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1. Introduction

Fe-doping-driven enhancement of electronic
conductivity and electrocatalytic performance in
Gd,O3z nanoparticles for ultrasensitive
electrochemical detection of chloramphenicol in
pharmaceutical and milk samples

*af Nguyen Huu An Nguyen,® Ngo Xuan Dinh, 22 Le Thi Thanh
¢4 Manh-Huong Phan (2

Tuan-Anh Nguyen,
Tam, 2 °4 Nguyen Xuan Quang,® Le Trong Lu,
and Anh-Tuan Le(®*2

In this study, Gd,O3z and Fe-doped Gd,O3 NPs were synthesized via a thermal decomposition method and
integrated into an electrochemical sensing platform to systematically investigate the impact of Fe doping on
the electronic conductivity and electrocatalytic performance toward sensitive chloramphenicol (CAP)
detection. The structural, morphological, and compositional properties of the Gd,Oz and Fe-doped
Gd,O3 NPs were characterized using FE-SEM, TEM, and VSM techniques. Fe doping significantly
enhances the electrical conductivity and the electrochemically active surface area, which was confirmed
by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements. Fe-doped
Gd,0O3 exhibits improved electrocatalytic activity, significantly lowering the activation energy for the CAP
evidenced by linear sweep voltammetry (LSV) and
chronoamperometry (CA) measurements. Owing to the aforementioned synergistic contributions, the

Fe-doped Gd,Os-based electrochemical nanosensor demonstrated remarkable analytical performance
2

electrochemical reduction reaction, as

in a wide dynamic concentration range with a high electrochemical sensitivity of 1.010 pA uM~t cm™
a low detection limit of 0.25 uM, excellent repeatability, strong anti-interference ability, and good
storage stability. The Fe-doped Gd,Os demonstrated strong potential for CAP detection in
pharmaceutical formulations and milk samples with a recovery ranging from 94.1 to 114.0%. The results
suggested that the Fe-doped Gd,Oz NPs hold great potential for the development of an on-site and
point-of-care analytical device for pharmaceutical quality control and antibiotic residue detection in
food products.

their high sensitivity, cost-effectiveness, portability, simplicity
and rapid detection capability.>” These characteristics make

In recent years, the rapid development of analytical technolo-
gies and nanotechnology has led to significant advances in
various sensing nanoplatforms.”® Among these, electro-
chemical sensors have gained considerable attention due to
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electrochemical sensors especially suitable for applications
demanding real-time and point-of care diagnostics, particularly
in environmental monitoring, pharmaceutical quality control
and medical diagnostics, as well as food and beverage safety
and quality assurance.>*® Fundamentally, the sensing perfor-
mance of an electrochemical nanosensor originates from the
physicochemical characteristic of the electrode materials —
namely, its electronic conductivity, electrocatalytic activity, and
adsorption/diffusion capacity at the electrode-electrolyte
interface.” First, electronic conductivity plays a pivotal role in
determining the electron transfer kinetics within the sensor
system. A highly conductive electrode nanomaterial facilitates
the rapid movement of charge carriers, and accelerates the
electrochemical reactions, thereby enhancing the responsive-
ness and sensitivity.® Second, electrocatalytic activity governs
the material's ability to accelerate the kinetics of analyte
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oxidation or reduction at the electrode-electrolyte interface by
lowering the activation energy barriers, thus enabling the
detection of analytes at lower concentrations and under milder
conditions.* Third, effective adsorption/diffusion capacity
ensures efficient transport and retention of target molecules at
the electroactive sites on the electrode surface, thereby
enhancing analyte accessibility and improving analytical
performance.* Therefore, substantial research efforts have
focused on the engineering of novel electrode materials with
finely tuned electronic conductivity, electrocatalytic activity,
and adsorption/diffusion capacity, achieved through strategies
such as surface modification, doping, nanostructuring, and
compositional tuning.

