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Cholesterol (Ch) plays a crucial role in the cell membrane structure and metabolic processes, including
hormone and bile acid biosynthesis. However, an abnormally high Ch level in the blood is a major risk
factor for cardiovascular disease, the leading cause of global mortality, highlighting the need for accurate
and sensitive Ch detection. In this study, we designed a straightforward, cost-effective, and robust
quantitative approach for Ch detection using a chitosan/reduced graphene oxide/magnetite (CS/rGO/
FesO4)-modified copper-printed circuit board (Cu-PCB) electrode. The proposed electrode was
fabricated by depositing a CS/rGO/FesO,4 composite onto Cu-PCB's surface via the electrodeposition
(FTIR)
scanning electron

technique. The obtained electrode was characterized using Fourier transform infrared
(XRD),
microscopy (FESEM), atomic force microscopy (AFM), and cyclic voltammetry (CV) techniques. The
proposed electrode was used for the detection of cholesterol via CV, which exhibited a linear range of
100-300 mg dL7?, sensitivity of 0.160 pA pM~t cm™2, limit of detection of 0.149 uM, and limit of

quantification of 0.496 uM. The fabricated electrode also displayed satisfactory results when detecting

spectroscopy, X-ray diffraction Raman spectroscopy, field-emission

cholesterol in blood serum samples compared with conventional laboratory analysis. Finally, the
developed electrode showed excellent agreement with laboratory reference methods (R? = 0.99947),
confirming the accuracy and practical applicability of the proposed platform for serum cholesterol analysis.

1. Introduction
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Recently, cholesterol detection in blood serum has become
increasingly important due to its potential impact on human
health. Cholesterol (Ch) is a lipid compound that serves as
a precursor for the synthesis of steroid hormones, bile acids,
and vitamin D and facilitates the absorption of fat-soluble
vitamins.' Despite its health benefits, insufficient amounts of
Ch can lead to hypolipoproteinemia, sepsis, starvation, hyper-
thyroidism, and hepatic illness. In contrast, excessive levels of
Ch in the blood are associated with serious health problems,
including coronary heart disease (cardiovascular, CVD), stroke,
and hypertension.” These ailments are the predominant causes
of mortality globally. In 2020, the World Health Federation
(WHEF) reported that around 17.9 million people die every year
from cardiovascular disease (CVD).* Meanwhile, Indonesia
contributed the highest prevalence of death from stroke and
CVD, around 19.42% and 14.38%, respectively.* Therefore,
developing methods that are prompt, precise, and highly
sensitive and selective for detecting blood cholesterol levels is
essential for preventing and managing the risk of CVD.

Many analytical methods have been developed for detecting
and measuring Ch levels, such as fluorescence biosensing,>®
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chemiluminescence,”® colorimetry,” spectrophotometry, enzy-
matic method, high-performance liquid chromatography,' and
electrochemical methods.”™ The spectrophotometric and
enzymatic methods are not inherently slow, complex, or costly;
however, the use of an enzyme immobilised on an electrode
surface had limitations because the enzyme is easily denatured
during the immobilisation stage.'* In addition, the fluorescence
method has garnered significant attention due to its sensitivity,
stability, and ease of operation; however, its application in
biological materials is constrained by interference from the
inherent fluorescence of biological tissues and scattered
light.>*> Unlike the previous platforms, electrochemical
methods, especially cyclic voltammetry (CV), offer novel
approaches for cholesterol detection owing to their practicality,
rapidity, cost-effectiveness, and enhanced linearity, limit of
detection (LOD), limit of quantification (LOQ), sensitivity and
selectivity compared with currently available methods.*>***¢*#
Furthermore, CV commonly employs three types of electrodes
(counter, reference, and working). The principle of CV is related
to redox mechanisms, reaction kinetics, and analyte interac-
tions at the working electrode (WE) surface. This technique
measures the electric current generated by redox reactions on
the surface of an electrode when a potential is repeatedly
applied over a certain range. As a result, the obtained electric
current will be interpreted as the concentration of the analyte
under investigation.'**

Copper printed circuit board-based electrodes (Cu-PCB) have
been utilised in electrochemical applications as working elec-
trodes (WE), especially in biomolecule detection, due to their
low cost, ease of fabrication, and compatibility with miniatur-
ized sensing platforms.?"** In an effort to enhance the detection
efficacy, surface modification of the WE is required. To date, the
use of metal-oxide nanomaterials as electrode modifiers has
been popular because of their chemical stability and electro-
catalytic properties, which can promote electron transfer during
redox reactions and consequently improve the detection
sensitivity.”

Among various chemical materials, the application of metal
oxide-based materials for Ch detection is attracting substantial
interest because of the superior electrocatalytic capabilities,
remarkable chemical stability, and ability to enhance electron
transfer during redox reactions.>** Moreover, these
phenomena can improve the detection sensitivity. The metal
oxides that have been utilised for Ch detection include ZnO,**
TiO,,*” Fe;0,,%® Cu0,? Cu,0,* Cu,S,** NiO,** and SnO, (ref. 33)
due to their wide band gap. However, although several CS/rGO/
metal oxide composites have been reported, the specific role of
Fe;0, within this framework has not been systematically
investigated. Owing to its mixed-valence Fe**/Fe*" structure and
relatively high electrical conductivity, Fe;O, may act as an effi-
cient mediator for interfacial electron transfer, thereby
improving the electrochemical response of the sensing
platform.

Magnetite (Fe;0,) has attracted significant attention for
cholesterol (Ch) sensing owing to its favourable biocompati-
bility, low toxicity, superparamagnetic behaviour, and facile
synthesis. Fe;0, is a semiconductor material with a moderate
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band gap (E, = 2.08 eV at 300 K), enabling its use in electro-
chemical sensing applications. The presence of Fe**/Fe*" redox
couples within its crystal structure facilitates efficient electron
exchange, thereby enhancing the electrochemical oxidation
response to target analytes.** However, despite its advantages,
Fe;04-based cholesterol detection often suffers from poor
reproducibility and interference effects arising from the non-
specific adsorption of proteins, glucose, and metal ions in
complex biological matrices such as blood serum, which can
reduce the detection accuracy and sensitivity.

To address these challenges, Fe;O,-based Ch detection can
be achieved by adding carbon-based nanomaterials, surface
functionalisation with organic ligands, or immobilized within
polymeric matrices. Therefore, adding carbon-based nano-
materials such as rGO is required to enhance the efficacy of
Fe;0,.

In recent years, reduced graphene oxide (rGO) has attracted
attention because of its exceptional electrical conductivity, large
active surface area, and excellent charge-transfer capability.**=’
rGO is an aromatic carbon single-layer nanomaterial, which is
composed of sp>hybridised carbon atoms arranged in
a honeycomb lattice configuration.*® In addition, rGO has
favourable biocompatibility, high chemical stability, and ease of
functionalisation.*® In 2019, Phetsang et al. reported that the
functionalization and combination of rGO with metal oxides
can significantly improve the electrochemical performance of
composites compared to single components.** Thereby, inte-
grating rGO and Fe;O, can improve the conductivity and
interfacial electron-transfer kinetics of composite materials in
detecting Ch. However, the direct applying of Fe;O,/rGO
nanocomposite into Cu-PCB substrates presents significant
challenges regarding poor adhesion and mechanical stability,
which can compromise sensor reproducibility during electro-
chemical measurements.

