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Electrochemical insights into manganese—cobalt
doped a-Fe, Oz nanomaterial for cholesterol

detection: a comparative approach
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Herein, a self-assembled hierarchical structure of hematite (a-Fe,Oz) was synthesized via a one-pot
hydrothermal method. Subsequently, the nanomaterial was doped to obtain M,Fe, ,Os (M = Mn-Co; x
= 0.01, 0.05, and 0.1) at precise concentrations. An electrode was fabricated by coating the resulting

nanocomposite onto a nickel foam (NF) substrate. Electrochemical characterization demonstrated the

excellent performance of cobalt-doped a-Fe,O3, among which Cog gsFeg 9503 (CF5) exhibited a superior
performance, showing a two-fold increase in sensitivity of 1364.2 pA mM™ cm™2 (£0.03, n = 3) in 0.5 M
KOH, a limit of detection (LOD) of ~0.17 mM, and a limit of quantification (LOQ) of ~0.58 mM. The
Density Functional Theory (DFT) was performed to understand the doping prompting in the reduced

bandgap. The fabricated electrode displayed a rapid response time of 2 s and demonstrated 95% stability,
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excellent reproducibility, and selectivity, as confirmed by tests with several interfering species. A

comprehensive evaluation of the electrode’'s performance using human blood serum highlighted its
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1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of
mortality worldwide, with growing public awareness since the
1980s regarding the risks associated with elevated blood
cholesterol levels.' Cholesterol, a unique waxy lipid, is essential
for various bodily functions, necessitating its close monitoring.*
Numerous studies have proven that elevated cholesterol levels
noticeably increase the risk of CVDs.? In healthy individuals, the
cholesterol levels are below 200 mg dL ™" (5.17 mM), and the
levels around 240 mg dL™' (6.21 mM) are associated with
peripheral vascular diseases, insulin-dependent diabetes,
hypertension, and cardiovascular conditions.**®

Regular monitoring of cholesterol levels has become essen-
tial in contemporary healthcare, prompting the development of
various methods to assess cholesterol concentrations accu-
rately. Consequently, numerous techniques have emerged for
the detection of cholesterol in biological and food samples.
These include spectrophotometric methods,” electrochemical
approaches, high-performance liquid chromatography
(HPLC),®* and enzymatic colorimetric techniques.” Although
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robustness and reliability for cholesterol detection in clinical settings, making it a promising tool for
clinical and pharmaceutical applications.

these techniques demonstrate significant effectiveness in
cholesterol sensing, they still possess certain limitations such
as time-consuming processes, high cost, requirement of
expensive equipment, and potential background noise.' To
tackle the problems based on these techniques, non-enzymatic
biosensors that display strong thermal and chemical stability
and good sensitivity and selectivity have gained a greater
interest among researchers.™ To bridge the gap, integrating
non-enzymatic biosensors and nanotechnology has resulted in
the creation of nanocomposites that considerably enhance the
electrochemical performance of cholesterol sensors.""* These
advancements offer several predominant benefits, including
improved selectivity, reduced cost, ease of handling, and rapid
response times, rendering them highly effective for point-of-
care testing."

The functionality of biosensors hinges on the selection and
development of nanostructured materials.”® To develop elec-
trochemically active substances for non-enzymatic sensing
applications, various nanomaterials, including zero-
dimensional (0D) nanomaterials,” one-dimensional (1D)
nanowires'” and tubes,"” two-dimensional (2D) metals/metal
oxides,'>* graphenes,” and three-dimensional (3D) nano-
flowers,*>** cubes,* rods*?® and spheres,”” have been analyzed.

Although advanced materials remain the primary focus of
research, there is an increasing interest in simpler nano-
composites that demonstrate comparable sensitivity and
electrochemical performance. In recent years, transition metal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxides including ZnO, CuO, SnO,, Fe,03, Ag,0, WO;, NiO,, and
V,05 have been extensively investigated for their potential in
non-enzymatic sensing applications.****° These materials
exhibit high efficacy owing to their metal centers and greater
surface areas, thereby enhancing the density of electrochemi-
cally active sites in alkaline environments.'***-*° In the past few
years, doping metal oxides has been shown to boost electro-
chemical performance and photocatalytic activity and improve
electrical and photoelectrochemical features by boosting the
charge carrier density and conductivity.®”

Currently, activated carbon derived from Piper nigrum is
being synthesized and combined with «-Fe,O;, followed by
modification with a carbon paste electrode (APC-Fe,O3;/CPE)*®
exhibiting high sensitivity with a linear range of 25 nM to
300 nM, an LOD of 8 nM, and an LOQ of 26 nM. Additionally,
electrolyte-gated transistor-based biosensors utilizing o-Fe,O3
decorated with ZnO nanorods demonstrated a broad linear
range of 0.1 to 60 mM and a sensitivity of 37.34 pA mM ™"
cm™~2.* Moreover, the phase transition of Fe;0, to o-Fe,0; was
achieved via electrophoretic film deposition on ITO-coated glass
plates, which exhibited a sensitivity of 193 nA mg™" dl cm >
with a linear range and response time of 25-500 mg dl™" and
60 s, respectively.” Another study on the electrochemical
behavior of citrate-modified B-cyclodextrin (CIT-BCD) and
Fe;0, synthesized via the coprecipitation method (CIT-
BCD@Fe;0,) reported a linear range of 0 to 100 pM and an LOD
of 3.93 uM.*

A Dbimetallic nanocomposite glassy carbon
combined with a Cu,0/MoS, nanohybrid, which demonstrated
a sensitivity of 111.74 pA pM~" cm ™2 with an LOD of 2.18 uM
and a linear range spanning from 0.1 to 180 uM, was showcased
as an effective alternative for cholesterol sensing.** Additionally,
utilizing low-cost galvanic deposition, a ZnO/WO; composite
demonstrated a sensitivity of 176.6 pA cm™> mM ™' with a linear
range of 0-320 pM and an LOD of 5.5 nM.* Another study on
the electrochemical study of NiO/CuO nanocomposites
synthesized by an electrospinning method reported a sensitivity
of 10.27 pA mM ' em ™2, a linear range of 0.8 to 6.5 mM and an
LOD of 5.9 uM.* Despite these advancements, challenges such
as cost-effectiveness, lifespan, stability, and sensitivity to pH
and temperature variations complicate the use of complex
molecular sensors. To address these issues, our study aims to
develop a transition metal-doped metal oxide cholesterol sensor
to enhance selectivity, sensitivity, and stability while reducing
costs. This study clearly shows the strategic comparative
synthesis of bimetallic M,Fe, ,O3; (M = Mn-Co), and to the best
of our knowledge, this is the first comparative study investi-
gating a nonenzymatic cholesterol sensor.