Nanostructured materials, particularly metal oxides, have
demonstrated tremendous promise for electrode modification due
to their high surface area, tunable electronic properties, and
chemical stability.>> Among these, rare-earth oxides (RE,Os) such
as gadolinium oxide (Gd,Os) exhibit promising attributes for
sensor applications due to their unique electronic structure,
tunable electric conductivity, and unusual 4f sub-shell electronic
and chemical performance.’*** Nevertheless, due to its wide band
gap and limited charge carrier population, the low intrinsic elec-
tronic conductivity of pristine Gd,O; remains a major limitation
that hinders its widespread use in high-performance electro-
chemical sensing platforms.”® Furthermore, the electrocatalytic
performance of bulk Gd,O; is limited by particle agglomeration
and disordered stacking, which significantly reduces the number
of exposed active sites.® To overcome these shortcomings,
doping strategies have been employed to modulate the
structural, electronic, and catalytic properties of Gd,0;. Among
the various potential dopants, iron (Fe) has emerged as a particu-
larly promising candidate due to its high electrical conductivity
(1.00 x 107 S m™* at 20 °C), low resistivity (1 x 10”7 Q m), and
a high density of free electrons (17 x 10 electrons per m?), and
rich redox chemistry (Fe**/Fe**).® Fe-doping has proven to be an
effective strategy for enhancing the electrochemical activity and
analytical sensing performance of various metal oxides.'*"® For
example, Fe-doped WO; exhibited significant improvements in
curcumin detection due to enhanced electron transfer and cata-
lytic reactivity, offering a linear detection range (5 uM to 60 uM)
and a low limit of detection (6.2 x 10™® M)."® Lavanva et al. fabri-
cated a novel disposable screen-printed carbon electrode modified
by Fe doped SnO, nanoparticles (NPs) for carbamazepine detec-
tion in pharmaceutical products. The Fe-doped SnO, NPs deliver
a large effective electrode surface area and high electron conduc-
tivity, resulting in fast and sensitive current response to CBZ over
a wide linear range of 0.5-100 uM with a low detection limit of
92 nM.* These results collectively affirm the potential of Fe doping
as an effective strategy to improve the electrochemical perfor-
mance of Fe-doped metal oxide-based electrochemical sensors.
Therefore, the incorporation of Fe into Gd,O; NPs is expected to
enhance electronic conductivity by increasing charge carrier
density and mobility, primarily through donor level formation and
bandgap narrowing. Additionally, it mitigates particle agglomera-
tion, exposing more accessible active sites for electrochemical
reactions and thereby improving overall electrocatalytic
performance.
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Antibiotics have long been considered revolutionary in the
treatment of infectious diseases in both humans and livestock.
They play a crucial role in controlling bacterial infections,
improving animal health, and increasing productivity in the live-
stock industry.* However, the overuse and misuse of antibiotics in
livestock farming — whether for disease prevention, treatment, or
growth promotion have raised serious food safety and public
health concerns.” Alongside growing concerns about antibiotic
residues in food products, the quality control of pharmaceutical
products containing antibiotics has become increasingly critical.*
Inconsistencies in active ingredient concentrations, the presence
of impurities or degradation products in drug formulations can
significantly undermine therapeutic effectiveness and elevate
toxicity risks.**** Chloramphenicol (CAP), a broad-spectrum
phenolic antibiotic, is particularly concerning due to its tendency
to accumulate in the human body. CAP has been associated with
severe adverse health effects, including aplastic anemia, gray baby
syndrome, and bone marrow suppression.*** Consequently, the
use of CAP in food-producing animals has been strictly prohibited
in the European Union, the United States, and many other coun-
tries.”””® Despite these restrictions, CAP remains widely used in
certain regions due to its cost-effectiveness and strong antibacte-
rial properties. Furthermore, rigorous quality control of CAP in
pharmaceutical formulations is imperative to ensure that phar-
maceuticals meet established safety, efficacy, and purity standards.
Therefore, given the potential health risks associated with CAP
contamination, there is an urgent need for rapid, reliable, robust,
and highly sensitive detection platforms to ensure food safety,
protect public health, and support regulatory enforcement.

