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The excessive production of reactive oxygen species (ROS) disrupts redox homeostasis, contributing to
the development of cardiovascular diseases. Among ROS, hydrogen peroxide (H,O,) serves as a key
mediator of oxidative signaling and a critical biomarker of cellular oxidative damage due to its relative
stability and signaling relevance. However, current detection strategies for ROS and H,O, often lack the
necessary sensitivity, selectivity, and real-time responsiveness, underscoring the urgent need for
advanced sensing platforms to support precision cardiovascular medicine. The research introduces a ROS
detection based on reduced graphene oxide-cobalt oxide-platinum (rGO-Co3O4-Pt) nanocomposites for
biological sample analysis. The nanocomposite platform enables H,O, detection down to 160 nM, with
linearity up to 2.50 pM. The platform showed acceptable analytical performance in terms of sensitivity,
repeatability, and selectivity, which enabled both ex vivo and in vivo H,O, monitoring. The method was
validated in doxorubicin (DOX)-induced cardiotoxicity models using HL-1 cells and C57BL/6J mice,
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portable analytical devices for real-world pharmacological applications. The technology enables real-time
therapeutic monitoring while optimizing individualized dosing and expanding its applications to cancer
treatment and diabetes management and neurological disorders.

1 Introduction

Chemically reactive molecules containing oxygen are known as
reactive oxygen species (ROS)." These molecules are by-pro-
ducts of normal oxygen metabolism, including superoxide
(0*>7), hydrogen peroxide (H,0,), hydroxyl radicals ("OH), and
hypochlorite (ClO™) and can function as signaling molecules
due to their rapid responsiveness to various stimuli.” However,
when their levels exceed the cell’s defense mechanisms, ROS
can induce harmful oxidative stress.®> Oxidative stress damages
cellular macromolecules such as lipids, proteins, and nucleic
acids, leading to impaired cell function and eventual cell
death.* This harmful process has been implicated in the
pathogenesis of a wide array of diseases, including cancer,
neurodegenerative disorders, and cardiovascular conditions.’
In the context of cardiovascular conditions, oxidative stress
plays a pivotal role in the development of numerous con-
ditions, such as atherosclerosis, myocardial infarction, and
heart failure.® Excess of ROS not only directly damages cardiac
cells but also triggers a cascade of inflammatory responses.” In
cardiovascular disease, ROS can be generated by various
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exogenous and endogenous factors such as environmental
toxins, radiation, inflammation, and certain medications such
as chemotherapeutic drugs.® Notably, the anthracycline doxo-
rubicin (DOX) is a well-known inducer of oxidative stress, par-
ticularly in the heart.® Although, DOX is a highly effective anti-
tumor agent used for treating various cancers, its clinical
application is limited by its dose-dependent and cumulative
cardiotoxicity, often referred to as the “Red Demon”.'® DOX
triggers oxidative stress within cardiac cells by generating
excessive ROS, which damages cellular components, leading to
mitochondrial dysfunction and activation of apoptotic (pro-
grammed cell death) pathways. The resultant cell death con-
tributes to the cardiac dysfunction, potentially culminating in
acute heart failure.'* Consequently, the mortality rate follow-
ing DOX therapy ranges from 10 to 38% after a single or cumu-
lative dose of 5-25 mg kg™, and increases significantly to 50%
within two years after chemotherapy.'> To mitigate DOX-
induced cardiotoxicity, researchers are exploring strategies,
including  antioxidants,"»'*  nanotechnology,”>  gene
therapies, mitochondrial protection strategies,"®'® and
optimized chemotherapy regimens,*’ to reduce cardiac risk
and enhance cardiac defenses. While these approaches are
promising to reduce cardiotoxicity, the detection of ROS in
DOX-induced cardiotoxicity stands out as a particularly
effective strategy. Detecting elevated ROS levels serves as an
early warning system for oxidative stress, enabling clinicians to
intervene before significant cardiac damage occurs.>' This
proactive approach allows for timely treatment adjustments,
such as modifying dosages or initiating protective therapies.
Detecting ROS levels also helps in monitoring the effectiveness
of interventions, risk stratification, and the development of
targeted therapies.

In light of the strong link between DOX-induced cardiotoxi-
city and oxidative stress, measuring H,O, levels in body fluids
could serve as an indicator of oxidative stress in both physio-
logical and pathological conditions.**** However, clinical
studies have yet to document H,0, levels in DOX-induced car-
diotoxicity. Efforts to measure H,0, in tumor tissues are chal-
lenged by its low concentration, short half-life, and high
chemical activity.>* Regular monitoring of H,0, levels would
allow early detection of cardiac injury before irreversible
damage occurs. Centralized laboratories techniques such as
spectrophotometry,” chromatography,® Surface-enhanced
Raman scattering (SERS),”” chemiluminescence®® and fluori-
metry*® have long been the gold standard for chemical and
biomolecular analyses. However, the healthcare landscape is
rapidly evolving due to social, economic, and technological
transformations, with a focus on improving diagnostics acces-
sibility, improving health standards, and ensuring timely inter-
Despite these advancements, many diagnostic
technologies remain inaccessible in low-resource settings,
prompting the World Health Organization (WHO) to establish
the ASSURED criteria (affordability, sensitivity, specificity,
user-friendliness, rapid and reliable performance, equipment-
free operation, and deliverability) for global diagnostic plat-
form development.®® In response, recent technological inno-

16,17

ventions.