The primary goal of this work was to synthesize a-Fe,O; via
a hydrothermal approach and subsequently implement doping
M,Fe, ,0; (M = Mn-Co, and x = 0.01, 0.05, and 0.1). The
doping concentrations of 1%, 5%, and 10% were selected to
systematically investigate the variations in electronic structure,
redox activity, and conductivity induced by doping. The ob-
tained materials were fabricated on NF, and the electrodes were
evaluated for sensitivity, LOD, LOQ, response time, and linear
range. The comparison of the doped materials was intended to

electrode
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choose the most promising dopants, which were then subjected
to a comparison analysis of their properties for biosensing
applications. Electrochemical characteristics were assessed by
Cyclic Voltammetry (CV), chronoamperometry (CA), Differential
Pulse Voltammetry (DPV), Electrochemical Impedance Spec-
troscopy (EIS), and the evaluation of electrochemical active
surface area (ECSA). The selected material was further analyzed
for its application in blood serum cholesterol detection.

2. Experimental details
2.1 Chemicals and materials

Nickel foam (NF; thickness 0.5 mm, 99.9% purity) was
purchased from Global Nanotech Mumbai. Iron(m) chloride
tetrahydrate (FeCl;-4H,0, 99% Purity), dopamine hydrochlo-
ride (DA), poly(vinylidene fluoride) (PVDF), Triton™ X-100, and
urea (CO(NH,),, 98% purity) were procured from Sigma-Aldrich,
Germany. Manganese(n) acetate tetrahydrate ((CH3;COO),-
Mn-4H,0, 98.5% Extra Pure), cobalt(u) acetate tetrahydrate
((CH3C0O0),Co-4H,0, 98.5% Extra Pure), potassium hydroxide
pellets (KOH, 85% Extra Pure), uric acid ((UA), CsH4;N,O3, 99%
AR), cholesterol (C,;H;60, 97% extra pure), r-ascorbic Acid
((AA), C¢HgOg, 99% extra pure), N-methyl-2-pyrrolidone (NMP)
(CsHoNO, 98% Purity), potassium chloride (KCl, 99% Purity),
and sodium chloride (NaCl, 99.5% Purity) were purchased from
LOBA Chemie Pvt. Ltd. Ultra-pure Milli-Q water (Elga Veolia)
was utilized throughout the experiment. All chemicals were of
analytical grade and used without filtering.

2.2 Synthesis of M,Fe, ,0; (M = Mn-Co and x = 0.01, 0.05,
and 0.1)

a-Fe,O; and M,Fe, ,O; nanostructures were synthesized by
preparing a homogeneous solution of 0.1 M FeCl;-4H,0 and
0.1 M CO(NH,), dissolved in 80 mL of Milli-Q water for 30
minutes. To this solution, calculated quantities of Mn and Co
precursors (with x = 0.01, 0.05, and 0.1) were added. The
resulting mixture was loaded into a 100 mL autoclave and
subjected to hydrothermal processing at 120 °C for 10 hours.
Once the reaction was completed, the mixture was allowed to
reach room temperature and collected by centrifugation. The
precipitate was washed twice with Milli-Q water, followed by
a single wash with ethanol. Once washed, the products were
dried in an oven at 90 °C overnight and then annealed at 625 °C
for 3 hours. A schematic representation of the synthesis process
of M,Fe, ,O; is presented in Fig. 1.

The resulting products were designated with specific names
based on their composition as CoggFe;990; (CF1),
Cog.o5Fe1.0503 (CF5), CogiFe 9003 (CF10), Mng ¢ Feq.9903
(MF1), Mng gsFe; 0503 (MF5), and Mn, ;Fe; 903 (MF10).

2.3 Fabrication of the electrode

The synthesized nanocomposite comprising o-Fe,O; and M,-
Fe, ,O; (M = Mn-Co, and x = 0.01, 0.05, and 0.1) was fabri-
cated on the NF electrode. Initially, accurately measured
product samples were blended with PVDF in a proportion of 9:
1 in a mortar and pestle. Subsequently, NMP was gradually
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Fig. 1 Schematic representation of the synthesis of M,Fe,_,Oz (M = Mn-Co and x = 0.01, 0.05, and 0.1).

added drop by drop till the mixture achieved paste consistency.
The resulting paste was uniformly coated on a 1 x 1 cm” area of
priorly treated NF and dried in a vacuum oven for an extended
period of 24 hours at 60 °C, and the quantity of product loaded
was 10 £ 0.2 mg.

2.4 Material and electrochemical characterisations

The structural properties that enabled the identification and
characterization of distinct phases and crystalline compositions
of the material under research were analyzed using a Rigaku
Miniflex 600 powder X-ray diffraction (XRD) device. The
measurement covers a range of 5° to 90° and a scanning rate of
3° per minute with monochromatic Cu-Ka radiation of wave-
length 0.154 nm. The crystallite size (D) was calculated based on
the Debye-Scherrer equation (eqn (1)) *:

K2
- B cos # (1)

where K is the Scherrer constant, A is the Cu-Ko radiation
wavelength, § is the full width at half maximum (FWHM) of the
peak, and ¢ is the Bragg angle. The phonon vibration modes
were examined using a confocal Raman microscope integrated
with a compact Raman spectrometer (Renishaw, UK) with an
objective lens magnification of x50. The optical absorption
spectra were recorded using an ultraviolet-near infrared spec-
trophotometer (UV-vis-NIR, Lambda 950, PerkinElmer, Singa-
pore). The chemical composition of the synthesized sample was
determined using a Thermo Fisher Scientific ESCALAB Xi + X-
ray Photoelectron Spectrophotometer (XPS) with an Al Ka X-
ray source (1486.7 eV) for the analysis. Morphological imaging
was performed using a field emission scanning electron
microscope (FESEM) (7610FPLUS, Jeol, Japan) equipped with an
energy-dispersive X-ray spectrometer (EDAX), enabling a thor-
ough investigation of the morphological characteristics.
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The electrochemical characterization was conducted using
an Autolab PGSTAT204 electrochemical workstation. CV exper-
iments employed a three-electrode configuration, with the
synthesized material coated on a NF serving as the working
electrode (WE), covering an area of 1 x 1 cm”. A saturated Ag/
AgCl electrode (with potassium chloride) served as the refer-
ence electrode (RE), while a platinum electrode functioned as
the counter electrode (CE), both operating within a 0.5 M KOH
electrolyte solution. CV analysis was performed within a poten-
tial window of 0 to 0.75 V, at scan rates ranging from 5 to
120 mV s~'. CA studies involved sequentially adding a choles-
terol solution into the electrolyte under continuous stirring,
maintained at a constant applied potential of +0.55 V vs. Ag/
AgCl. DPV was executed over a potential range of 0.35 to
0.65 V vs. Ag/AgCl at a scan rate of 10 mV s~ ' and a pulse
amplitude of 50 mV. The ECSA was evaluated by varying the
scan rates from 5 to 75 mV s~ ' within a potential range. The
double-layer capacitance (Cq;) was determined by plotting Aj
(where Aj = j, —j.) against the scan rate. The accurate surface
area was then calculated using the formula Cq)/Cs,* where Cy is
the capacitance of an atomically smooth surface, taken as 40 pF
cm 2% The sensitivity was evaluated from the calibration
curve obtained by plotting current versus concentration, as
expressed by the corresponding equation (eqn (2)):

slope of the calibration curve
Surface area

Sensitivity =

(2)

The formulas used to calculate the LOD and LOQ are as
follows (eqn (3) and (4)):
3X standard deviation

LOD = - - 3
slope of the calibration curve 3)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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10X standard deviation
slope of the calibration curve

LOQ = (4)
In order to ensure reproducibility, each test was carried out
three times (n = 3), and the mean + standard deviation was
employed to depict the results. Statistical significance was
regarded as a variation with p < 0.03 at the level of confidence
set at 97%.

3. Results and discussion

The phase purity and composition of a-Fe,O; and M,Fe, ,O;
(M = Mn-Co, and x = 0.01, 0.05, and 0.1) were analyzed using
a powder XRD. Fig. S1(a—c) present the XRD patterns of o-Fe,O3,
and M,Fe, ,03, revealing a clear match with the JCPDS stan-
dard (No. 33-0664) and confirming its rhombohedral hexagonal
phase. The non-appearance of additional impurity diffraction
peaks in the XRD spectra confirms the pristine nature of a-
Fe,0;. The diffraction peaks at 26 angles of 23.83°, 32.99°,
35.46°, 40.69°, 49.47°, 54.08°, 57.14°, 62.57°, and 63.87° corre-
spond to the (012), (104), (110), (113), (024), (116), (018), (214),
and (300) planes of a-Fe,03,.%

Fig. 2(a and b) present the XRD spectra of a-Fe,03, CF5, and
MF1 materials under investigation. A notable shift in the
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diffraction peaks toward lower angles, along with changes in
peak intensity, confirms successful doping in the respective
host structures. This shift is ascribed to the lattice distortion
induced by the incorporation of Co®" (0.61 A) and Mn®* (0.645
A), which possess smaller ionic radii compared to Fe** (0.645 A),
into the a-Fe,0; lattice. The crystallite size, estimated using the
Debye-Scherrer equation (eqn (1)) concerning the (104)
diffraction plane, revealed an initial size of 16.18 nm for pure a-
Fe,0;. In contrast, the doped samples MF1 and CF5 exhibited
significantly larger crystallite sizes of 32.69 nm and 37.39 nm,
correspondingly. This increase in crystallinity introduces
defects in the a-Fe,Oj; structure, enhancing the electron transfer
kinetics, which accounts for the superior electrochemical
performance of CF5/NF.>°

The Raman spectra analysis depicted in Fig. 2(c) provides
valuable insights into the structural characteristics of nano-
particles for a-Fe,O3;, MF1, and CF5. Additional Raman spectra
data for the remaining dopants are presented in Fig. S4(a and
b). The vibrational spectra of pure a-Fe,O; exhibit two distinct
peaks at 223 and 495 cm ™' corresponding to A,y modes and five
peaks at 243, 290, 407, 607, and 815 cm * corresponding to Eg
modes. These seven peaks collectively indicate the character-
istic vibrational modes of the a-Fe,O; structure.*® Notably, the
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(a) XRD spectra of a-Fe,Os, CF5, and MF1; (b) shift of the (104) and (110) XRD peaks to lower diffraction angles due to the incorporation of

substituents; (c) Raman spectra analysis of a-Fe,O3 MF1, and CF5, respectively; and (d) UV-Vis absorption profiles of a-Fe,Os CF5, and MF1,

respectively.
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absence of extra peaks signifies purity and confirms that -
Fe,O; nanoparticles are produced without contaminants. The
Raman spectra of MF1 and CF5 closely resemble those of pure
a-Fe,0;, underscoring that the doped nanoparticles maintain
their unique hematite structure. Despite the incorporation of
Mn and Co dopants, the structural characteristics of a-Fe,O3
remain unchanged, as evidenced by the consistent presence of
these features across the doped samples.