In this study, we present the synthesis of undoped Gd,O3; NPs
and Fe-doped Gd,0; NPs as active electrode modifiers for the
electrochemical detection of CAP. By systematically comparing
the electrochemical characteristics in redox probe [Fe(CN)g]> /4~
and the electrochemical behavior in CAP analyte of the bare SPE,
undoped Gd,0;-, and Fe-doped Gd,0;-modified screen-printed
carbon electrode (SPE), the results showed that the Fe doping
improved the electrochemical properties of the undoped Gd,O3;
NPs by increasing its electrical conductivity and electrocatalytic
response. As a result, the Fe-doped Gd,O;/SPE demonstrated
excellent analytical sensing performance towards CAP sensing
over a wide linear range with high electrochemical sensitivity and
low detection limit. The repeatability, anti-interference ability,
storage stability, and practical applicability for the detection of
CAP in pharmaceutical formulations and milk samples of the
proposed sensor were also investigated. The findings of this
study are expected not only to provide valuable insight into
dopant-modified rare-earth oxides for electrochemical sensing
nanoplatforms but also to contribute to the development of
a new class of high-performance, cost-effective, sensitive, and
portable electrochemical sensors for monitoring antibiotic resi-
dues in food samples and pharmaceutical quality control.

2. Experimental section
2.1. Chemicals

Iron(m) acetylacetonate (Fe(acac);, 99.9%), gadolinium(u)
acetate hydrate (Gd(Ac)s, 99.9%), 1-octadecanol (OCD-ol, 95%),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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oleic acid (OA, 90%), oleyamine (OM, 70%), 1-octadecene (ODE,
90%), absolute ethanol and n-hexane were purchased from
Sigma-Aldrich, Germany. Potassium ferricyanide (K;Fe(CN)g),
potassium ferrocyanide (K Fe(CN)), potassium chloride (KCl),
potassium dihydrogen phosphate (KH,PO,), sodium chloride
(NaCl), and dibasic sodium phosphate (Na,HPO,) were manu-
factured by Merck KGaA, Germany. Chloramphenicol (CAP >
98%) was supplied by Sigma-Aldrich, Germany. All the chem-
icals and reagents employed in this study were analytical grade
and used without additional refinement.

2.2. Synthesis of Gd,0; and Fe-doped Gd,0; NPs and
fabrication of modified electrodes

The Gd,0; and Fe-doped Gd,O; NPs were synthesized via
a thermal decomposition method following our previously re-
ported work.? Briefly, 10 mmol gadolinium(ui) acetate (for the
synthesis of Gd,0; NPs), 9 mmol gadolinium(m) acetate and
1 mmol iron(m) acetylacetonate (for the synthesis of Fe-doped
Gd,0; NPs) were introduced into a 100 mL three-neck round-
bottom flask containing a pre-prepared solution of oleic acid
(0A) and oleylamine (OM) in a 2:1 molar ratio, along with
40 mL of octadecene as the solvent. The reaction mixture was
stirred at 100 °C for 1 h until the precursors completely di-
ssolved. Subsequently, the temperature increased to 200 °C and
maintained for 3 h, followed by further heating to 320 °C for 2 h.
The entire reaction was carried out under a continuous flow of
nitrogen gas. After the reaction, the reaction mixture was
allowed to cool to room temperature, and the resulting products
were isolated by centrifugation, washed four times with abso-
lute ethanol. The Gd,O; and Fe-doped Gd,O; NPs was collected
and dried under vacuum at 70 °C.

For electrode modification, the bare SPE was thoroughly
rinsed with ethanol and distilled water to remove impurities,
giving a smooth and shiny surface. The Gd,O0; and Fe-doped
Gd,O; suspensions were prepared by dispersing 1 mg Gd,O;
and Fe-doped Gd,0; powder in 1 mL n-hexane and subjected to
1 h of ultrasonication. Next, 8 uL of the above suspensions were
dropped cast onto the working electrode of the bare SPE and
allowed to dry at room temperature. Finally, the Gd,05/SPE and
Fe-doped Gd,0;/SPE were stored at room temperature for
subsequent electrochemical experiments.