26418 | Nanoscale, 2025, 17, 26417-26428

View Article Online

Nanoscale

vations have witnessed a paradigm shift towards lab-on-chip
(LOC) or point-of-care (POC) devices for various diagnostic
applications. Among these, fluorometric and chemilumines-
cence techniques have been explored for detecting H,O, levels
in ex vivo. However, the low sensitivity of these techniques,
along with the complexity of sample preparation, are a chal-
lenge for real-time, rapid measurements.>*

Given these limitations, electrochemical biosensors offer a
superior alternative, providing higher sensitivity, simpler
sample preparation, and faster, real-time detection of H,0,.*!
Electrochemical biosensors are cost-effective and portable,
aligning with WHO’s ASSURED criteria for low-resource LOC
or POC diagnostics. However, electrode performance can limit
sensitivity and detection. Researchers are enhancing electrodes
with nanomaterials, metal nanoparticles, and conductive poly-
mers to improve catalytic efficiency and electron transfer,
offering a viable alternative for improving detection sensitivity
and selectivity. Modifying electrodes with appropriate
materials has proven a viable alternative in boosting these
characteristics.> In the literature, remarkable examples of
nanomaterial-based electrochemical detection of H,O, have
been reported. For instance, Wang et al. detected H,O, by
modifying the electrode by AuNPs/ZIF-8@ZIF-67/GCE with
high catalytic activity, with a wide detection range of
0.05-120 pM and low limit of detection (LOD) 0.016 pM.** In
another study, Li and colleagues developed an electrochemical
sensor using rROGO-S-Au HS/GCE for H,0, detection, which
demonstrated a wide range, low detection limit, and high sen-
sitivity, making it promising for cancer diagnosis and real-
time monitoring of tumor progression, with a LOD of 5 uM.**
These studies highlight the capabilities of nanomaterials-
based electrochemical sensor for detection of H,0, reducing
the fabrication complexity, lowering costs and enhancing
scalability.

Among this, two-dimensional (2D) materials have emerged as
a promising platform for developing flexible and ultrasensitive
sensors. It is, therefore, not surprising that integrating func-
tional nanomaterials with electrochemical devices enhances sen-
sitivity and selectivity by tailoring surface functionalities for the
detection of H,O, in both in ex vivo and in vivo environments.
Notably, graphene, often referred to as the “mother” of all 2D
materials, stands out due to its biocompatibility and high electri-
cal conductivity.’® Despite its relatively recent development,
reduced graphene oxide (rGO)/metal oxide nanocomposites have
become the preferred choice for sensor development, offering
enhanced surface area, improved conductivity, and greater stabi-
lity.>® rGO acts as an ideal support material due to its high con-
ductivity, chemical stability, and ability to promote electron
transfer. While rGO provides an excellent conductive matrix and
large surface area, it lacks the catalytic activity, selectivity, and
efficiency required for the sensitive H,O, detection. The intro-
duction of cobalt oxide (Co;0,4) addresses the need for catalytic
activity in redox reactions,®” while platinum (Pt) enhances the
reaction kinetics and sensitivity. Thus, we hypothesized that
incorporating rGO, Co30,4, and Pt would significantly improve
the sensitivity and selectivity of H,O, detection. Here, we present
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Scheme 1 Schematic representation of the experimental workflow. (A)
Mouse HL-1 cardiac muscle cells are challenged with DOX as an ex vivo
model of acute oxidative stress. (B) Adult male C57BL/6J mice are used
for in vivo and ex vivo experiments to investigate chronic cardiotoxic
effects of DOX, analyzing heart tissues for ROS determination. (C) An
electrochemical sensor platform based on rGO-Cos0,4-Pt is employed
for sensitive detection of oxidative stress markers, enabling translation
to point-of-care diagnostic applications.

a novel, decentralized and miniaturized printed electrochemical
device modified with a rGO-Co;0,-Pt nanocomposite, for the
real-time detection of ROS in both ex vivo and in vivo models,
evaluating the oxidative stress induced by DOX treatment, which
can lead to cardiotoxicity. The device demonstrates a remarkable
accuracy in quantifying oxidative stress, advancing beyond
current methods in managing and evaluating therapeutic
efficacy, as illustrated in Scheme 1. The proposed multidisciplin-
ary approach paves the way for new frontiers in pharmacological
screening at the POC, reducing time-consuming and costly pro-
cedures. The case study described here represents the starting
point for novel application, for both in vivo and implantable
nanomodified analytical devices, for the pharmacological
administration and the personalized therapies, aimed at improv-
ing therapy adherence and validating new treatments.

2 Experimental section
2.1 Chemicals and apparatus

Conductive inks (Ag/AgCl and graphite) were acquired from
Acheson (Italy). Hydrogen peroxide, Acetaminophen, dopa-
mine, glucose, ascorbic acid, and tert-butyl hydroperoxide,
sodium acetate, potassium chloride, and potassium ferrocya-
nide were procured from Sigma Aldrich (Italy). Cobalt acetate
tetrahydrate, platinum chloride, ammonia water, and ethanol
were procured from Sigma Aldrich (Malaysia). All the chemi-
cals used in this study were of analytical grade and
used without additional processing or modification.
Electrochemical analysis was executed employing a PalmSens
portable potentiostat (Palm Instruments, The Netherlands).

This journal is © The Royal Society of Chemistry 2025
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The complete electrochemical experiments were accomplished
at room temperature. All the working solutions were prepared
with double-distilled water from Millipore.

2.2 Ex vivo cell culture and reagents

Mouse HL-1 cardiac muscle cells (Merck Millipore) were cul-
tured in 75 cm?® culture flasks (Falcon, Germany) that had
been precoated with a solution of 0.02% gelatin (Sigma
Chemical, cat. number: G-9391) and 5 pg mL™" fibronectin
(Sigma Chemical, cat. number: F-1141) to promote cell
adhesion and ensure optimal growth conditions. The cells
were maintained in Claycomb medium (cat. number 51800C,
Sigma Aldrich), specifically formulated for HL-1 cell growth.
This medium was supplemented with 2 mM glutamine
(i-glutamine, cat. number: A29168-01, Gibco), 100 U mL™*
penicillin, and 100 pg ml™' streptomycin (PenStrep, cat.
number: 15140-122, Gibco) to maintain sterility and prevent
bacterial contamination. Additionally, 100 pM norepinephrine
(Sigma Chemical) was added to support cellular function, and
10% Fetal Bovine Serum (FBS, cat. number: 16000044, Gibco)
was included to provide necessary growth factors and nutri-
ents. For cardiotoxicity experiments, DOX was sourced from
Sigma-Aldrich, Segrate, Milan, Italy. It was dissolved in
dimethyl sulfoxide (DMSO, Sigma-Aldrich, Segrate, Milan,
Italy) to prepare a solution suitable for experimental use. DOX
was employed as a model compound to study the cardiotoxic
effects of chemotherapy drugs on cardiac cells.