The UV-vis spectra of a-Fe,03, CF5, and MF1 were measured
in terms of absorbance, as illustrated in Fig. 2(d). The band edge
absorption for a-Fe,O; typically occurs in the 520-565 nm
wavelength range. In this study, the compound exhibited strong
absorption at 542 nm, with CF5 and MF1 also demonstrating
prominent peaks within this range. The band gap energies of
the materials were evaluated through the Kubelka-Munk
function f{R)® plotted against energy (eV) by utilizing reflectance
spectra depicted in Fig. S4(c). Linear extrapolation at f[R)* =
0 estimated the resulting band gap values: a-Fe,0; (2.05 eV) >
MF1 (2.02 eV) > CF5 (1.9 eV) (Fig. S4(d)). The observed reduction
in the bandgap can be attributed to the formation of additional
energy levels proximate to the valence band edge, which reduces
the energy requirement for electronic transitions from valence
to conduction bands.*>*

The electrocatalytic performance of bare NF, a-Fe,O;/NF, and
M,Fe, ,O;/NF (M = Mn-Co, and x = 0.01, 0.05, and 0.1) was
evaluated by maintaining a scan rate of 50 mV s~ over a potential
window of 0 V to +0.75 V vs. Ag/AgCl using CV measurements in
0.5 M KOH, as depicted in Fig. S2(a-c). Among the doped
materials, CF5/NF and MF1/NF demonstrated superior perfor-
mance, which is demonstrated in Fig. 3(a). Notably, among the
three electrodes, CF5/NF proved superior electrocatalytic activity,
which is due to cobalt doping endowing more active sites to the
a-Fe,0; surface, making it easier for reactant molecules to adsorb
and activate. Furthermore, cobalt ions can change the electronic
structure of a-Fe,0j, resulting in improved charge transfer
kinetics and catalytic activity.*® This is evident from the anodic
and cathodic peaks observed during redox reactions. To elucidate
the surface-active sites linked to the number of electrons
exchanged primarily in the oxidation process, a detailed study of
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the CV profiles of a-Fe,O;/NF, CF5/NF, and MF1/NF, are illus-
trated in Fig. S3(a—c). The number of electron transfers for the
three primary materials was determined to be 0.6 x 10 for a-
Fe,0,/NF, 4.53 x 10" for MF1/NF, and 12.19 x 10" for CF5/
NF.*** The present study highlights that within the three mate-
rials, CF5/NF exhibits the highest electron transfer rate during
the oxidation process, illustrating the better electrocatalytic
performance of CF5/NF in alkaline electrolytes.

Unlike the BET method, the ECSA analysis entails the
complete immersion of the material electrode in the electrolyte,
enabling a precise assessment of its surface area activity, and
the ECSA results of all the synthesised materials are depicted in
Fig. S5(a-g).**** Fig. 3(b) reveals that a-Fe,O3/NF, MF1/NF, and
CF5/NF possessed 2Cq values of 14.54 uF cm ™2, 14.69 uF cm ™,
and 18.58 uF cm ™2, accordingly. The ECSA results correlate with
the genuine surface areas of each electrode as 0.182 cm?, 0.184
cm?, and 0.232 cm® in a respective manner. Furthermore,
a detailed evaluation of the surface area calibration plot and
calculation are enclosed in Fig. S5 (h, i) and Table S1. The
electrocatalytic performance results demonstrate that the CF5/
NF electrode possesses the highest ECSA activity, indicating
its superior potential for electrocatalytic applications due to an
increased number of active sites.

To assess the efficiency of electrical charge transfer, EIS was
performed, and the results were interpreted through Nyquist
plots, as presented in Fig. 3(c), to evaluate the resistance and
capacitance of the material. For a more detailed interpretation,
the Nyquist plots were modeled with the equivalent circuit
Ry(Qct(Ret(QceRee))), with the fitted parameters provided in Table
S2. The electrolyte resistance between the working and counter
electrodes, represented by solution resistance (R;), was deter-
mined from the x-intercept of the semicircle at high frequen-
cies. Additionally, the electrode-electrolyte interface
impedance, comprising parallel elements Q. and R, was
included in the model. The internal resistance of the catalyst
was represented by parallel elements R;; and Q;, in series with
R.:. Notably, the semicircle for CF5/NF displayed a smaller
radius, indicating a reduction in internal and charge transfer
impedance. This is also confirmed by the Mott-Schottky plot in

——Bare NF = a-Fe,0,/NF s a-Fe,O,/NF
(a) — a-Fe,0, (b) » CF5/NF 18.58uF cm? (C) : CFS/IZ\IFS R
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Fig. 3 (a) Comparative analysis of CVs of bare NF, a-Fe,Os/NF, CF5/NF, and MF1/NF in 0.5 M KOH at a scan rate of 50 mV s™*; (b) ECSA plot of
a-Fe,O=/NF, CF5/NF, and MF1/NF; and (c) Nyquist plots of a-Fe,Oz/NF, CF5/NF, and MF1/NF, respectively.
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Fig. S4(e). This decrease in impedance and solution resistance
correlates with the improved electrocatalytic performance
observed for CF5/NF.%¢

The nanocomposites were morphologically characterized by
FESEM and EDAX. The FESEM images of a-Fe,O3, CF5, and MF1
nanoparticles are depicted in Fig. 4(a—f), respectively, illus-
trating their rhombus-like structure. The surface morphology is
rough and porous, indicating the occurrence of o-Fe,O;
formation (Fig. 4(a, and b)). In CF5 and MF1, the incorporation
of dopants into the lattice structure of a-Fe,O; results in the
formation of small granule-like structures on the surface of the
framework; however, no surface defects are present within the
lattice. Significantly, this observation implies that the a-Fe,0;
structure is not altered in CF5 and MF1.

In Fig. S6(c-e), the EDAX spectra reveal the images show-
casing a relatively uniform distribution of Fe and O components
throughout the sample, confirming the homogeneity of the
synthesized materials.>” The low-intensity profiles observed for
the Co and Mn dopants, in conjunction with the base elements,
validate the effective incorporation of Co and Mn into the a-
Fe,O; matrix. Furthermore, EDAX analysis shows the existence
of carbon (C) peaks at around 0.2 keV, which is attributed to the
carbon tape used for sample handling during SEM and EDAX
measurements.