To overcome these limitations, chitosan (CS) is introduced
as a functional polymeric matrix. CS is a naturally abundant
biopolymer composed of p-glucosamine and N-acetyl-p-glucos-
amine units and is well known for its excellent film-forming
ability, biocompatibility, non-toxicity, and mechanical robust-
ness. Importantly, CS facilitates the strong adhesion of nano-
materials to the surface of electrodes and provides functional
groups capable of chelating metal oxides, thereby enhancing
the stability of composites.

In this work, CS is employed to immobilize Fe;0,/rGO
composites onto a Cu-PCB electrode, forming a stable and
conductive sensing interface. Within this composite, Fe;O,
primarily functions as an electron-transfer mediator that
promotes surface-assisted cholesterol oxidation, rGO provides
efficient charge-transport pathways, and CS ensures structural
stability and reproducibility, particularly in serum-based
measurements. Therefore, the rational integration of CS, rGO,
and Fe;0, is motivated by the need to overcome the stability,
interference, and reproducibility limitations of existing non-
enzymatic Ch sensors, enabling the sensitive and reliable Ch
detection.

Next, ionic gelation and stirring methods were utilised to
combine CS, rGO, and Fe;O, due to its simplicity, ease of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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control, and ability to produce a homogeneous composite and
enhance electron affinity during the reaction.*>** Meanwhile,
the resulting CS/rGO/Fe;0, composite was further deposited
onto the sensitive area of the Cu-PCB-based WE using the
electrodeposition technique.

The electrodeposition technique has been widely applied for
depositing various materials, such as metals, metal oxides, and
composites onto the surface of electrodes through electro-
chemical reactions in an electrolyte containing the target
ions.**** Interestingly, this technique has several benefits,
including straightforward and time-efficient procedure and low
cost. Likewise, this method can control the layer thickness and
morphology using the current, potential, deposition time, and
the solution concentration is also managed.*

Previous studies have reported diverse methodologies for
detecting cholesterol in blood serum via electrochemical
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techniques, achieving high sensitivity, rapid response time, and
low sample consumption. Nainggolan et al. reported the
detection of Ch based on a chitosan/reduced graphene oxide/
manganese dioxide-modified electrode.® Furthermore, Will-
yam et al. reported the use of B-cyclodextrin/Fe;O, nano-
composites for the fabrication of an electrochemical non-
enzymatic cholesterol sensor, where the BCD/Fe;O, nano-
composite exhibited a linear range of 0-150 uM and an LOD of
2.88 uM.* In addition, the electrochemical detection of Ch was
performed using Fe;O0,/APTES/PAMAM.* In another study, Ch
measurements were conducted using CIT-BCD@Fe;0, based
on electrochemical and computational studies with an LOD
value of 3.93 uM.*"’

Despite these advances, challenges related to electrode
stability, interfacial charge-transfer efficiency, and reproduc-
ibility in complex biological matrices remain. In this report, we
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Fig. 1 Schematic of the synthesis of the CS/rGO/Fez0O4-modified Cu-PCB electrode: (a) preparation of the CS, rGO and FezO,4 solutions, (b)
preparation of the CS/rGO/FezO4 composite, and (c) fabrication of the CS/rGO/FezO4-modified Cu-PCB.
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designed an approach to detect the Ch concentration in blood
serum using a chitosan/rGO/Fe;0, composite-modified Cu-PCB
electrode. The fabricated electrode was systematically charac-
terised to determine its structural and morphological proper-
ties, and its electrochemical performance was evaluated to
assess its suitability for sensitive and reliable cholesterol
detection.

2. Experimental
2.1 Material

The copper PCB substrate was obtained from Commanditaire
Vennootschap (CV) Al-Tronic, Medan, Indonesia. Additionally,
commercial cholesterol reagent, hydrochloric acid (HCI), glacial
acetic acid (CH;COOH), phosphate buffer saline (PBS) solution
pH 7, and deionized water (DI) were purchased from Merck.
Chitosan, magnetite (Fe;0,), and reduced graphene oxide (rGO)
were procured from Sigma-Aldrich. Blood serum samples con-
taining cholesterol were donated by Drs. H. Amri Tambunan
Hospital, Deli Serdang, Indonesia.

2.2 Preparation of CS/rGO/Fe;0, composite

In this step, ionic gelation and stirring methods were utilised to
prepare the CS, rGO, and Fe;0, solutions (Fig. 1a). Briefly, 1.5 g
of CS powder was dissolved in 100 mL of 2% (v/v) CH;COOH
and stirred on a magnetic stirrer at room temperature for 24 h.
The obtained CS solution was sonicated at 20 kHz for 1 h and
then kept in a cooling room at approximately 4 °C-8 °C.
Secondly, an rGO suspension (1%, (1 mg mL™ ")) was diluted
using deionized water to obtain 250 mg L' rGO, where 25 mL
of 1% rGO suspension was added to 100 mL of deionized water.
After that, the resulting 250 mg L' rGO solution was homo-
genised and sonicated at 20 Hz for 2 h. The determination of an
rGO concentration of 250 mg L~ was supported by earlier
research conducted by Sembiring et al. (2023)* and Nainggolan
et al. (2024)," which indicated that this concentration repre-
sents the optimal condition for utilising rGO as a sensing
material in electrochemical applications. Furthermore, a solu-
tion of 75 mg L™ " Fe;0, was prepared by dissolving 3.75 mg of
Fe;0, powder in 50 mL of 37% (v/v) HCI and then stirring at
room temperature for 30 min. A similar method was employed
to prepare Fe;O, solutions with concentrations of 90, 105, and
120 mg L™°.%

The CS/rGO/Fe;0, composites were prepared by mixing
10 mL of CS solution and 10 mL of rGO solution under
continuous stirring at 200-300 rpm for 24 h, followed by
ultrasonication for 1 h. Next, the prepared CS/rGO composite

Table 1 Composition of the CS/rGO/FesO4 composite

CS (%) rGO (mg L) Fe;0, (mg L)
10 mL (10 mL) (10 mL)

1.5 250 75

1.5 250 90

1.5 250 105

1.5 250 120
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was added to the Fe;0, solution at the concentrations specified
in Table 1 under continuous stirring at 200-300 rpm for 24 h,
followed by ultrasonication.™ A schematic of the preparation of
the CS/rGO/Fe;0, composite is displayed in Fig. 1b.

2.3 Fabrication of chitosan/rGO/Fe;0,-modified copper
printed circuit board electrode

Firstly, the Cu-PCB substrate used for electrode fabrication was
prepared with dimensions of 15 mm x 15 mm X 2 mm. The
exposed working electrode area was defined as 35 mm? (0.35
cm?) and served as the geometric surface area in contact with
the electrolyte. This area was kept constant for all experiments
to ensure consistent impedance behavior and reliable compar-
ison of electrochemical responses. The CS/rGO/Fe;0,-modified
Cu-PCB electrode was fabricated via the electrodeposition
method. Briefly, 20 mL of CS/rGO/Fe;O, composite was
prepared in a 50 mL glass beaker. Next, the electrodeposition
equipment was assembled, with a two-electrode configuration,
consisting of an anode and a cathode, as shown in Fig. 1c. After
that, the unmodified Cu-PCB electrode was positioned between
the cathode and anode sides at room temperature. During the
electrodeposition process, electrical current was flowed at
a voltage of 2.5 V for 5 min. Initially, the current increased due
to charge transfer and nucleation at the electrode-electrolyte
interface, followed by a gradual decrease and stabilization in
the ampere range (approximately 10~ ). The quasi-steady
current behavior suggests the formation of a uniform and
stable composite layer on the Cu-PCB working electrode. Next,
the resulting CS/rGO/Fe;O,-modified Cu-PCB electrode was
dried in an oven at 60 °C for 60 min.

