some
current response, the peak current value for chlorpromazine
was significantly higher than the peak current value of other
interfering compounds. Consequently, these analytical study
results confirm that the proposed microneedle-based sensing
probe is highly sensitive and selective for chlorpromazine.

3.4 Real-time application in a skin-mimicking models and
long-term stability

After understanding the desired sensing capabilities of the
developed protective biopolymeric layer deposited carbon
dots-decorated carbon-coated microneedle-based sensing plat-
form, the real-time application potential and efficiency of the
microneedle-based sensor were further explored by detecting
chlorpromazine through a skin-mimicking parafilm layer in
artificial interstitial fluid and phantom gel model via the
differential pulse voltammetry technique. Fig. 6a shows the
realistic photograph of the experimental setup used for the real-
time application study. In this approach, a skin-mimicking
parafilm tape-wrapped Petri plate was filled with artificial
interstitial fluid and spiked with six different concentrations
of chlorpromazine; the corresponding differential pulse vol-
tammetry spectra were recorded between a potential window
ranging from —0.1 to 0.5 V at a potential step of 0.01 V. The
collected differential pulse voltammetry results (shown in
Fig. 6b) reveal a noticeable change in the peak current value
with the addition of chlorpromazine. Further, for the quanti-
tative estimation, a calibration curve (Fig. 6¢) was plotted
between these peak current values and the spiked chlorproma-
zine concentration, which showed the good linearity and
desirable sensitivity of fully assembled microneedle-based sen-
sing platform (Fig. 6c, inset) towards chlorpromazine. Further,
the real time sensing capabilities of the microneedle sensor
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Illustration of electrochemical reaction mechanism, sensing, and selectivity potential of developed microneedle array-based sensor. (a)

Differential pulse voltammetry response of the carbon dots-modified microneedle array electrode for increasing concentrations of chlorpromazine,
(b) corresponding calibration plot between the peak values and chlorpromazine concentration, (c) electrochemical reaction mechanism of chlorpro-
mazine on the surface of microneedle array, and (d) selectivity assay of developed sensing platform in the presence of potential interfering compounds.
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Fig. 6 Proof-of-concept demonstration of fully assembled microneedle sensor. (a) lllustration of a realistic photograph of experimental setup that was
utilized in the proof-of-concept demonstration for the detection of chlorpromazine through a skin-mimicking parafilm layer in artificial interstitial fluid,
(b) differential pulse voltammetry response of fully assembled microneedle sensor towards increasing concentrations of chlorpromazine, (c)
corresponding calibration plot between the peak values and chlorpromazine concentration (inset: Real photo of fully assembled microneedle sensor),
and (d) long-term stability of the developed microneedle array-based sensor.

were assessed by executing chlorpromazine detection in a
phantom gel model. It was studied from Fig. S1 (ESIt) that
the developed sensing platform sensor demonstrated a obvious
change in the current value for all concentrations of chlorpro-
mazine infused in the phantom gel and exhibited a good
linearity in the calibration plot (Fig. Sib, ESIt), suggesting
the on-body chlorpromazine detection potential of the sensor.
Next, the long-term stability of the fully assembled microneedle
sensor was evaluated by assessing the variation in the sensing
performance at five-day periods until twenty days. The obtained
results, shown in the bar graph (Fig. 6d), indicated that the
fabricated microneedle sensor retained 86% of the analytical
performance despite 20 days of storage. These results confirm
that the 3D-printed conducting microneedle array-based three-
electrode system developed in this study can readily detect the
micromolar levels of chlorpromazine under the skin with high
sensitivity and long-term stability.

4. Conclusions

We demonstrated a scalable manufacturing process for
the development of an electrochemical point-of-care device
containing a 3D-printed conducting microneedle array
for the minimally invasive sensing of chlorpromazine. The

This journal is © The Royal Society of Chemistry 2025

microneedle array exhibited high sensitivity, a low detection
limit, and desirable selectivity towards chlorpromazine, along
with good linearity in artificial interstitial fluid during a study
that involved penetration of a skin-mimicking parafilm layer.
The proposed sensor-on-microneedle technology was devel-
oped using two additive manufacturing procedures (3D print-
ing and inkjet printing) for painless skin penetration,
straightforward assembly, high reproducibility, low-cost man-
ufacturing, and scalable medical device production. The analy-
tical performance results and ease of fabrication of the
developed microneedle sensors indicate that such a novel
approach can be used to create different low-cost and single-
use electrochemical biosensors for biomolecule detection in
interstitial fluid. Future efforts will include the integration of a
multiplex sensing system onto the conducting microneedle
electrode array for the simultaneous detection of multiple
biomarkers, along with a fully integrated wearable patch with
battery and wireless electronics components.

Data availability

The data collected throughout the course of the study is
presented and detailed within the main sections of the
manuscript.
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