XPS spectra was used to validate the surface chemical envi-
ronment and oxidation state of CF5. Fe, O, Co, and C elements
were identified on the surface of CF5, based on the survey scan
(Fig. 5a) carried out over an energy range of 100-1000 eV, with
no observable traces of contaminants. Two distinguished peaks,
individually splitting into doublets, were observed in the high-
resolution Fe 2p XPS spectra (Fig. 5b), demonstrating spin-
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orbit coupling in a-Fe,0;. In particular, the peaks at 723.27 eV
and 726.06 eV were found to correspond to Fe>* 2p,,, and Fe**
2p12, Whereas the peaks at 709 eV and 710.92 eV correlated with
the binding energies of Fe*" 2p,,, and Fe*" 2p;,, respectively.
The combined presence of Fe*>" and Fe** oxidation states points
to a complex surface chemistry that may be impacted by dopant
ion electron donation and oxygen vacancies from high-
temperature annealing, among other factors.>®

The clear peaks for the O 1s spectra of CF5 in Fig. 5c indicate
the appearance of three distinct forms of surface oxygen
species, which are represented by peaks at 530.87 eV involved
with iron-oxygen bonding represented by the lowest energy
peak, which is associated with lattice oxygen (Oy), 531.63 eV at
the intermediate energy level, oxygen vacancies (O,) appear as
chemisorbed oxygen species, and 532.87 eV the final peak with
the highest energy related to adsorbed oxygen species (O.). The
obtained results were consistent with the findings previously
reported in the literature.>**°

Similarly, the Co 2p XPS spectrum in Fig. 5d shows an
obvious peak at 780 eV, which implies the presence of Co in the
CF5 lattice. This peak exhibits additional subdivision, with Co
2ps/, demonstrating three distinct peaks that show changes in
the cobalt oxidation state. In particular, the Co** peak appears
at around 777.88 eV, while the Co** peak is detected at
780.94 eV. Furthermore, a satellite peak of Co>* is seen at
785.61 eV, which could be ascribed to plasmons, energy loss
processes, or shake-ups. In addition, the cobalt 2p,,, peak is
observed at 792.16 eV, which adds to our understanding of the
entire span of cobalt's oxidation states in the CF5 lattice.®"*>

In this study, the Vienna Ab initio Simulation Package (VASP)
was used to perform first-principles DFT simulations in order to

Fig. 4 FESEM images of (a and b) a-Fe,Os3; (c and d) CF5; and (e and f) MF1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectrum of CF5: (a) survey; (b) Fe 2p; (c) O 1s; and (d) Co 2p.

examine the electronic structure and geometrical optimizations
of both pristine and CF5 structures.®** Exchange-correlation
interactions were described using the Perdew-Burke-Ernzer-
hof (PBE) functional in the generalized gradient approximation
(GGA), while electron-ion interactions were correctly repre-
sented using the projector augmented wave (PAW)
approach.®*®” To maintain a compromise between accuracy and
computing economy, a plane-wave basis set with a kinetic
energy cutoff of 520 eV was taken into consideration. For self-
consistent computations, a I'-centered 3 x 3 x 1 k-point mesh
was used to sample the Brillouin zone. Using a U value of 5.0 eV
based on the Dudarev and Botton technique,® the Hubbard U
correction was implemented within the GGA + U framework to
account for strong electron correlations due to the presence of
localized d-electrons in Fe and Co atoms. To minimize the force
on each atom to less than 0.01 eV A", structural optimizations
were performed. The energy convergence criterion between
subsequent self-consistent stages was set at 1 x 107> eV. After
building the bulk haematite structure to analyze its structural
and electrical characteristics, two Fe atoms were swapped out
for Co atoms in a supercell structure consisting of 80 atoms to
study the effects of Co doping. A thorough examination of the
structural and electrical properties of both pristine and CF5
structures was made possible by these computational methods.
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3.1. Structural properties

DFT computations were used to examine the structural char-
acteristics of pristine «-Fe,O3 and CF5, as shown in Fig. 6(a and
b). Fe atoms occupy octahedral positions inside a hexagonal
close-packed lattice of oxygen (O) atoms in a-hematite's rhom-
bohedral structure (R-3c). For pristine a-Fe,Os, the optimized
lattice parameters were found to be @ = 5.44 A and o = 55.270°,
which are values that closely match previous theoretical
research and experimental results. The haematite structure's
intrinsic cation-anion interactions are reflected in the Fe-O
bond lengths within the octahedral units, which vary from 1.96
A t0 2.10 A.

Minimal structural changes are brought about by the addi-
tion of 5% cobalt substitution, in which Co** ions take the place
of Fe*" ions. Optimal values of @ = 5.42 A and « = 55.270° were
obtained by a modest contraction of the lattice parameters
because of the lesser ionic radius of Co*" (roughly 0.61 A)
compared to Fe*" (about 0.645 A). The unit cell volume
decreases as a result of this little drop in lattice characteristics,
indicating that cobalt was successfully incorporated into the
haematite lattice without causing significant structural
deformities.

Additionally, there are minor variations in the bond lengths
between the Co-substituted Fe-O octahedra and pure Fe-O

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Optimized geometry of (a) Fe,Oz and (b) CF5.

bonds. The Co-O distances, which range from 1.95 A to 1.97 A,
are marginally shorter than the comparable Fe-O bonds. The
stronger Co-O interactions brought about by the more localized
electronic character of the Co 3d states are responsible for this
change.

3.2 Electronic properties of a-Fe,03; and CF5

The electronic structure of a sensing material plays a key role in
defining its conductivity, charge transfer efficiency, and surface
reactivity, all of which directly influence its sensing ability. In
biosensing applications, «-Fe,O; is a promising material
because of its surface activity, tunable bandgap,®~* and a stable
semiconducting nature. However, its efficiency is limited by its

I T H2HO0L

weak electrical conductivity and comparatively high bandgap.
In order to alter the electrical structure and possibly lower the
bandgap, introduce mid-gap states, and improve charge carrier
mobility, Co doping was investigated.

Co-incorporation's effects on the material's electronic
conductivity and surface interaction potential can be under-
stood by examining the density of states (DOS) and band
structure of both pure and CF5. Since enhanced conductivity
and charge transfer capacities can improve the sensor's
responsiveness, this information is crucial for optimizing
hematite-based materials for cholesterol detection. The crea-
tion of more effective biosensors is guided by the fundamental
insights into the material's potential as an active sensing
element that the electronic structure analysis offers.