2.4 Commercial cholesterol reagent and blood serum
preparation

Firstly, 5 mL of commercial cholesterol reagent was diluted
using 50 mL of phosphate buffer solution (PBS, pH = 7.0).
Following that, various concentrations of Ch (100, 150, 200, 250,
and 300 mg dL™"') were prepared. These concentrations were
selected to ensure relevance to physiological conditions while
maintaining a linear electrochemical response. Meanwhile,
blood serum samples were used as real samples and were
directly analyzed without the addition of cholesterol reagent.
Prior to measurement, the serum samples were gently homog-
enized and subjected to cyclic voltammetry and electrochemical
impedance spectroscopy under the same experimental condi-
tions as the standard solutions. The cholesterol concentrations
obtained from the electrochemical measurements of blood
serum were compared with the corresponding laboratory
reference values to evaluate the accuracy of the proposed
sensor.

2.5 Characterisation

To determine the functional groups present in the samples,
they were characterized using a Fourier-transform infrared
(FTIR) spectrophotometer (IR Prestige-21 Shimadzu, Japan) at
the Integrated Laboratory of Lampung University, Indonesia.
The scans were conducted at wavenumbers ranging from 450-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4000 cm ™. The structural properties of the synthesized mate-
rials were examined using X-ray diffraction (XRD) on a Bruker
AXS D8 Advance diffractometer employing Cu Ka radiation (A =
1.5406 A) at the Integrated Laboratory of Kalimantan Institute
of Technology, Indonesia. Raman spectra were recorded using
a LabRAM HR Evolution Raman Spectrometer from HORIBA
Scientific with a 532 nm excitation laser at the Cryo EM
Laboratories-RAMAN, National
Agency, Indonesia. In addition, field-emission scanning elec-
tron microscopy-energy dispersive X-ray (FESEM-EDX) spec-
troscopy analysis was performed to observe the microscopic
deformation of each sample. In this study, the FESEM images
were recorded using a Bruker microscope at an accelerating
voltage of 10.0 kV. The assessment of the topographical of the
modified Cu-PCB electrode was carried out utilising atomic
force microscopy (AFM, Park NX10 type) operated in non-
contact mode. Topographic images were acquired over a 5 um
x 5 pm area with high resolution, enabling visualisation of

Research and Innovation

surface features in detail down to the nanometer scale.

2.6 Electrochemical performance determination

Electrochemical testing of the modified Cu-PCB electrode was
carried out utilising cyclic voltammetry (CV) with a CorrTest
Electrochemical Workstation at the Analytical Laboratory,
Faculty of Mathematics and Natural Sciences, Universitas
Sumatera Utara, Indonesia. The CV setup consisted of a three-
electrode system comprising a reference electrode (Ag/AgCl),
an auxiliary electrode (Pt) and a working electrode (chitosan/
rGO/Fe;04-modified Cu-PCB). The experimental configuration
involved a potential window of —1 V to +1 V. Subsequently, PBS
(pH = 7) was used as the supporting electrolyte for initial tests
at scan rates of 50, 75, and 100 mV s~ *. After that, the optimum
scan rate and modified electrodes were used to evaluate the
electrochemical properties in various concentrations of
commercial Ch reagent and blood serum containing Ch.

3. Results and discussion
3.1 FTIR analysis

The chemical functional groups in the CS, CS/rGO, and CS/rGO/
Fe;04-modified Cu-PCB electrodes were analysed using FTIR
spectroscopy. Fig. 2a—c present the spectra of pure CS, the CS/

View Article Online
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rGO-modified Cu-PCB electrode, and the CS/rGO/Fe;0,-modi-
fied Cu-PCB electrode, respectively. Fig. 2a displays absorption
bands at 3442.9 cm %, 2079 cm ', 1637.5 cm ', and
1278.8 cm ™" corresponding to hydroxyl groups, C-H bonds in -
CH,, amide I, and C-H functional group, respectively, demon-
strating the properties of pure CS. After incorporating rGO into
the CS matrix, the CS/rGO-modified Cu-PCB electrode (Fig. 2b)
showed a noticeable change in the O-H stretching region at
3450.6 cm~ ', This modification is commonly associated with
hydrogen-bond interactions between the hydroxyl groups of CS
and the oxygen-containing functional groups of rGO, suggesting
a physical interaction between the two components rather than
the formation of new covalent bonds.”*® Therefore, these
results confirm that rGO is well distributed within the CS
matrix. On the other hand, the FT-IR spectrum of the CS/rGO/
Fe;04-modified Cu-PCB electrode (Fig. 2¢) shows an absorption
band at approximately 549.7 cm ™', which is attributed to Fe-O
stretching vibrations. This characteristic band qualitatively
confirms the incorporation of Fe;O, into the CS/rGO composite.
In addition, the overall FTIR spectral features remain consistent
with those of CS-based composites, indicating that Fe;0, and
rGO are successfully embedded within the chitosan matrix
without altering its fundamental chemical structure.>® Collec-
tively, the FTIR results provide qualitative evidence supporting
the successful formation and deposition of the CS/rGO/Fe;0,
composite on the Cu-PCB electrode. Further structural,
morphological, and electrochemical characterizations were
performed to evaluate the properties of the fabricated
electrodes.

3.2 XRD analysis

XRD was performed to study the crystallographic structure of
the samples. The XRD patterns of CS, the CS/rGO-modified Cu-
PCB electrode, and the CS/rGO/Fe;0,-modified Cu-PCB elec-
trode are presented in Fig. 3. Fig. 3a shows the XRD pattern of
CS, where the broad peak indicates that CS has a semi-
crystalline structure due to intramolecular and intermolecular
hydrogen interactions in the polysaccharide chain. The main
peak at around 20° corresponds to the (110) crystalline plane.*
Furthermore, the XRD pattern of the CS/rGO-modified Cu-PCB
electrode is similar to that of pure CS, showing only one
broad diffraction peak at 26 = 21.1°, which corresponds to the
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Fig. 2 FT-IR spectra of (a) pure CS, (b) the CS/rGO-modified Cu-PCB electrode, and (c) the CS/rGO/FesO4-modified Cu-PCB electrode.
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amorphous state of CS (Fig. 3b). The absence of the typical rGO
peak indicates that the regular and periodic structure of rGO
becomes more disordered due to the formation of a randomly
oriented 3D network. In addition, the incorporation of rGO into
the CS matrix has little effect on the crystalline properties of CS,
indicating that most physical interactions occur between rGO
and CS.*> Next, the XRD pattern shows peaks at 260 = 14° and
20°, which indicate that the nanocomposite still maintains its
crystallinity.> Following the introduction of Fe;O, into the CS/
rGO composite (Fig. 3c), sharp diffraction peaks are observed at
20 = 30.41°, 36.5°, 42.7°, 53.5°, 58.39°, and 60.4°, which
correspond to the (220), (311), (400), (422), (511), and (440)
crystal planes****** of the face-centered cubic (FCC) structure of
Fe;0,, respectively.”>*® These peaks are consistent with the
standard pattern for crystalline magnetite with a spinel struc-
ture. This indicates that CS modification does not cause
a change in the Fe;O, phase.”” Moreover, the changes in the
XRD pattern of CS indicate the successful CS/rGO/Fe;0, copo-
lymerization. The results indicate that the composite exists in
crystalline form.