2.3 Manufacturing of polyester-based printed strips

Screen-Printed Electrodes (SPEs) were manufactured on a poly-
ester substrate using a semi-automatic screen-printing system
(Model GPE/2; Type AP05). The fabrication involved two main
steps, conducted at 100 °C for 30 minutes. First, a pseudo-
reference electrode was printed using silver ink (Ag/AgCl,
Electrodag 477 SS) and dried in an oven at 100 °C for
30 minutes. Next, the working and counter electrodes were
printed with graphite ink (Elettrodag 421) under controlled
environmental conditions. The working electrode featured a
diameter of 0.4 cm, resulting in a geometric area of 0.07 cm>.
Prior to electrochemical experiments, adhesive tape was
applied to define the contact area of the electrode and to insu-
late the electrical connections.

Synthesis of rGO-Co;0,. Graphene oxide (GO) was prepared
following a simplified version of Hummers’ method, as
described in the previous work.*® For the synthesis of reduced
graphene oxide-cobalt oxide (rGO-Co;0,), 1 mmol of cobalt
acetate tetrahydrate was dissolved in 10 mL of deionized (DI)
water and then gradually added to a 20 mL suspension of GO
(1 mg mL™") under constant stirring. Subsequently, 5 mL of a
platinum chloride solution was introduced into the mixture
while stirring continuously. After stirring for 30 minutes,
15 mL of ammonia solution was added dropwise with continu-
ous stirring. The mixture was then stirred for an additional
30 minutes and transferred to a 100 mL Teflon-lined autoclave
for a microwave-assisted hydrothermal reaction at 180 °C for
10 minutes, with a heating rate of 5 °C per minute. The result-
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ing precipitate was collected, thoroughly washed with DI water
and ethanol, and freeze-dried. The same procedure was
applied for synthesizing rGO-Co;0, and Co30,, both with and
without the addition of platinum salt and GO, respectively.

2.4 Characterization

The morphological characteristics of the individual specimens
—Co030,, 1GO-C030,4, and the rGO-Co;0,-Pt nanocomposite-
were analyzed using a Hitachi TEM system integrated with an
energy-dispersive X-ray spectrometer (EDX/EDS). X-ray diffrac-
tion (XRD) measurements were conducted on a PANalytical
X'Pert3 powder diffractometer, utilizing Cu-Ka radiation (4 =
0.15406 nm) at 40 kv and 30 mA, covering a 26 range of 5-80°.
The surface properties of the rGO-Co;0,-Pt nanocomposite
were characterized using a Thermo Scientific K-Alpha XPS
system, maintained at a chamber pressure below 5 x 107°
mbar. The instrument operated in large-area XL magnetic lens
mode with pass energies set at 150 eV for survey scans and 20
eV for high-resolution scans. Spectra were acquired at a 90°
electron take-off angle relative to the surface plane, with high-
resolution peaks fitted using the algorithms provided in the
ThermoVG Avantage software. Binding energies were deter-
mined by referencing the internal C1s signal at 284.9 eV.

2.5 Preparation of rGO-Co3;0,-Pt nanocomposite dispersion

DI was used to prepare rGO-Coz;0,-Pt nanocomposite aliquots
at a concentration of 1 mg mL™". These aliquots were sub-
sequently employed to modify the working electrode for
further electrochemical studies. A 8 pL from each aliquot was
applied onto the taped SPEs to fabricate the electrode.

2.6 Electrochemical measurements

The PalmSens4 portable potentiostat/galvanostat/impedance
analyzer was used for conducting electrochemical measure-
ments using a 100 pL drop of the working solution. First the
cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) experiments were conducted to evaluate the
electrochemical performance of the bare SPEs, rGO/SPEs,
Co030,4/SPEs, Pt/SPEs, rGO-Co3;04/SPEs, and rGO-Co;0,-Pt/
SPEs. The electrolyte used for these tests was a 5 mM solution
of potassium ferricyanide/potassium ferrocyanide [Fe(CN)s]* 7~
in 0.1 M KCl. Additionally, square wave voltammetry (SWV)
experiments were performed with rGO-Co3;0,-Pt/SPEs in 0.1 M
KCl containing up to 2.5 pM hydrogen peroxide.

The same electrochemical technique was employed to
measure ROS levels in HL-1 cardiomyocytes (control and DOX-
treated cells) as well as in heart tissue obtained from mice
treated with DOX (20 mg kg™") or control. In both ex vivo cell-
line studies and in vivo animal experiments, 80 pL of cells or
tissue resuspended in Dulbecco’s PBS solution was applied to
the working area of the rGO-Co;0,-Pt/SPEs.

2.7 Cell viability assay

The methyl-thiazolyl-tetrazolium (MTT) reagent was used to
assess cell viability by detecting functional mitochondria in
living cells. HL-1 cells (1.5 x 10" cells per well) were seeded

26420 | Nanoscale, 2025, 17, 26417-26428

View Article Online

Nanoscale

into 96-well plates, starved in serum-free medium for 6 hours,
and subsequently incubated with 2-5 pM DOX for 4 hours.
Control cells were treated with 0.1% DMSO. Next, 5 pL of MTT
reagent (5 mg mL™") was added to each well, followed by incu-
bation at 37 °C for 4 hours. Formazan salts produced were dis-
solved by adding 100 pL of a solution containing 50% (v/v)
N,N-dimethylformamide and 20% (w/v) sodium dodecyl
sulfate (pH 4.5). After 24 hours of incubation at 37 °C, absor-
bance was measured at 550 nm. Viability variations were deter-
mined by normalizing the optical density (OD) values of
treated cells to those of the controls.