2.3. Instrumentation

The surface morphological features of samples were scrutinized
by FE-SEM (field emission scanning electron microscopy FE-
SEM, S-4800). The presence of Fe in Fe-doped Gd,O; sample
was confirmed by transmission electron microscopy (TEM),
vibrating sample magnetometry (VSM), and X-ray Photoelectron
Spectroscopy (XPS) techniques. Electrochemical investigations
were conducted on A PalmSens 4.0 Potentiostat/Galvanostat/
Impedance Analyzer workstation potentiostat (PalmSens
Compact Electrochemical Interfaces, Netherlands).

2.4. Electrochemical measurements

Cyclic voltammetry (CV), differential pulse voltammetry (DPV),
linear sweep voltammetry (LSV) chronoamperometry (CA), and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrochemical impedance spectroscopy (EIS) techniques were
used to study the electrochemical characteristics and electro-
chemical behaviors toward CAP of the bare SPE, Gd,O5/SPE and
Fe-doped Gd,O3/SPE. The electrochemical characteristics of the
unmodified and modified SPE electrodes were studied by CV and
EIS techniques in 0.1 M KCl solution containing 2.5 mM
benchmark redox probe [Fe(CN)]> /*~. CV measurements were
applied with a potential window between —0.25 and 0.5 V with
scan rate in the range of 10 to 60 mV s~ ", EIS measurements were
carried out in a frequency range between 100 000 Hz to 0.01 Hz.
The electrochemical behaviors and electrocatalytic activity of CAP
on the unmodified and modified SPE electrodes were investi-
gated by CV, LSV, CA, and DPV techniques in an aqueous phos-
phate buffer electrolyte solution (0.1 M PBS). CV technique was
carried out with a potential window between —1.0 and —0.3 V
with scan rate in the range of 10 to 60 mV s '. LSV
measurement was recorded by scan potential from —0.1to —1.0V
with Egp, = 0.01 V and tequilibration = 120 s. CA measurement was
performed at the potential of —750 mV in the absence and
presence of 50 uM CAP with tinervats Of 0.06 s and trypping Of 5 s.
DPV technique was performed in the potential range from —0.35
to —0.9 V at a scan rate of 6 mV s~ with Epuise = 0.075 V, and
tpulse =0.2s.

2.5. Real samples preparation

Commercial pharmaceutical tablets containing 500 mg of CAP
were purchased from a local drug store in Hanoi, Vietnam. For
the electrochemical analysis of the pharmaceutical formulation,
five tablets were accurately weighed and finely pulverized. Then,
50 mg of the homogenized powder was dissolved in 50 mL 0.1 M
PBS (pH 7.0), stirred for 3 h to ensure that tablets were dissolved
completely, and filtered through Whatman filter paper. To
obtain final CAP concentrations in the working range, appro-
priate aliquots of the clear supernatant liquid were diluted with
0.1 M PBS (pH 7.0).

Milk samples were purchased from the local supermarket.
To prepare milk samples, 1 mL of milk was diluted 5 mL of
0.1 M PBS (pH 7.0) and the resulting solution was mixed
completely by a vortex mixer and centrifuged for 5 min and
filtered through Whatman filter paper. Finally, obtained sample
was spiked with certain amounts of CAP standard solution (25,
50, and 100 pM). The actual concentrations of CAP in
commercial pharmaceutical tablets and milk samples were
calculated by using three repeated DPV measurements and the
regression equation of the calibration curve.