3.3 Raman analysis

Raman analysis was performed to identify the chemical struc-
ture and interactions between the components in the CS, CS/
rGO, and chitosan/rGO/Fe;O, materials,*® as presented in
Fig. 4a-c, respectively. Based on the obtained spectra, pure CS
shows a peak at 1348 cm ™", corresponding to the deformation
vibration (CH,).”>*° Meanwhile, the Raman signal for the amine

60 80 10( 0 20 40 60 80 100

20 (%) 20 ()

XRD patterns of (a) pure CS, (b) the CS/rGO-modified Cu-PCB electrode, and (c) the CS/rGO/FesO4-modified Cu-PCB electrode.

group (NH,) in CS is located at 1593 cm™.** The signals in the
range of 2800-3000 cm™ " usually originate from the stretching
vibration of the CH or CH, groups.®” These peaks indicate the
presence of an intact natural polymer structure, including -OH
and -NH, groups, which are the main characteristics of CS. This
is in line with reports that chitosan has characteristic vibra-
tional bands associated with C-H, C-O, and NH, groups in its
vibrational spectrum. The high intensity of the peaks in the
spectrum of chitosan indicates that this material has many
active vibrational modes, thus producing strong Raman signals.

In the chitosan/rGO sample (Fig. 4b), two important peaks
appear at around 1350 cm ™' (D band) and 1582 cm ™" (G band),
although with relatively low intensity. The D band is related to
structural defects (disorder) in carbon, while the G band is
related to the hexagonal lattice vibrational mode of graphite.®
The presence of these two bands is evidence that rGO has been
successfully integrated into the CS matrix.

Furthermore, the Raman spectrum of the chitosan/rGO/
Fe;0, composite shows a combination of the characteristics of
all its components (Fig. 4c). The D and G bands of rGO are still
present, indicating that the graphitic structure is maintained.
In addition, a peak appears in the region of 580-700 cm ™,
arising from Fe-O vibrations, which is a characteristic of Fe;0,
(magnetite). The presence of these peaks confirms that the
Fe;0, nanoparticles have been successfully integrated into the
composite system. Fe-O vibrations in this range have been re-
ported as a key indicator of the presence of an Fe;O, phase in
various graphene-based composites.* In addition, the shifts in
the peak position and intensity changes indicate the presence of

(a) | [—chitosan| (b) [——chitosanireo]  (C) —— Chitosan/rGO/Fe.0,
L ‘ I L L
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Fig. 4 Raman spectra of (a) pure CS, (b) the CS/rGO-modified Cu-PCB electrode, and (c) the CS/rGO/FesO4-modified Cu-PCB electrode.
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Fig. 5 FE-SEM images of (a) CS, (b) the CS/rGO-modified C-PCB electrode, (c) the CS/rGO/FezO4-modified Cu-PCB electrode with 75 mg Lt
Fes0,, (d) the CS/rGO/Fes0,4-modified Cu-PCB electrode with 90 mg L™ FesO,, (e) the CS/rGO/FezO,4-modified Cu-PCB electrode with
105 mg L™! FesO., and (f) the CS/rGO/Fes04-modified Cu-PCB electrode with 120 mg L™ FezO,.

chemical interactions between the components, such as cross-
linking between CS and rGO, which can be explained by the
slight shift in the N-H bending peak from 1665 to 1582 cm ™,
and further support the fact that CS, containing O-H and N-H
groups, can interact with rGO through electrostatic

interactions.®®

3.4 FESEM-EDX studies

Fig. 5 presents the microscopic morphology of CS, the CS/rGO-
modified Cu-PCB electrode, and the CS/rGO/Fe;O,-modified
Cu-PCB electrode at 1000 00x magnification, indicating the
presence of major gaps. Fig. 5a illustrates that pure CS exhibits
a smooth surface with a uniform structure. In addition, it has
small pores, making it an ideal base for combining with other
materials, such as rGO or Fe;0,4, to improve its functional
properties. On the other hand, the introduction of rGO caused
the surface structure of CS to become rougher, as shown in
Fig. 5b. This is because the rGO layers distributed on top of the
CS matrix, signifying that the hydroxyl and amino groups in CS
establish physical interactions (hydrogen bonds) with the
oxygen-containing functional groups in rGO. However, this
phenomenon does not change the performance of the CS/rGO
composites; fortunately, rGO can increase the surface area of
these materials, increasing their potential for sensor applica-
tions, especially in detecting Ch."> Conversely, Fig. 5c-f reveal
more complex images, exhibiting the successful fabrication of
the CS/rGO/Fe;0,-modified Cu-PCB electrodes. It is possible
that there are intense physical interactions among CS, rGO and
Fe;0,. Additionally, these characteristics are also influenced by
the superparamagnetic property of Fe;O,. Nevertheless, the
surface roughness does not have a substantial impact on the
efficacy of the CS/rGO/Fe;0,-modified Cu-PCB electrode in Ch
detection. Instead, it will enhance its potential for detecting Ch.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The elemental composition of the prepared materials was
analyzed via EDX, as shown in Fig. 6, and the quantitative
results are summarized in Table S1 (see the SI), indicating that
the pure chitosan film exhibits carbon and oxygen contents of
52.8% and 47.2%, respectively. Meanwhile, the contents of
hydrogen and nitrogen were not detected due to the limitations
of EDX in detecting light elements. Nevertheless, this limitation
does not compromise the validity of the compositional analysis,
as the detected carbon and oxygen contents remain consistent
with the expected theoretical composition of chitosan and its
composites when hydrogen and nitrogen are excluded. The
relative proportions of carbon and oxygen are in good agree-
ment with literature-reported values, confirming that the
fundamental chemical structure of CS is preserved.®

Upon the incorporation of rGO into the chitosan matrix, the
carbon content significantly increases to 76.4%, accompanied
by a decrease in oxygen content to 23.6%. This trend clearly
indicates the successful integration of rGO, which is rich in sp*-
hybridized carbon, into the polymer matrix. The reduction in
oxygen content also suggests partial removal of oxygen-
containing functional groups during the reduction of gra-
phene oxide, enhancing the electrical conductivity of the
composite.®”

For the CS/rGO/Fe;0,-modified electrodes, the presence of
Fe confirms the successful incorporation of Fe;O, nanoparticles
into the composite system. As the Fe;O, concentration
increases from 75 to 120 mg L™, the Fe content gradually rises
from 9.4% to 18.3%, accompanied by a systematic decrease in
carbon content from 48.3% to 39.1%. This trend reflects the
progressive loading of Fe;O, onto the CS/rGO matrix, which
partially replaces the carbon-rich components.**