2.8 Measuring cellular ROS via fluorescence

Cellular ROS levels were assessed using fluorescence in cells
plated in 96-well microtiter plates at a density of approximately
2 x 10* cells per well. After a 6-hour incubation, the cells were
stimulated by exposing them to 2 pM DOX for 3 hours, indu-
cing oxidative stress and inflammatory damage. ROS pro-
duction triggered by DOX was evaluated through intracellular
detection of the fluorescent probe 2',7'-dichlorofluorescein
(DCF). Inside the cells, DCF undergoes hydrolysis by esterases,
which remove its acetate group, trapping the probe within the
cytoplasm. Oxidation of DCF produces fluorescence directly
proportional to the total ROS generated. In this assay, HL-1
cells exposed to DOX were incubated with 5 pM DCF in DMSO
for 30 minutes at 37 °C in the dark. Afterward, the cells were
rinsed twice with 1x PBS, and fluorescence was measured
using the Promega GloMax Explorer Microplate Reader with
excitation and emission wavelengths of 488 nm and 525 nm,
respectively. ROS levels were quantified using a DCF standard
curve prepared in DMSO (0-1 mM).

For electrochemical ROS analysis, cells were seeded in P6-
well plates at a density of 5.0 x 10° cells per well. After reaching
70-80% confluence, the cells were serum-starved in a serum-
free medium for 6 hours before being stimulated with DOX
under the same conditions described above. Following 3 hours
of DOX treatment, the cells were collected in 1x PBS, and ROS
levels were measured using electrochemical biosensors.

2.9 In vivo animal study

Eight-week-old adult male C57BL/6] mice were procured from
Charles River Laboratories in Milan, Italy. The mice were
assigned to experimental groups and received DOX at a dosage
of 5 mg kg™* via intraperitoneal (i.p.) injection once a week for
4 weeks, resulting in a total cumulative dose of 20 mg per kg
per animal. At the end of the study, the mice were humanely
euthanized under general anesthesia with 2.5% isoflurane
inhalation, followed by cervical dislocation. Heart tissues were
collected and homogenized in PBS 1x (40 mg of tissue per
100 pl) to measure ROS levels using biosensors.

All animal care and experimental procedures were con-
ducted in accordance with both national and international
guidelines and approved by the Local Animal Care Office
(Centro Servizi Veterinari, University of Naples Federico II,
Italy) and the Italian Ministry of Health under protocol no.
36/2024-PR on January 9, 2024. Animal studies were performed

This journal is © The Royal Society of Chemistry 2025
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in compliance with the Italian D.L. (No. 26 of 4 March 2014) of
the Italian Ministry of Health and the EU Directive 2010/63/EU
for animal experiments, ARRIVE guidelines 2.0, and the Basel
declaration, including the 3Rs concept.

2.10 Statistical analysis

Data are reported as mean + SEM. Normality was assessed
using the Shapiro-Wilk test. For both ex vivo and in vivo experi-
ments, comparisons between two groups were evaluated with
an unpaired Student’s ¢-test. In vivo analyses used n = 5-6
animals per group; in ex vivo results derive from three inde-
pendent experiments, each performed in duplicate. Statistical
significance was set at p < 0.05. All analyses were performed in
GraphPad Prism 10 (GraphPad Software, San Diego, CA, USA).

3 Results and discussion
3.1 Morphological characterization

Morphological characterization was conducted using high-
resolution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED), and energy-dispersive
X-ray spectroscopy (EDS). HRTEM analysis provided detailed
insights into the physical structure of the nanomaterials
across various fabrication stages. Fig. 1A, with a magnified
inset, shows the well-defined cubic morphology of Co;0,. This
nanocubic structure is recognized for its superior electro-
chemical performance, enhancing electron transport and pro-
viding multiple active sites during catalytic reactions.*® Fig. 1B
presents the rGO-Co;0, nanocomposite, where the cubic mor-
phology of Coz;0, is retained but dispersed across the rGO
sheet. The rGO acts as a conductive substrate with a high
surface area, facilitating uniform nanoparticle distribution
and preventing aggregation.*® Fig. 1C depicts the rGO-Co;0,

Fig. 1 Characterization of the rGO-Co30,4-Pt nanocomposites. (A) TEM
image of CosO4 nanoparticles displaying cubic morphology. (B) TEM
image of the rGO-Coz0O,4 nanocomposites, indicating uniform distri-
bution of Coz0,4 nanoparticles on graphene sheets. (C) TEM image of
the rGO-Co304-Pt nanocomposites, demonstrating the integration of Pt
nanoparticles. (D) High-resolution TEM and SAED patterns confirm the
crystalline structure of CozO,4 and Pt. (E) EDS analysis verifies the pres-
ence of Co, Pt, O, and C, with elemental mapping illustrating their
spatial distribution within the nanocomposites.
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nanocomposite modified with Pt nanoparticles (rGO-Coz0,-
Pt), revealing cubic Co;O, nanoparticles decorated with
smaller Pt nanoparticles. It is evident from Fig. 1D, that the Pt
nanoparticles were decorated on the cubical surface of Co;0,.
The incorporation of Pt enhances catalytic properties by
improving the availability of reactive sites on the rGO-Co30,
surface.*! The selected area electron diffraction (SAED) pattern
(Fig. 1D inset) reveals the crystallinity and phase structure of
the rGO-Co;0,-Pt nanocomposite. Energy-dispersive X-ray
spectroscopy (EDX) analysis (Fig. 1E) identifies the elemental
composition of the rGO-Co;0,-Pt sample. The spectrum shows
peaks for carbon (C) from rGO, oxygen (O) from rGO and
C030,, cobalt (Co) from Co;0,, and platinum (Pt) from nano-
particles, confirming the formation of the rGO-Co;0,-Pt nano-
composite. Elemental maps depict the distribution of these
elements in the material.

3.2 Structural characterizations

The X-ray diffraction (XRD) patterns of the three samples-
C030, (red), rGO-Co3;0, (black), and rGO-Co;0,-Pt (blue)-
exhibit characteristic diffraction peaks corresponding to the
distinct phases of the materials, as shown in Fig. 2A.