-4 2 0 2
Energy(eV)

DOS (states/eV)

Fig. 7

2 0 2
Energy (eV)

(a) Electronic band structure of a-Fe,Osz in the Brillouin zone of the rhombohedral cell, emphasizing the band gap along the high-

symmetry path I'-T-Hz|Ho-L-I'-So|S,-F-T'. (b) a-Fe,O3 density of states (DOS), showing the band gap and the distribution of electronic states. (c)
Electronic density of states (DOS) of CF5, demonstrating the effect of Co doping on electronic characteristics and band gaps.
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3.3 Band structure analysis

Pristine a-Fe,O; is an indirect bandgap semiconductor,
according to the band structure calculations, with the conduc-
tion band minimum (CBM) at a separate k-point and the valence
band maximum (VBM) at the I'-point. The calculated bandgap,
which is shown in Fig. 7(a), is 2.3 eV, which is the same value as
previously published. The Fe 3d orbitals predominate in the
conduction band, whilst the O 2p orbitals contribute to the
majority of the valence band. The electrical structure is signif-
icantly influenced by the Fe 3d-O 2p hybridization.

The band structure changes noticeably when 5% Co is doped
at Fe sites. The bandgap drops to 1.93 eV, suggesting the
formation of impurity states close to the conduction band, as
shown in Fig. 7(c). The Co 3d orbitals, which add more elec-
tronic channels and may improve electrical conductivity, are the
source of these states. Moreover, a shift in the Fe 3d bands
results from a minor perturbation of the Fe electronic states
caused by Co inclusion.

Moreover, compared to normal LDA/GGA, which frequently
underestimates the band gap, the LDA + U technique tends to
increase it.”>”* Compared to the conventional DFT approaches,
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the use of U helps to correct the electron-electron interactions,
especially in the Fe 3d orbitals, which results in a bigger
bandgap and a more accurate representation of the electronic
structure.”

3.4 DOS analysis

As shown in Fig. 7(b and c), the atom projected density of states
(PDOS) offers vital information on the electrical structure of
both pure and CF5. The O 2p states contribute to the majority of
the valence band in pure a-Fe,O3, with Fe 3d states contributing
close to the VBM. Fe 3d orbitals contribute to the conduction
band, which has a wide band gap and restricts electrical
conductivity. The DOS undergoes notable changes at 5% Co
doping, especially in the vicinity of the CBM. By adding Co 3d
states, more electronic states are produced close to the Fermi
level, which lowers the bandgap and increases the concentra-
tion of carriers. This change suggests increased Fe-Co
hybridization-induced electrical conductivity. Additionally, the
doped system is better suited for applications needing effective
charge transfer because the presence of Co states close to the
CBM promotes electron transport.

40
—oa-Fe,0,4/NF ——5mV/s
(a) |— CFSINF (b) 49— 10mvis
—— MF1/NF —25mV/s
——50mV/s
——75mV/s
& 201 o 20l 100mVis r 2mM
'E 'E ——120mV/s
[&] o
< < 0.2mM
€ E ol
-~ 0 ~ =
Ed = = Z |
20} N\
20} \Y '
2mM Cholesterol T 5w 20t
0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6 0.0 0.2 0.4 0.6
E /V vs. Ag/AgCI E /V vs. Ag/AgCI E /V vs Ag/AgCI
——CF5INF o CF5/NF
(d) (e) Linear Fit
76}
O]
1S
Q
<
S
=
7.2}
400 600 800 0 1 2 040 045 050  0.55
Time /s C/mM E /V vs Ag/AgCI

Fig. 8 (a) Comparison of CVs for the influence of 2 mM cholesterol in 0.5 M KOH at a scan rate of 50 mV st for a-Fe,03/NF, CF5/NF, and MF1/
NF; (b) scan rate study of CF5/NF in 0.5 M KOH from 5 to 120 mV s~*. The anodic and cathodic peak currents are inserted as a function of the
square root of the scan rate (inset); (c) successive addition analysis for CF5/NF at a scan rate of 50 mV s~%; (d) CA study of CF5/NF conducted in
a 0.5 M KOH solution, and the measurements performed under stirring conditions at an applied potential of +0.55 V; (e) calibration plot of CF5/
NF to estimate the cholesterol levels; and (f) DPV study of CF5/NF to analyze the electrochemical response to successive cholesterol additions.
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The CV analysis showed a progressive enhancement in both
oxidation and reduction peak currents upon exposure to 2 mM
cholesterol for a-Fe,0;/NF, CF5/NF, and MF1/NF in 0.5 M KOH
electrolyte, at a scan rate of 50 mV s, as depicted in Fig. 8(a).
In particular, the CF5/NF CV analysis with and without the
addition of cholesterol at a scan rate of 50 mV s~ " was deter-
mined, as shown in Fig. S8(a), which reveals the efficiency of
CF5/NF towards cholesterol sensing. The improved cholesterol-
sensing performance of CF5/NF is ascribed to its well-defined
crystalline structure, enhanced surface area, and superior
electron transfer capabilities. Additionally, modifications in
band gap energy, as indicated by the DFT study, contribute to
a significant enhancement in electrocatalytic activity toward
cholesterol oxidation. These factors collectively underscore the
potential of CF5/NF for advanced cholesterol biosensing appli-
cations. Eqn (5)-(7) represent the detailed mechanism:"*

F6203 (III) + OH™ — F6203 (III) — Oads (5)
Fe,0; (1) — O,4s — Fe,03 (IV) =0 + ¢~ + H' (6)

Fe,05 (IV) = O + cholesterol — cholest-4-en-3-one
+ Fe,05 (II) — Ouqs + ¢~ + H' (7)

a-Fe,O; contributes structural stability and a porous surface
with an extensive surface area, making it an ideal host matrix.
The mechanism can be illustrated as follows: Initially, as pre-
sented in eqn (5), the hydroxide ion (OH™) present in the elec-
trolyte adsorbs onto the surface of Fe,O;, leading to the
generation of adsorbed oxygen species (O,q5) on Fe,O; ().
These adsorbed oxygen species undergo oxidation, leading to
the formation of Fe,O; (iv) with a higher oxidation state, along
with the release of a proton (H') and an electron (e~). Upon the
addition of cholesterol to the electrolyte, Fe,O; (IV) reacts and
facilitates the formation of cholest-4-en-3-one. During this
interval, Fe,O; (iv) is reduced back to Fe,O; (m) with an adsor-
bed oxygen species, releasing additional e~ and H". It was noted
that the release of two electrons during this process aligns with
the results obtained from the Laviron equation (eqn (8)):

RT
lope = ——
Slope Fan (8)

Fig. S7(a) gives the implementation of the Laviron equation,
obtained by graphing the slope of In (v) against the oxidation
peak potential (E). This equation involves the ideal gas constant
(R = 8.314]), faraday's constant (F = 96 480 C mol), temperature
(T = 300 K), transfer coefficient (« = 0.5), and the number of
electrons associated with cholesterol oxidation (7).>* The study
showed that 1.72 electrons are exchanged during cholesterol
oxidation, closely approximating a two-electron transfer mech-
anism, which is further corroborated by DFT analysis.