Interestingly, the oxygen content remains relatively constant
(~42-43%) across all the Fe;0,-containing samples, suggesting
that the oxygen contributions originate not only from chitosan
but also from the Fe;O, structure and residual oxygen

RSC Adv, 2026, 16, 28113-28130 | 28119
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Fig. 6

(a) FE-SEM image of CS and EDS elemental mapping of (b) C and (c) O. (d) FE-SEM image of the CS/rGO-modified Cu-PCB electrode and

EDS elemental mapping of (e) C and (f) O. (g) FE-SEM image of the CS/rGO/FezO4-modified Cu-PCB electrode with 75 mg L~! Fes04 and EDS
elemental mapping of (h) C, (i) O, and (j) Fe. (k) FE-SEM image of the CS/rGO/Fe30,4-modified Cu-PCB electrode with 90 mg L™ Fes0,4, and EDS
elemental mapping of (1) C, (m) O, and (n) Fe. (o) FE-SEM image of the CS/rGO/FezO4-modified Cu-PCB electrode with 105 mg L~ FesOy, and
EDS elemental mapping of (p) C, (q) O, and (r) Fe. (s) FE-SEM image of the CS/rGO/Fez04-modified Cu-PCB electrode with 120 mg L~ Fe304 and

EDS elemental mapping of (t) C, (u) O, and (v) Fe.

functional groups in rGO. The stable oxygen percentage indi-
cates that the composite maintains its functional groups, which
are essential for interfacial interactions and electrochemical
activity.

Overall, the EDX results confirm the successful stepwise
formation of CS, CS/rGO, and CS/rGO/Fe;O, composites. The
increasing Fe content and corresponding decrease in carbon
fraction provide strong evidence of Fe;O, incorporation, while
the high carbon content in CS/rGO demonstrates the effective
integration of rGO, which is expected to enhance the electron
transport properties. These compositional changes are consis-
tent with the improved electrochemical performance observed
in subsequent analyses.

3.5 AFM analysis

AFM analysis of the CS/rGO/Fe;0,-modified Cu-PCB electrodes
was carried out to explore the overall morphological changes in
the CS/rGO/Fe;O, composite films due to variations in the

28120 | RSC Adv, 2026, 16, 28113-28130

Fe;0, concentration. Meanwhile, the AFM topographical
images of pure CS and the CS/rGO-modified Cu-PCB electrodes
were previously discussed in our earlier publication.”* The
results demonstrated that the topography of pure CS is rela-
tively smooth, while the incorporation of rGO produced
a rougher and more irregular morphology due to the electro-
static interaction between the amine groups of CS and the rGO
surface, which increased the sheet thickness without altering
the rGO monolayer structure. Furthermore, the AFM topo-
graphical images of the proposed electrodes are shown in Fig. 7,
and the evaluation of the AFM characteristics of the proposed
electrodes, involving the areal roughness parameter (S,), root
mean square roughness (RMS/S), skewness (Sq), and excess
kurtosis (Siy), is summarized in Table S2 (see the SI). Based on
Table S2, it can be seen that the S, and S values increase with
an increasing Fe;O, concentration from 75 to 120 mg L™". This
indicates that Fe;O, particles play a significant role in forming
a rougher and more textured surface due to the increase in the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Topography AFM images of the (a) CS/rGO/FesO4-modified Cu-PCB electrode with 75 mg L™ Fez0,, (b) CS/rGO/Fes04-modified Cu-
PCB electrode with 90 mg L~! FesOu, (c) CS/rGO/Fez0O4-modified Cu-PCB electrode with 105 mg L~! FesOy4, and (d) CS/rGO/Fes04-modified

Cu-PCB electrode with 120 mg L™* Fez0.,.

number of Fe;O, particles distributed in the CS/rGO matrix. At
a concentration in the range of 75-90 mg L', the S, value
appears relatively moderate, indicating that Fe;0, is still well
dispersed in the matrix; however, at elevated concentrations
(=105 mg L"), there is an increase in the S, and S, values,
indicating the agglomeration of Fe;O, particles, which results
in the appearance of sharp peaks on the surface of the films.
Moreover, the Sg. parameter increased from 0.61 to 3.19,
confirming the surface roughness trends observed from the S,
and Sy values. A positive S indicates that the surface is
dominated by protruding peaks rather than valleys. These
results are consistent with the findings of Singh et al. (2024),
who reported that slightly positive S values (0-1) enhance the
active surface area and adsorption capability, whereas exces-
sively high S values (>+1.5) signify Fe;0, agglomeration, which
impedes electron transfer. Conversely, negative Sg. values
describe porous surfaces that may restrict diffusion, while
values near zero indicate smooth but less electrochemically
active surfaces.®® Simultaneously, the Sy, value increased from
1.83 to 5.6, suggesting that the surface height distribution

© 2026 The Author(s). Published by the Royal Society of Chemistry

became more peaked; an Sy, > 3 denotes the presence of uneven
and sharp features associated with nanoparticle aggregation.

Substantially, the incorporation of a moderate concentration
of Fe;04 (90-105 mg L") into the CS/rGO matrix results in
a suitably rough and homogeneous surface, which is optimal
for enhancing the active area of the electrode. Conversely, an
elevated level of Fe;04 (120 mg L™ ") can reduce the homogeneity
and efficiency of electron transfer owing to the excessive
roughness. Consequently, an Fe;O, concentration of
105 mg L' was chosen as the optimal level in the CS/rGO
matrix for the subsequent electrochemical determination of
cholesterol in blood serum samples.

3.6 Electrochemical performance determination

3.6.1 Electrochemical measurement of modified electrode
in PBS condition. The optimal modified electrode for
measuring cholesterol concentration was identified using the
CV technique in PBS (pH 7) at a scan rate of 75 mV s~ '. This
aims to achieve the optimum composition of the CS/rGO/Fe;0,-
modified Cu-PCB electrode, along with the determination of the

RSC Adv, 2026, 16, 28113-28130 | 28121
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Fig. 8 Effect of scan rate on the detection response of the CS/rGO/Fez04 electrode (a). Plots of /,, and /. vs. square root of the scan rate (b).
Detection responses of all the modified Cu-PCB electrodes (c). All measurements were conducted in PBS (pH 7.0).

most suitable Fe;0, content for further analysis. In this step, all
measurements were conducted using three independently
prepared electrodes (N = 3), and each measurement was per-
formed with three consecutive CV sweeps. The reported data
represent the average values obtained under these conditions.
The measurement results obtained using CV are displayed in
Fig. 8c, while the oxidation and reduction potentials and
current values are compiled in Table 2, where I, is the anodic
peak current, I, is the cathodic peak current, E,, is the anodic
peak potential, Ey. is the cathodic peak potential, and AE,, is the
peak-to-peak potential separation.

As shown in Table 2, the anodic (I,,) and cathodic (I,,.) peak
currents increase significantly with an increasing Fe;O,
concentration, indicating enhanced electrochemical activity.
This is because of the mixed valence character of Fe;0,, which
allows rapid electron transfer between the Fe**/Fe®" redox sites,
and thus enhances the charge transfer kinetics.** The highest
current response is observed at 105 mg L', suggesting the
optimal Fe;O, loading concentration. However, for the
proposed electrode with 120 mg L™ Fe;0,, the peak currents
slightly decrease, which may be due to particle agglomeration or
partial blockage of the active sites, leading to a reduction in the
electron-transfer efficiency.