The primary diffraction peaks of Co;O, are observed at 26
values of approximately 19° (111), 31.5° (220), 36.8° (311), 45°
(400), 59.3° (422), and 65.2° (511), indicating a high degree of
crystallinity. These results are consistent with the reported in
the literature.*>*> The XRD pattern of the rGO-Co;0, sample
exhibits peaks characteristic of Co;0, with slightly reduced
intensity compared to pure Co;0,. This reduction aligns with
prior findings on the impact of rGO on the crystallization be-
havior and structural properties of nanocomposites. The XRD
pattern of the rGO-Co;0,4-Pt sample shows minor changes in
peak intensities. However, distinct Pt diffraction peaks are not
observed, likely due to overlap with Co;0, peaks or the low Pt
content producing weak signals.

The rGO-Co;04-Pt nanocomposite surface was analyzed
using X-Ray Photoelectron Spectroscopy (XPS) to determine
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Fig. 2 Characterization of rGO-Co304-Pt nanocomposites by XRD and
XPS. (A) XRD patterns confirm the crystalline structure of Co304 and the
incorporation of rGO and Pt nanoparticles into the nanocomposites. (B
and C) XPS spectra of Co 2ps,, indicate and Co 2p. (D-F) XPS O 1s
spectra.

Nanoscale, 2025, 17, 26417-26428 | 26421


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr03297k

Open Access Article. Published on 03 November 2025. Downloaded on 2/11/2026 12:29:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

the structure and valence states of carbon (C), oxygen (O),
cobalt (Co), and platinum (Pt), as shown in Fig. 2(B-F). The
prominent C 1s peak at 284.5 eV confirms the presence of sp-
hybridized carbon in the rGO framework, indicating the
effective reduction of GO.** The O 1s peak at 530-532 eV
corresponds to oxygen, originating from the Co;0, phase and
residual oxygen-containing functional groups in the rGO
structure.*>**> The Co 2p;, and Co 2p, peaks at approxi-
mately 780 and 795 eV are characteristic of cobalt in Coz0y,,
reflecting a combination of Co** and Co®" oxidation states.*®
The observed peaks confirm the formation of cobalt oxide in
the nanocomposite. A weak peak at 70-80 eV verifies the pres-
ence of platinum in the sample.*”*® The analysis shows that
Co;0, and Pt effectively functionalized the rGO matrix,
forming a well-integrated rGO-Co3;0,4-Pt nanocomposite.

3.3 Electrochemical characterization of the rGO-Co;0,-Pt
nanocomposite as a sensing platform

CV and EIS studies were performed to evaluate the electro-
chemical behavior of bare SPE and modified electrodes (rGO/
SPE, Co03;0,/SPE, Pt/SPE, rGO-Co03;0,/SPE, and rGO-Co;0,-Pt/
SPE) in 5 mM [Fe(CN)J**~ solution prepared in 0.1 M KCI.
The electrochemical behavior of the electrodes was evaluated
using CV by comparing the cathodic peak current (I,,.) and the
potential difference (AE) between the anodic and cathodic
peaks, as shown in Fig. 3A.

The unmodified SPE exhibited the lowest cathodic current
(Inc = —34 pA; AE = —0.4 V), indicating slow electron transfer
kinetics and low electrochemical activity. Modifying the elec-
trode with nanocomposites improved performance. rGO/SPE
showed a slight improvement (I,. = —41 pA, AE = —0.3 V),
while Co;0,/SPE demonstrated further enhancement (I,. =
—48 pA, AE = —0.2 V). Pt/SPE achieved I,,. = =53 pA with AE =
—0.2 V. The rGO-Co;0,/SPE modification resulted in the
highest current (I,. = —64 pA) and a low AE of —0.2 V. The
rGO-Co;0,-Pt/SPE electrode exhibited the highest perform-
ance, with I,. = —87 pA and AE = —0.3 V, reflecting significant
improvements in electron transfer kinetics and reaction rever-
sibility compared to the bare SPE and other modifications.
The CV curves show well-defined oxidation and reduction
peaks for the redox species, confirming that the electrode
operates via a surface-controlled process.

The Nyquist plot of EIS (Fig. 3B) reveals charge transfer re-
sistance (R.) and electrochemical behavior. The bare SPE
(black) showed the largest semicircle, indicating the highest
R.: and poor conductivity. Modified electrodes exhibit pro-
gressively smaller semicircles, reflecting improved perform-
ance. The rGO/SPE (red) shows reduced R.;, while Co;0,/SPE
(blue) and Pt/SPE (green) further decrease impedance. The
rGO-Co30,/SPE (orange) demonstrates significant improve-
ment due to synergistic effects, and rGO-Coz;0,-Pt/SPE (olive
green) has the smallest semicircle, indicating the lowest R.

The CV and EIS data demonstrate that the rGO-Co;0,-Pt
nanocomposite exhibits enhanced current response and
reduced charge transfer resistance, making it highly suitable
for electrochemical sensing applications.

26422 | Nanoscale, 2025,17, 26417-26428

View Article Online

Nanoscale
(i) A
<§ 100
g 0
-801 5
Y100
<
i -0.5 0 0.5
- Potential /V
C
g
b
35 -40- -
S 40 e q.q
m O
S s
L O é 1
s (@) = o
3 o S & Q o
o_
B
Y @ Bare
® GO
9 @ Co504
° 9Pt
12000 ° 2 1GO-Co,04
) @ rGO-Co;0,-Pt "
~ 9 o900 e
: * ag’ %o ° (i
N 60007 Ca¥ o 293090
' °ay Pt
g
'\.F
0_
zi/kq 80
0 10000 20000 30000
Zr / kQ

Fig. 3 Electrochemical performance evaluation of various electrode
configurations: bare SPE (black), rGO/SPE (red), Co30,4/SPE (blue), Pt/
SPE (green), rGO-Co304/SPE (orange), and rGO-CozO4-Pt/SPE (olive
green). (A) CV results presented as a bar graph showing peak current
responses for each electrode. Insert (i) CV curves of the individual elec-
trodes. Experimental conditions for CV: tequitibration = 0 S, Epegin = —0.8 V,
Evertex1 = —0.8 V, Eyertexz = 0.8 V, Egtep = 0.01V, scan rate = 0.05 Vs (B)
Nyquist plots of EIS data. Insert (ii) magnified view of the low-resistance
region. Experimental conditions: frequency range from 0.1 Hz to 65 000
Hz with 59 points. Both EIS and CV were conducted in 0.1 M KCl con-
taining 5 mM [Fe(CN)gl>~/4~.