Fig. 8(b) illustrates the scan rate study of CF5/NF, encom-
passing a potential range from 5 mV s to 120 mV s~ ', and
Fig. S8(b) depicts the scan rate study of a-Fe,O3/NF. With the
increase in scan rate, there is a corresponding increase in the
peak potentials of both oxidation and reduction processes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Under reduced scan rates, the formation of a diffusion layer
between the electroactive species and the electrode surface
results in reduced interaction, leading to lower anodic and
cathodic peak currents. Conversely, an increase in scan rate
leads to the breakdown of the diffusion layer, and at a certain
scan rate, it vanishes. This results in a shift of the anodic peak
towards more positive potentials and the cathodic peak towards
more negative potentials with the increase in scan rates. Addi-
tionally, a linear correlation was observed between the square
root of the scan rate and the redox peak currents of CF5/NF, as
shown in the inset of Fig. 8(b), indicating that the formation of
the diffusion layer impedes the interaction between electro-
active species and the electrode surface, thereby facilitating
electron transfer through an outer-sphere mechanism.

The subsequent study, illustrated in Fig. 8(c) and S8(c),
presents the effects of successive additions of cholesterol within
a linear concentration range of 0.2 mM to 2 mM in 0.5 M KOH,
at a scan rate of 50 mV s ' for CF5/NF and o-Fe,O/NF,
respectively. The data indicate a progressive rise in redox peak
currents upon each incremental addition of cholesterol, signi-
fying effective electrocatalytic oxidation and reduction of
cholesterol. This observed enhancement in redox peak currents
can be ascribed to the formation of a diffusion layer, facilitating
improved interaction among the electroactive species and the
electrode surface.

Fig. 8(d) depicts the CA current response of the CF5/NF
electrode at an applied potential of +0.55 V in response to the
sequential addition of cholesterol. Each addition of cholesterol
results in a stepwise increase in current every 50 s, indicating
the electrode's capacity to detect cholesterol effectively at each
increment. Comparative CA responses for the a-Fe,O;/NF elec-
trode are presented in Fig. S8(d). At the specified anodic peak
potential, the absence of a diffusion layer allows direct inter-
action between the electroactive species and the electrode
surface, resulting in a stepwise increase in current upon each
cholesterol addition. Fig. 8(e) presents the calibration curve,
demonstrating the linear response across a cholesterol
concentration range from 0.2 mM to 2 mM. The CF5/NF elec-
trode exhibited high sensitivity, measured at 1364.2 pA mM ™"
em~? (40.03, n = 3), as depicted in Table S3. Furthermore, the
LOQ and LOD for the CF5/NF electrode were calculated to be
~0.58 mM and ~0.17 mM, respectively, with a response time of
2 s (Fig. S9(a)). In contrast, the o-Fe,O;/NF electrode demon-
strated a sensitivity of 590 uA mM ' em ™2 (£0.05, n = 3), as
represented in Fig. S8(e) and Table S3.

Furthermore, DPV analysis was conducted to examine the
electrochemical behavior of the CF5/NF electrode in the
potential range of 0.35 to 0.65 V at a scan rate of 10 mV s~ ' in
0.5 M KOH, as shown in Fig. 8(f). A notable increase in peak
currents corresponded to the redox reactions as the cholesterol
concentration increased, confirming the electrode's catalytic
activity. These findings underscore that CF5/NF effectively
responds to cholesterol due to its crystal structure, high surface
area, excellent electron transfer, decrease in charge transfer
impedance, increased surface active sites, and the defects of the
CF5/NF electrode for cholesterol biosensing applications,
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demonstrating its potential for precise and dependable
measurement of cholesterol levels.

To confirm the long-term reproducibility of the CF5/NF
electrode, CV for 100 cycles in 0.5 M KOH containing 2 mM
cholesterol was performed. The resulting data, depicted in
Fig. 9(a), exhibited minimal changes in oxidation and reduction
peak potentials, retaining approximately 95% of its initial
characteristics even after 100 cycles, while the o-Fe,O3;/NF
electrode retained 84.4% as presented in Fig. S§(f). Further-
more, the reproducibility of the CF5/NF electrode was assessed
by testing three different electrodes in a 0.5 M KOH solution, as
shown in Fig. S10(a), in which electrodes demonstrated
consistent current ranges, thereby confirming their reproduc-
ibility. Additionally, the stability of the CF5/NF electrode was
evaluated for 90 days, as depicted in Fig. S10(b), indicating that
the electrode maintained stability with only a slight decrease in
the current range, without any drastic changes. This indicates
remarkable stability and reproducibility in the electrode's
electrochemical performance. This study demonstrates that the
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conducted using CA under stirring conditions at a constant
potential of +0.55 V in 0.5 M KOH. The electrode was examined
with various interfering species, including ascorbic acid (AA),
creatinine, dopamine (DA), fructose, glucose, KCl, NaCl, and
uric acid (UA), with two different concentrations signifying
0.5 mM and 1 mM of interfering species, as demonstrated in
Fig. S9(a) and 9(b), respectively. The results indicated a stepwise
increase in current exclusively upon adding cholesterol, with no
significant current rise observed during the addition of the
interfering species. This demonstrates that the CF5/NF elec-
trode is highly selective for cholesterol biosensing. Moreover, an
increase in current was observed upon adding a blood sample
containing cholesterol, further confirming the electrode's
sensitivity to cholesterol. To complement the interference study