The ratio of anodic to cathodic peak currents (|Ipa/Ipc)
approaches unity (1.053-1.133) with an increasing Fez;O,
content, indicating the improved reversibility of the redox
process. This is further supported by the decrease in peak
separation (AE,) from 0.17 V (75 mg L™ ") t0 0.13 V (105 mg L),
suggesting enhanced electron-transfer kinetics. However, the
slight increase in AE, at a higher loading (120 mg L™ ") indicates
a decline in electrochemical performance due to the excessive
Fe;0, loading. The small AE, reflects accelerated electron-
transfer kinetics, while the high anodic and cathodic peak

currents indicate a larger electrochemically active surface
area.*

Overall, the improved electrochemical performance upon
Fe;0, incorporation is mainly attributed to its role in enhancing
electron-transfer pathways and increasing the effective surface
area of the composite. Rather than acting as a direct catalyst,
Fe;0, functions as a conductive mediator within the CS/rGO
matrix. However, excessive loading leads to particle aggrega-
tion, which hinders charge transport and reduces the electro-
chemical efficiency.**

These findings align with a prior study by Doaga et al. (2020),
which confirmed that electrodes with an appropriate Fe;O,
content exhibit enhanced electrochemical activity and charge
transfer efficiency. These electrodes exhibit effective catalysis of
cholesterol oxidation and increased sensitivity to cholesterol
levels without requiring supplementary measures. These find-
ings highlight that incorporating Fe;O, at an appropriate
concentration significantly enhances the electrocatalytic
performance of the electrodes.*®

Finally, the synergistic interaction among chitosan, rGO, and
Fe;0, plays a crucial role in enhancing the overall electro-
chemical performance. CS acts as a flexible polymer matrix that
ensures uniform dispersion and strong interfacial adhesion,
while rGO provides a highly conductive network that facilitates
rapid electron transport. Meanwhile, Fe;O, nanoparticles
contribute by increasing the effective surface area and
promoting efficient charge-transfer pathways within the
composite. This cooperative effect results in improved electron
mobility, enhanced interfacial interactions, and an overall
superior electrochemical response.

3.6.2 Scan rate study. A scan rate study is important for
observing the redox processes, control mechanisms, kinetic
parameters, stability and performance of electrode materials.

Table 2 Electrochemical performance data of the CS/rGO/CuO-modified Cu-PCB electrode with varying FesO, contents using cyclic

voltammetry

Fe;04 (mg L) Ina () Inc (A) Epa (V) Epe (V) Tl Ipe] AE,
75 3.40 x 107 —3.00 x 1074 0.22 0.05 1.133 0.17
90 3.85 x 107* —3.56 x 10°* 0.23 0.08 1.081 0.15
105 4.34 x 107 —4.12 x 1074 0.24 0.11 1.053 0.13
120 3.92 x 10°* —3.68 x 10°* 0.26 0.10 1.065 0.16
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Table 3 Determination of optimal scan rate based on the I, and /. values

Scan rate (mV s ™) Ioa (A) e (A) Epa (V) Epe (V) [Tpa/Ipc] AE,
100 5.10 x 10~* —4.76 x 107* 0.25 0.09 1.07 0.16
75 3.50 x 10°* —4.12 x 1074 0.24 0.11 1.05 0.13
50 4.34 x 107* —3.34 x107* 0.24 0.09 1.04 0.15
25 2.52 x 10°* —2.40 x 10°* 0.23 0.06 1.05 0.17

The CS/rGO/Fe;0,-modified Cu-PCB electrode was tested in PBS
solution (pH 7) using the CV approach. Furthermore, determi-
nation of the optimum scan rate for the produced working
electrode was performed at scan rates from 25 to 100 mV s *
with an increment of 25 mV s~ ' within a potential range of
—1.0 V to +1.0 V. The selected potential range was chosen to
cover the redox activity of the modified electrode without
causing electrochemical degradation, while the variation in the
scan rate was applied to observe the effect on electron-transfer
kinetics and peak current response. This approach enables
the identification of the most appropriate scan rate that
provides a clear and stable voltammetric signal, thereby
ensuring the reliable electrochemical performance of the CS/
rGO/Fe;0,-modified Cu-PCB electrode. The peak current
responses are depicted in Fig. 8a, while the obtained parame-
ters are summarized in Table 3.

As presented in Table 3, as the scan rate increases, the
anodic (I,,) and cathodic (I,c) peak currents show an increasing
trend, indicating an increase in the electrochemical response.
Next, the |I,./I,| ratio is in the range of 1.04-1.07, close to the
ideal value, but the small deviation indicates that the system is
not fully reversible. A shift in the peak potential is also
observed, where the anodic peak potential (Ey,) shifts to a more
positive direction and the cathodic peak potential (E,) to
a more negative direction, which is characteristic of a quasi-
reversible system with limited kinetics.

In addition, the peak-to-peak separation (AEp) ranges from
0.13 to 0.17 V, which is significantly higher than the theoretical
value of 59 mvV for a reversible one-electron process. These
results confirm that the electron-transfer process is quasi-
reversible, with moderate electron-transfer kinetics requiring
additional overpotential to drive the redox reaction.>*

Furthermore, the I, and I, values were correlated with the
square root of the scan rate, and the resulting linear fits were
used to estimate the electrochemical surface area (ECSA) based
on the Randles-Sevéik equation (eqn (1)) as follows:”

I, =2.69 x 10°n*?4D">C""> (1)

The higher R* values obtained for the I, versus v'* plots,
compared to those for I, versus v, indicate that the electro-
chemical response is governed by a diffusion-controlled
process. As indicated in Fig. 8b, the CS/rGO/Fe;0,-modified
Cu-PCB electrode showed strong linearity, with a regression line
of y = (5.1506 x 10 °)x + 9.19593 x 10~ ° (R* = 0.99743) for I,
and y = —(4.7331 x 107 %)x + 2.0382 x 10~ ° (R* = 0.99956).

In this case, I, is the peak anodic current (A), z is the number
of electrons involved in the redox process, 4 is the electroactive

© 2026 The Author(s). Published by the Royal Society of Chemistry

surface area of the WE (cm?), D is the diffusion coefficient (cm>
s™') of PBS (pH 7) at room temperature, C is the analyte
concentration (mol cm?), and v is the scan rate (V s~ ).’ Based
on all the proposed electrodes, the CS/rGO/Fe;0,-modified Cu-
PCB electrode exhibits the largest ECSA of 0.314 cm®. This
indicates the greater availability of electroactive sites and the
easier mass transport of analyte molecules to the electrode
interface, thereby enhancing the current response.” These
observations reflect the strong synergistic interactions among
Fe;0,4, GO, and chitosan at the optimal concentrations, which
collectively enhance the overall electrochemical performance
for sensing applications.