3.4 Electrochemical behavior toward H,0, detection

Cyclic voltammograms were recorded in 0.1 M KCl with and
without 5 mM H,0, (Fig. 4A-F). The bare SPE showed only a
slight increase in cathodic current (—16 + 0.2 to —21 + 0.4 pA),
indicating poor catalytic activity. Introducing rGO gave a
modest improvement (—11 + 0.4 to —22 * 0.3 pA), whereas
Co3;0, produced a more substantial change, nearly doubling
the current (—18 + 0.4 to —35 + 0.4 pA), consistent with its
intrinsic electrocatalytic role. Pt modification enhanced the
response further (—22 + 0.2 to —51 + 0.4 pA), as expected for
peroxide reduction. The rGO-Co;0, composite increased the
signal again (—23 + 0.2 to —54 * 0.2 pA), reflecting complemen-
tary conductivity and cobalt redox activity. The ternary

This journal is © The Royal Society of Chemistry 2025
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Experimental conditions: tequiiibration = 0 S, Epegin = —0.8 V; Eyertexs = —0.8
V; Evertexo = 0.8 V; Egep = 0.01V; scan rate = 0.05 V st

rGO-Co3;0,-Pt nanocomposite delivered the largest response
(=31 + 0.3 to =71 + 0.4 pA), underscoring the combined
benefits of high conductivity, accessible redox sites, and cata-
lytic efficiency. Together, these trends clarify the contribution
of each component and highlight the superior performance of
the integrated ternary system.

3.5 Sensing principle

The SPE modified with rGO-Co;0,-Pt nanocomposites exhibits
the highest redox activity compared to the bare electrode and
electrodes modified with rGO, Co30,, Pt, or rGO-Co;0, compo-
sites. The CV results revealed that the bare SPE exhibited
minimal redox activity, indicating its limited ability to catalyze
the electrochemical reduction of H,0,. However, modification
with rGO nanomaterial significantly enhanced catalytic activity
due to its two-dimensional structure.”® Similarly, Co;0,/SPE
demonstrated improved charge transfer properties by providing
Co**/Co®" sites that enhance electron transfer reactions, thereby
boosting catalytic activity for H,O, reduction.’® Platinum nano-
particles provide highly active sites for the direct, low-overpoten-
tial, two-electron electroreduction of H,0,, giving early onset
and large cathodic currents in neutral/alkaline media. The
appropriate half-reaction for near-neutral conditions is:>!

H,0, + 2 — 20H™
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H,0, can be reduced on Coz0, via an inner-sphere CE/ECE
pathway that keeps cobalt out of the net stoichiometry. H,0,
adsorbs at basic lattice-oxygen sites (enhanced by
O-vacancies), deprotonates to a surface hydroperoxo (=Co-
OOH), then undergoes coupled electron-transfer steps to com-
plete the two-electron reduction.’**® Together, electrically
wired parallel pathways on Pt and Co3;0,, enabled by the rGO
scaffold, yield superior sensitivity, faster electron transfer kine-
tics, and a lower operating potential for the rGO-Coz;O,-Pt
nanocomposite compared with bare, rGO only, Co;0, only, Pt
only, or rGO-Coz0, electrodes.

3.6 Analytical performance in standard solutions

Concentration studies up to 5 mM were conducted using the
CV technique at a scan rate of 50 mV s (Fig. 5A), following
the confirmation of the strong electrocatalytic performance of
rGO-Co;0,-Pt/SPEs for H,0, reduction. The CV curves reveal a
linear rise in peak current with increasing H,0, concen-
trations (see insert i), signifying a diffusion-controlled electro-
chemical process. This indicates the effective interaction of
H,0, with the electrode surface, enabled by the high surface
area of rGO, the catalytic properties of Coz;0, and the
enhanced sensitivity provided by Pt. A sensitivity of 6.01 *
0.17 pA mM~' (R* = 1) indicated a strong linear correlation
between cathodic current and hydrogen peroxide concen-
tration. However, CV is less suitable for quantitative analysis
due to lower sensitivity, broader peaks, and higher background
currents, which reduce the accuracy. To overcome these limit-
ations, SWV was used, offering sharper peaks, enhanced fara-
daic signals, and reduced background interference for
improved quantitative analysis.>*

The rGO-Co3;0,-Pt/SPEs exhibit a sharp increase in peak
current with increasing H,O, concentrations (up to 2.5 pM) in
0.1 M KCl, as shown in Fig. 5B. The linear calibration curve in
the inset (insert ii) confirms the sensitivity of the modified

Current/ pA
Current/ pA

T3 5
H0,)/ i (0 M

-120

Potential /v Potential V.
Fig. 5 Electrochemical response of rGo-CozO4-Pt/SPEs for H,O,
detection at different concentrations: (A) CV studies of rGo-Coz04-Pt/
SPEs using concentrations of hydrogen peroxide up to 5 mM. Inset (i)
illustrates the linear relationship between the current and H,O, concen-
tration. Experimental conditions: tequitibration = 0 S, Epegin = —0.8 V; Evertext
= —0.8V; Evertexe = 0.8 V; Egtep = 0.01 V; scan rate = 0.05 V s7L (B) SWV
of the electrochemically activated rGo-Coz0O4-Pt/SPEs in 0.1 M KCl con-
taining different concentrations of H,O, (up to 2.5 uM). Insert (ii) shows
the calibration curve of current versus H,O, concentration, confirming a
strong linear correlation in the lower micromolar range. Experimental
conditions: tequitibration = 0'S, Epegin = 0.0 V; Eeng = —0.6 V, Egep = 0.001
V; with an amplitude of 0.025 V and a frequency of 25.0 Hz.
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electrode for H,O, detection, demonstrating a direct corre-
lation between peak current and H,0O, concentration. This lin-
earity suggests diffusion-controlled electrochemical behavior,
consistent with other rGO-based composites, where high
surface area and conductivity enhance electron transfer. The
increased sensitivity shows that SWV is better than CV for
precise analysis. The LOD was calculated using the formula
LOD = 3o03/s, where o represents the standard deviation calcu-
lated for blank measurements, and s is the slope of the cali-
bration curve. The limit of quantification (LOQ) was calculated
as LOQ = 3.3 x LOD. In this study, the blank measurement
standard deviation was 0.06, giving an LOD of about 160 nM
and an LOQ of 0.54 pM. The performance of the rGO-Co3;0,-Pt
composite in detecting H,0, was compared to several other
reported H,O, sensors (Table 1).