Table 2 Analysis of human blood serum for cholesterol testing

Clinically tested Experimental

e . .. Patient Gender result (mg dL™") result (mg dL™') % accuracy
CF5/NF electrode can maintain its catalytic activity and struc-
tural integrity through repeated use, underscoring its effec- patient1 Female 308 291.6 94.68%
tiveness for consistent and reliable cholesterol sensing. Patient 2 Female 182 174.7 96%
One of the predominant characteristics of an effective Patient3 Male 21 201.2 95.36%
. . o s o i 0
biosensor is selectivity.”®’” To evaluate the selectivity of the CF5/ Pat%ent 4 Male 202 195.3 96.66%
1 d bi interf lvsi Patient 5 Female 200 196 98%
NF electrode as a biosensor, an interference analysis was p iente Female 260 259.9 97%
— 1% Cycle 15 2 T
(a) —— 100" Cycle (b) 5 (C) I
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Fig.9 (a) CVsof CF5/NF for 100 cyclesina 0.5 M KOH solution containing 2 mM cholesterol, with an applied potential scan rate of 50 mV s~ %; (b)
interference study of CF5/NF in a 0.5 M KOH solution under stirring conditions to assess its reaction with various interfering species of 1 mM at
a potential of +0.55 V; and (c) DPV interference study of CF5/NF at a scan rate of 10 mV s~* and a pulse amplitude of 50 mV.

Table 1 Comparison of the electrode biosensing capabilities of CF5/N
reported in the literature

F with those of the existing metal oxide-based cholesterol biosensors

Electrode material Sensitivity (LA mM " cm ™ ?) LOD (mM) Linear range (mM) Ref

ZnO nanorods 4.2 1.78 1-9 78
Cu,0-MoS, 73.55 0.0036 0.0001-0.18 42
NiO/MoS, 7.95 0.209 0.259-3.88 79
Fe;0,@Si0,/MWNT — 0.005 0.01-4 80
Oxidized Zn-In nanostructure 81 — 0.5-09 81
Calcein-Coz0,4 NCs — 0.00048 0.001-0.05 82
PMO-BMCP 226.30 0.00111 0.00002-333.3 83
CF5/NF 1364.2 (£0.03, n = 3) ~0.17 0.2-2 This work

34186 | RSC Adv, 2025, 15, 34176-34190

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04373e

Open Access Article. Published on 18 September 2025. Downloaded on 10/10/2025 1:28:47 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Fig. 10 Preliminary study of biocompatibility demonstrating enhanced plant growth using CF5 solution, with photographs demonstrating seed

germination on (a) day 1; (b) day 3; (c) day 8; and (d) day 13.

with CA, DPV analysis was also performed, as shown in Fig. 9(c).
This analysis included the individual interfering species,
a mixture of interfering species with cholesterol, and choles-
terol alone. The results showed no significant interference from
the interfering species in the mixture, while there was a notice-
able increase in the current for cholesterol. These findings
confirm the CF5/NF electrode’s excellent sensing properties for
cholesterol, demonstrating high selectivity, sensitivity, and
reliability for cholesterol biosensing applications in compar-
ison with those of existing metal oxide-based electrodes (Table
1).

To further validate the performance of the CF5/NF electrode,
we conducted real-sample analysis using known cholesterol
concentrations in human blood serum collected from nearby
hospitals. Initially, the electrode was tested with synthetically
available cholesterol twice at a concentration of 2 mM and then
with a real sample, as depicted in Fig. S9(b). For the real-sample
analysis, the data obtained were compared with theoretical
values provided by the hospitals. As summarized in Table 2, the
results showed an accuracy level of approximately 94-98%. This
high degree of accuracy underscores the CF5/NF electrode's
excellent sensing properties for cholesterol, confirming its
potential for practical application in clinical diagnostics and
real-world cholesterol analysis.

In this work, a primary investigation towards the non-toxic
behavior and biocompatibility of CF5 was performed via plant
growth in addition to an electrochemical investigation. The CF5
solution is simply made by dissolving the synthesized product

© 2025 The Author(s). Published by the Royal Society of Chemistry

in water, highlighting its low environmental impact, as shown
in Fig. 10(a-d). Green gram and horse gram seeds were selected
as the subjects for the study. The seeds were initially immersed
in the solution, and by day 3, germination was observed, as
shown by the appearance of tiny buds. By day 13, healthy
seedling growth was noticeable.** These outcomes underscore
that the material CF5 does not exhibit any phytotoxicity and
demonstrate the importance of examining the non-toxic
behavior of nanomaterials, particularly when aimed at bi-
osensing applications.

4 Conclusions

This study successfully synthesized o-Fe,O; and M,Fe, ,O;
(M = Mn-Co and x = 0.01, 0.05, and 0.1) and fabricated
aworking electrode by coating the materials on an NF substrate.
Comprehensive structural, optical, morphological, and
electrochemical analyses identified CF5/NF as a superior elec-
trode material, exhibiting excellent sensitivity, a high surface
area, and efficient electron transfer. The CF5/NF electrode
demonstrated remarkable performance in cholesterol sensing,
with a linear detection range from 0.2 mM to 2 mM, a sensitivity
0f1364.2 pPAmM ' em 2 (£0.03, 7 = 3) in 0.5 M KOH, an LOD of
~0.17 mM, and an LOQ of ~0.58 mM. Additionally, the elec-
trode exhibited a rapid response time of 2 s. The evaluation of
real samples revealed that the CF5/NF electrode exhibited
outstanding cholesterol-sensing capabilities, demonstrating
a negligible interference from other species and underscoring
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its potential for enzyme-free cholesterol detection. The study
concludes that the CF5 nanocomposite is a prominent nano-
composite for cholesterol sensing due to its robust electro-
chemical characteristics, non-toxic behavior, biocompatibility,
and efficacy in detecting cholesterol in human blood samples,
signifying a viable tool for clinical and pharmaceutical appli-
cations. This research shows good results over laboratory-scale
synthesis; expanding on this information, the future research is
mainly focused on scaling up the synthetic procedure for
a miniaturized and wearable platform for real-time point-of-
care cholesterol sensing.
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