Furthermore, this behavior is consistent with typical non-
enzymatic electrochemical systems, where both diffusion and
electron-transfer kinetics influence the overall response. Over-
all, the modified electrode exhibits a quasi-reversible, diffusion-
controlled electrochemical process with relatively stable redox
behavior, making it suitable for electrochemical sensing appli-
cations.” Therefore, the scan rate of 75 mV s~ was further used
to detect Ch concentration.

3.6.3 Electrochemical performance study for the detection
of cholesterol. An evaluation of the electrochemical response
for cholesterol (Ch) was conducted using the CS/rGO/Fe;0,-
modified Cu-PCB electrode with 75 mg L™* Fe;0,. In this study,
the electrochemical performance for the detection of Ch was
evaluated to quantify various concentrations of Ch solution in
PBS (pH 7) via the CV method within a potential range of —1 to
1 V at a scan rate of 75 mV s '. The cholesterol reagent
concentrations were established from 100 to 300 mg dL ™", with
increments of 50 mg dL ™. The CV approach provided the vol-
tammograms depicted in Fig. 9a, and the electrochemical
parameter values derived from the voltammogram analysis are
presented in detail in Table 4.

The electrochemical measurements, as presented in Fig. 9a
and Table 4, indicate that an increase in cholesterol concen-
tration in PBS correlates with an increase in Ip,. At a cholesterol
concentration of 100 mg dL ™", the I,,, value was found to be 3.80
x 10~* A; meanwhile, the I,, value increased t0 6.40 x 10 * A at
300 mg dL'. This increase indicates that an increase in
cholesterol concentration also results in a higher I, current
response, demonstrating the sensitivity of the electrode for Ch
detection. More importantly, this result shows that the CS/rGO/
Fe;04,-modified Cu-PCB electrode effectively oxidizes choles-
terol, as evidenced by the distinct oxidation peak in the vol-
tammogram. The oxidation process of Ch on the CS/rGO/Fe;0,-
modified Cu-PCB electrode surface occurs via an electron-
transfer mechanism, wherein Ch molecules lose electrons and
produce oxidized products.”> More specifically, this

RSC Adv, 2026, 16, 28113-28130 | 28123
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Table 4 Electrochemical characteristics of cholesterol detection
using the CS/rGO/Fez04-modified Cu-PCB electrode

Ch (mgdL™) L. (a) L (8) Epa  Ep AE,
100 3.80x100* —3.55x10* 0,24 0.11 0.3
150 445 x107* —4.20x107*  0.26 0.12 0.14
200 510 x 10°* —4.76 x 10°*  0.27 0.13  0.14
250 575 x 107"  —5.40x10"* 029 014 0.15
300 6.40 x 107*  —6.00 x 10°*  0.30 0.15 0.15

phenomenon results in the generation of protons and electrons,
which are trapped by the electrode, resulting in a measurable
electric current. Therefore, the modified electrode exhibits
efficient electron transport.” The electrochemical mechanism
of the proposed electrode for Ch is illustrated in Fig. S1 (see SI).

These outcomes align with several prior studies that indicated
that an increase in Ch concentration correlates with an elevated I,,
value. Conversely, a lower Ch concentration increases the I, value
and results in a larger I,4/I;, ratio. Therefore, the electrochemical
process is irreversible, especially for the oxidation of Ch molecules
on the electrode surface.”*® Hence, the resulting electrode can
detect variations in Ch concentration. The studies on linearity,
sensitivity, LOD, and LOQ will be discussed further to assess the
efficacy of this electrode.

3.6.4 Linearity, sensitivity, LOD, and LOQ studies. All
electrochemical measurements were carried out using inde-
pendently prepared electrodes (N = 3) and CV detection was
conducted with three consecutive sweeps for each electrode.

100 150 200 250 300
Cholesterol Concentration (mg/dL)

(a) CV curves of the CS/rGO/FezO4-modified Cu-PCB electrode toward Ch concentration. (b) Calibration curve for Ch detection.

The average value was used to measure the linearity, sensitivity,
LOD, and LOQ of the developed electrode for Ch detection. The
linearity was calculated using a least-squares equation, as
expressed in eqn (2). In this context, y represents a dependent
variable, while a, b, and x denote the slope, intercept, and Ch
concentration, respectively.

y=a+bx. (2)
Sensitivity = b (3)
y= 7
LoD — 3 x SD 1ntercept_ ()
slope
LoQ = 10 x SD intercept 5)

slope

According to the calculations derived from eqn (2), a good
linear relationship was obtained with the regression equation
(Fig. 9b), Iy = 2.50 x 10~* + (1.30 x 10 )x (R* = 0.99947) and
Ipe =2.50 x 10~* + (1.30 x 10~ ®)x (R* = 0.99947). Therefore, the
proposed electrode exhibited a linear response in the concen-
tration range of 100-300 mg dL~". In addition, the sensitivity of
the proposed electrode was measured using eqn (3),"> where b is
the slope (4/concentration) and A is the electrode area (cm™2).
Based on eqn (3), the calculated sensitivity from the developed
electrode for Ch is 0.160 pA pM ™' cm ™2, after normalization to

Table 5 Comparison of studies on the electrochemical detection of cholesterol

Electrode Method LOD (uM) LOQ (uM) Sensitivity (WA pM ™! em™?) Ref.
ChO,/nano-MnO,/CT/GCE CvV 2.07 NA 56 80

ZnO NRs CV/EIS 1.78 x 10° NA 4.2 81

Ag NPs-ZnO NRs CV/EIS 1.84 x 10> NA 135.5 81
PMO-NiO/MoS,/SPCE CvV 6.20 20.95 0.307 32
N-GQDs/CrPic Fluorescence 0.4 NA NA 5
B-Cyclodextrin/Fe;0, (6)% 2.88 NA NA 45
CS/rGO/MnO, CvV 0.26 0.87 3.21 x 107° 13
CS/rGO/Fe;0, (0% 0.149 0.496 0.160 This work
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Fig. 10 (a) Reproducibility and (b) long-term stability of the CS/rGO/FezO4-modified Cu-PCB electrode for Ch detection.

the ECSA, indicating efficient utilization of the active surface for
electrochemical detection.

The limit of detection (LOD) and limit of quantification
(LOQ) of the proposed electrode were also determined. The LOD
was calculated to evaluate the least measurable concentration of
Ch, while the LOQ was determined to find the smallest quan-
tifiable Ch concentration. Moreover, the LOD and LOQ of the
Ch were computed utilising eqn (4) and (5), in which corre-
spond to the standard deviation (SD of the intercept) of the
blank signal and the slope of the calibration curve, respec-
tively."” Thus, the LOD and LOQ for Ch were determined to be
0.149 uM and 0.496 pM, respectively. This relatively low LOD
highlights the potential applicability of the sensor for practical
cholesterol detection in biological samples. It reveals that the
proposed electrode can be well applied to measure Ch
concentration. Subsequently, a comparison of the electro-
chemical detection of Ch using different working electrodes is
illustrated in Table 5.

3.6.5 Reproducibility, long-term stability, and interference
studies. The reproducibility of the developed electrode was
evaluated using five independently prepared electrodes, as
illustrated in Fig. 10a, with detailed values provided in Table S3
(see the SI), yielding anodic peak currents (Ip,) in the range of
0.000516-0.000524 A with a low relative standard deviation
(RSD) of 0.57%, indicating excellent fabrication consistency.
The cathodic currents also showed minimal variation, while the
peak potentials (E,, = 0.24 V, Ep. = 0.11 V) and peak separation
(AE, = 0.13 V) remained constant. These results confirm the
stable electrochemical response and high reproducibility of the
CS/rGO/Fe;0,-modified electrode for reliable sensing
applications.”