As summarized in Table 1, the rGO-Co3;0,-Pt/SPE platform
complements state-of-the-art H,0, sensors not only in analytical
sensitivity but, critically, in stability, selectivity, and in vivo
usability. Selectivity is maintained at the low operating potential
used here, with minimal response to common electroactive
interferents in complex matrices, contrasting with many reports
optimized primarily in simple electrolytes. Most notably, our
sensor supports continuous measurements in biologically rele-
vant settings (cardiomyocytes and murine heart-tissue homogen-
ate, with in vivo validation), whereas a substantial fraction of
Table 1 examples is limited to buffer, environmental, or bench-
top biological models without in vivo operation.

3.7 Selectivity study

Selectivity of the printed rGO-Co;0,-Pt/SPEs strips was assessed
against common electroactive interferents (5 uM each; Fig. 6,
insert i) in both 0.1 M KCl and serum. Hydrogen peroxide eli-
cited a pronounced cathodic response (~—10 pA), whereas
Acetaminophen, dopamine, glucose, ascorbic acid, and tert-butyl

Table 1 Electrochemical sensors for H,O, detection
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Fig. 6 The electrochemical detection of ROS in DOX-treated and
control HL-1 cardiomyocyte cells. Inset (i) the bar graph shows the
selectivity of rGO-Co30,4-Pt nanocomposite sensor for H,O, compared
to others Acetaminophen, dopamine, glucose, ascorbic acid, and tert-
butyl hydroperoxide in 0.1 M KCl solution and serum; inset (i) SWV
curves for DOX-treated and control HL-1 cardiomyocyte cells.
Experimental conditions: tequiiibration = 0 S, Epegin = 0.0 V; E¢ng = —=0.6 V,
Estep = 0.001 V; with an amplitude of 0.025 V and a frequency of 25.0
Hz.

hydroperoxide produced signals near baseline. The small cur-
rents observed for the other interferents were each less than
10% of the H,0, response, confirming the high selectivity of the
sensor toward H,0,. The close agreement between buffer and
serum measurements indicates minimal matrix effects, support-
ing applicability of the sensor in biological environments.

Detection Linearity range
Electrode material Technique limit (uM) (»M) Real-sample application Ref.
Graphene with MOF-on- CV and EIS 0.06 0.1-3800 Human gingival crevicular fluid samples; 55
MOF nanozymes environmental water
Fe;04/graphene on carbon  CV and EIS 4.79 10-110 Not specified 56
cloth
Pt nanoparticles on CV and 0.38 0.4-10 Serum samples 57
graphene oxide chronoamperometry
SnO, nanofibers-supported Chronoamperometry 6.67 49.98-3937.21 Tap water, apple juice, Lactobacillus 58
Au nanoparticles plantarum, Bacillus subtilis, and
Escherichia coli
RGO/Au/Fe;0,/Ag Amperometric Detection  1.43 2-12 000 Hair dye cream 59
nanocomposite
MXene-Co;0, LSV 0.5 0-75 Cancer cell-lines 60
nanocomposites
Micro & nano-CeO,/GCE CV and amperometry 0.4 0.001-0.125 NA 61
HRP/HAp5-fCNT/GC Chronoamperometric 2 10-234 Raw-milk and pasteurized milk samples 62
detection
CuCo-Cu@CoCH Amperometric 0.97 1-100 HepG2 human liver cancer cells 63
nanoarray
rGO-Co;0,-Pt CV, EIS & SWV 0.16 0-2.5 DOX induced cardiac cell lines and mice  This
nanocomposite heart tissue work
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3.8 Batch-to-batch reproducibility, reusability and short-term
storage study

The batch-to-batch consistency and reproducibility of the
printed rGO-Co;0,-Pt electrodes were evaluated following pro-
cedures reported in recent electrochemical sensor studies.®*
Across four fabrication batches, the mean cathodic currents
were —123.5, —107.8, —113.7, and —-119.2 pA. The corres-
ponding %RSD values were 1.1-3.3%, indicating excellent
batch to batch reproducibility (Fig. S1).

Together, they show that our printing process yields consist-
ent sensors, while longer term stability still needs to be evalu-
ated. Reusability of the printed electrodes was assessed by
recording successive responses to H,O, on the same strip
across three cycles (Fig. S2). At 0.2, 0.4, and 0.6 uM H,0,, the
first-use cathodic currents were —2.13, —2.84, and —3.75 A,
respectively. Upon reuse, the responses decreased to —1.44,
—1.72, and —2.31 pA in the second cycle, and further to —1.17,
—1.39, and —1.66 pA in the third cycle. The attenuation is plau-
sibly due to partial electrode fouling and/or minor detachment
of the catalytic layer; despite this, the strips remain suitable
for short-term repeated measurements.

Storage stability of the printed rGO-Co;0,-Pt strips was eval-
uated following the protocol of Xiong et al.®® After 2 days, the
electrodes retained approximately 91% of their initial response
at 0.2 uM H,0, and 87% at 0.4 pM, indicating robust short-
term stability of the printed nanocomposite (Fig. S3). Together
with their reproducibility and reusability, these data support
the strips’ suitability as practical, scalable platforms for ROS
monitoring in biological settings.