In addition, the long-term stability of the developed elec-
trode was evaluated over a period of 28 days by measuring the
anodic peak current at regular intervals. The long-term stability
results are shown in Fig. 10b and Table S4 (see the SI). The
proposed electrode retained 96.7%, 94.3%, 91.6%, and 88.1% of
its initial current response after 7, 14, 21, and 28 days, respec-
tively. The gradual decrease in current response may be attrib-
uted to minor surface changes, such as partial oxidation or
slight detachment of the active material over time. Despite this

© 2026 The Author(s). Published by the Royal Society of Chemistry

decrease, the electrode maintained more than 88% of its initial
response after 28 days, indicating its good storage stability and
structural robustness. The relatively small loss in current
suggests that the composite matrix effectively preserves the
electroactive sites and maintains efficient charge transfer.”®
These results demonstrate that the CS/rGO/Fe;0,-modified Cu-
PCB electrode possesses satisfactory long-term stability, making
it suitable for practical electrochemical sensing applications.
The selectivity of the developed electrode was evaluated in
the presence of common interfering biomolecules, including
glucose (Glu), triglycerides (Tri), uric acid (UA), and urea, at
concentrations five times higher than that of cholesterol. The
selectivity performance is presented in Fig. 11 along with the
corresponding data in Table S5 (see the SI). The anodic peak
current (I,,) showed only slight deviations (<5%) compared to
cholesterol alone, indicating negligible interference. The stable
peak potentials and minimal change in peak separation further
confirm that the electron-transfer process is not significantly

0.0006

0.0005 |-

0.0004 |-

0.0003 -

0.0002 -

Current (A)

0.0001

0.0000

Fig. 11 Selectivity characteristics of the CS/rGO/FesO4-modified Cu-
PCB electrode.
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Table 6 Blood serum analysis using the proposed CV approach and
comparison with medical laboratory analysis

Ch concentration (mg dL ™)

CV method Medical lab Difference
Sample (R) analysis (S) (R — 8)/S x 100
a 140 145 —3.44
b 176 182 —-3.29
c 200 207 —3.38
d 248 257 —3.50

affected by coexisting species.” Therefore, this excellent selec-
tivity is attributed to the synergistic interactions among chito-
san, rGO, and Fe;O,, which enhance charge transfer and
minimize nonspecific interactions, making the sensor suitable
for cholesterol detection in complex biological samples.

3.6.6 Electrochemical analysis of real sample. The
proposed electrode was applied for measuring the Ch concen-
tration in human blood serums. All experiments were per-
formed in accordance with internationally recognized ethical
principles, including the Nuremberg Code and the Declaration
of Helsinki. The study protocol was approved by the Ethics
Committee of Universitas Sumatera Utara with Approval
Number: 119/KEPK/USU/2024. Furthermore, human blood
samples were obtained from Drs. H. Amri Tambunan Hospital,
Deli Serdang, Indonesia, and informed consent was obtained
from all participants prior to sample collection. Furthermore,
the detection of Ch concentration in blood serum was carried
out utilising the same procedure as that employed for Ch
reagent. Additionally, the preliminary detection of Ch concen-
tration in blood serum samples was conducted in the hospital
laboratory, where the samples were collected to evaluate the
precision of the analytical results utilising the CV method. The
results from the analysis are tabulated in Table 6. Meanwhile,
the CV voltammograms and subsequent analysis of Ch
concentration in the blood serum samples are presented in
Fig. 12. Regarding the CV technique, all the blood serum
samples were determined utilising three consecutive sweeps for
each electrode. The average value was used as the final result.

0.0008

I CS/rGO/Fe304-modified Cu-PCB Electrode
0.0006 with Fe304 105 mg/L in PBS (pH 7)
: | atscan rate 75 mV/s

0.0004 -
0.0002

0.0000 -

Current (A)

-0.0002 -

e Blood serum 145 mg/dL
s Blood serum 170 mg/dL

-0.0004 -

e Blood serum 218 mg/dL

-0.0006

—Blood serum 257 mg/dL

-0.0008 e
-0.5 0.0 0.5 1.0

Potential (V) vs Ag/AgCI

Fig. 12 CV curves of the proposed electrode toward blood serum
samples.
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As shown in Table 6, the findings of the Ch concentration in
the blood serum samples obtained using the CS/rGO/Fe;O0,-
modified Cu-PCB electrode via the CV approach are relatively
consistent with the laboratory analysis results. The concentra-
tion of Ch in samples a, b, ¢, and d was calculated to be —3.44,
—3.29, —3.38, and —3.50, respectively. The electrochemical
response of the serum samples showed a consistent increase in
anodic peak current with an increasing cholesterol concentra-
tion. The peak current ratios (|Ipa/Ipc| = 1.05-1.08) and peak to
peak separation values (AE, = 0.14-0.15 V) indicate a quasi-
reversible electron-transfer process. The slight shift in peak
potential with increasing concentration further confirms the
expected electrochemical behavior. Although these results show
small deviations compared to the laboratory analysis results,
the stable peak positions and small variation in AE, suggest
good electrochemical stability and reproducibility in real
sample analysis.

This finding aligns with prior research by Carp et al’™®
Conversely, the detection of Ch concentration in blood serum
yielded similar results to the laboratory analysis findings.
Consequently, the proposed electrode demonstrates a high
degree of accuracy in quantifying the Ch concentration in blood
serum using the CV-based electrochemical method and may be
considered as an economical, rapid, and efficient approach for
the subsequent detection of Ch concentration.

4. Conclusions

In this study, the CS/rGO/Fe;0,-modified Cu-PCB electrode was
successfully applied as a novel strategy for non-enzymatic
cholesterol measurement. The cyclic voltammetry method was
used to assess the effect of Fe;O, addition on detecting the
cholesterol concentration in reagents and blood serum
samples. The electrochemical performance studies indicated
that the most suitable content of Fe;O, in the CS/rGO/Fe;0,4-
modified Cu-PCB electrode is 105 mg L~ '. Considering the
optimised setting, the proposed electrode showed a linear
response within the clinically relevant range of 100-300 mg
dL™", with a sensitivity of 1.30 uA (mg dL) " and a low detection
limit of 0.149 puM. The normalized sensitivity of 0.160 pA pM ™"
cm 2 further confirms the efficient utilization of its electro-
active surface. Furthermore, the proposed electrode presented
good selectivity against common interfering species, excellent
reproducibility (RSD = 0.57%), and satisfactory long-term
stability, retaining over 88% of its initial response after 28
days. Moreover, the produced CS/rGO/Fe;0,-modified Cu-PCB
electrode exhibited a reliable performance in human serum
samples, with recovery values ranging from 96.5% to 96.7%.
Overall, these results highlight the strong potential of the CS/
rGO/Fe;04-modified Cu-PCB electrode as a practical, stable, and
reliable platform for non-enzymatic cholesterol sensing in real
biological samples.
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