3.9 Ex vivo real samples analysis

To assess the performance of the rGO-Co;0,-Pt/SPEs platform
in a biological environment, SWV was used to evaluate oxi-
dative stress in HL-1 cardiac cells under control conditions
and following DOX challenge. DOX causes cardiotoxicity by
generating excessive ROS, disrupting cellular homeostasis and
damaging lipids, proteins, and DNA. It also triggers calcium
dysregulation in cardiomyocytes, leading to oxidative stress
and impaired cardiac function.®®®” As illustrated in Fig. 6, the
rGO-Co;0,-Pt-modified electrode exhibited significantly higher
current responses in DOX-treated cells compared to either the
bare electrode or untreated cells. These data clearly show that
DOX increases ROS production, confirming the onset of oxi-
dative stress and highlighting the sensitivity of the nano-
composites in effectively detecting H,0,. As expected,
untreated control cells showed a low or negligible response.
These results validate the selectivity of the rGO-Co;0,4-Pt/SPEs
platform, demonstrating its ability to minimize false-positive
signals in the absence of elevated ROS. This selectivity is
crucial for reliably distinguishing between normal and
stressed cellular states.

3.10 Invivo and ex vivo studies

To assess the potential of the rGO-Co;0,4-Pt/SPEs platform for
in vivo applications, we evaluated its ability to monitor H,0,
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levels in heart tissues of mice treated with DOX, used as model
of cardiotoxicity. All animal experiments were carried out
under Italian Ministry of Health authorization 36/2024-PR and
in accordance with applicable regulations. Fig. 7A shows that
the rGO-Co;0,-Pt-modified electrode detected significantly
higher currents in samples obtained from DOX-treated mice
compared to both control mice and the bare electrode, indicat-
ing elevated H,O, levels due to increased oxidative stress.
Heart tissue obtained from control mice showed minimal
current responses, confirming low H,O, levels and the selecti-
vity of rGO-Co30,-Pt/SPEs. The results demonstrate that the
rGO-Co3;0,-Pt/SPEs platform effectively detects elevated oxi-
dative stress levels in heart tissue of DOX-treated mice, con-
firming its high sensitivity and selectivity for monitoring oxi-
dative stress in vivo. This highlights its potential for appli-
cations in studying ROS-related pathologies and diagnostics.
The capability of the rGO-Co;0,-Pt/SPEs platform to
monitor oxidative stress was supported by the evaluation of
cell viability and ROS production in HL-1 cardiomyocytes
treated or not with DOX (2 pM). DOX challenge significantly
increased ROS production with no changes in cell viability of
HL-1 cardiomyocytes, as shown in Fig. 7B. Light microscopy
images (Fig. 7C) revealed morphological changes in DOX-

treated cells, compared to control cells. Fluorescence
A B
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°
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Fig. 7 (A) Potential of rGO-Co304-Pt/SPEs for in vivo monitoring of
H,0, in DOX-induced cardiotoxicity animal model. Inset (i) displays the
corresponding SWV curves, with a sharp signal increase in the DOX-
treated group; (B) ex vivo assessment of cell viability and ROS production
in DOX-treated HL-1 cardiomyocytes; (C) light microscopy images of
HL-1 cardiomyocytes: control vs. DOX treatment; (D) fluorescence
microscopy for ROS detection in HL-1 cardiomyocytes.

Nanoscale, 2025,17, 26417-26428 | 26425


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr03297k

Open Access Article. Published on 03 November 2025. Downloaded on 2/11/2026 12:29:20 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

microscopy (Fig. 7D) confirmed elevated ROS levels in DOX-
insulted cells, with minimal fluorescence observed in controls.
These results demonstrate the platform’s ability to detect ROS
variations and oxidative stress caused by DOX, that is crucial
for understanding cardiotoxic effects.

The results show a strong correlation between the perform-
ance of the proposed rGO-Co;0,-Pt/SPEs biosensor and the tra-
ditional fluorescence-based method for detecting ROS in cells
and tissues. This consistent alignment confirms the biosensor
as a dependable and sensitive tool for monitoring cellular oxi-
dative stress. Its ability to deliver results comparable to the tra-
ditional fluorescence assay underscores its potential for wider
use in ROS research and diagnostics.

Although no murine model fully recapitulates human cardi-
otoxicity, our chosen regimen-DOX 5 mg kg™ i.p. weekly for
four weeks (20 mg kg™" total), is among the best-documented
and validated mouse protocols for anthracycline cardiotoxicity.
It consistently elicits mitochondrial dysfunction, oxidative
stress, and structural myocardial injury, supporting mechanis-
tic studies of ROS-mediated damage.®®7°

4 Conclusions

This study successfully highlighted the design, characteriz-
ation and application of the novel nanocomposite rtGO-C030,-
Pt in combination with printed electrochemical strips for the
detection of ROS in both ex vivo and in vivo models. ROS plays
a significant role as a signalling molecules in physiological
and pathological processes, whose variation is connected to
and serves as an important marker for oxidative stress in the
development and progression of atherosclerosis and other
cardiovascular diseases. This nanoengineered sensing plat-
form has been able to evaluate the real-time variation of ROS
in both DOX-challenged cells and mice, demonstrating high
selectivity and sensitivity in complex biological environments,
minimizing false positives in the absence of elevated ROS
amount. Satisfactory agreement with traditional fluorescence-
based methods highlights the biosensor’s accuracy and useful-
ness, successfully distinguishing between normal and stressed
cells and tissues. This approach provides a robust foundation
for advancing real-time ROS monitoring, thereby driving pro-
gress in cardiovascular research, oxidative stress diagnostics,
and the development of novel therapeutic interventions for
ROS-related diseases. This approach shows strong promise for
wider disease management, including oncology. Portable,
user-friendly analyzers built on nanomaterial-enabled sensors
could support on-treatment monitoring of efficacy, dose titra-
tion, and patient-specific pharmacodynamic responses,
thereby accelerating drug discovery and therapeutic develop-
ment. The in vivo proof-of-concept is encouraging, but long-
term biocompatibility and tissue retention/clearance must still
be established. Our next phase will integrate wireless readout
and extend continuous recordings beyond 24 hours.

Our printed rGO-Co3;0,-Pt/SPE strips confirm the feasibility
of real-time ROS monitoring, but clinical translation is prema-
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ture. Key hurdles include ensuring biocompatibility, prevent-
ing Pt leaching, achieving durable in vivo stability, and
meeting regulatory requirements for implantable sensors.
Accordingly, this work remains a proof-of-concept; future
studies must address these constraints before clinical
application.
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