3. Results and discussion

3.1. Physicochemical characteristics of Gd,O; and Fe-doped
Gd,O0; NPs

The surface morphology of the undoped Gd,0; and Fe-doped
Gd,O; samples was investigated using FE-SEM technique at
different magnifications. The FE-SEM images obtained at
magnifications of 20.0k and 100k (Fig. 1a and b) demonstrate
that the undoped Gd,O; sample exhibits a relatively uniform
and aggregated porous micromorphology, which is composed

RSC Adv, 2026, 16, 8517-8532 | 8519
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Fig.1 SEM images at different magnification of Gd,Os (a and b) and Fe-Gd,Oz NPs (c and d). TEM image (e) and magnetic hysteresis loop (f) of

Fe—Gd203 NPs.

of well-agglomerated NPs with clean and smooth surface
features. Upon Fe doping, the particles tend to form larger
agglomerates with rougher surfaces compared to the undoped
Gd,O; NPs (Fig. 1c). At higher magnification (Fig. 1d), it is clear
that the Fe-doped Gd,O; sample displays a porous, network-like
micromorphology, in which small, fine primary Fe-doped
Gd,0; NPs are interconnected, forming a continuous and
closely packed structure. Full information about the XRD
pattern, UV-Vis spectrum, and Gd/Fe molar ratio measured by
ICP-MS was reported in our previous study.*

TEM analysis was carried out to examine the morphology of
the Fe-doped Gd,O; NPs. As shown in Fig. 1e, the particles
exhibit good sphericity and a relatively uniform size distribu-
tion, with an average diameter of less than 20 nm. The presence
of Fe doping in Gd,O3; NPs was further investigated using VSM
technique, and the corresponding hysteresis loop is presented
in Fig. 1f. The Fe-doped Gd,0O; NPs exhibits a distinct hysteresis

8520 | RSC Adv, 2026, 16, 8517-8532

loop with a saturation magnetization (M;) of approximately 2
emu g~ '. While pristine Gd,0j, is inherently non-magnetic, this
enhancement in magnetic response can be attributed to the
presence of Fe ions, which introduce four unpaired electrons
(Fe = [Ar] 4s® 5d°) in its 3d orbitals and promote magnetic
exchange interactions.?**

XPS analysis was performed to elucidate the surface
elemental composition as well as the oxidation states and lattice
incorporation of Fe species in the Fe-doped Gd,O; NPs. The
survey spectrum presented in Fig. 2a shows five predominant
peaks corresponding to Gd 4d, C 1s, O 1s, Fe 2p, and Gd 3d,
thereby verifying the elemental composition of the Fe-doped
Gd,O; NPs and its agreement with the precursor composition.
The Gd 4d high-resolution spectrum (Fig. 2b) displays two
characteristic peaks at binding energies of 140.2 eV and
146.4 eV, which are ascribed to the Gd 4ds,, and Gd 4d;,, spin-
orbits split doublet, respectively.** Furthermore, the presence of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Scan survey XPS spectrum of the Fe-doped Gd,Oz NPs (a) and high-resolution XPS spectra of Gd 4d (b), O 1s (c), and Fe 2p (d).

a satellite peak at binding energy of 142.5 eV suggests interac-
tions between the Gd 4d core levels and partially filled 4f
orbitals, thereby confirming the preservation of the intrinsic
electronic structure of Gd*>" after Fe doping in the as-
synthesized Fe-doped Gd,0; NPs.**** The high-resolution
spectrum of the O 1s shows the three deconvoluted peaks at
528.3, 529.9, and 530.9 eV (Fig. 2¢). The dominant O 1s peak
located at 529.9 eV can be attributed to lattice oxygen in Gd-O
species, further indicating the formation of Gd,0;.** Two
shoulder peaks at 528.3 and 530.9 eV are associated with oxygen
species in the carbonyl (C=0) and carboxyl group (-COOH)
originating from terminating groups of the oleic acid. The high-
resolution Fe 2p spectrum exhibits well-defined doublet peaks
corresponding to the spin-orbit components Fe 2p;, and Fe
2p12>** (Fig. 2d). The deconvoluted Fe 2ps, spectrum exhibits
three peaks at binding energies of 707.4, 709.3, and 711.9 eV,
which are attributed to the Fe*" octahedral species, Fe** octa-
hedral species, and the satellite of Fe?, respectively.>”~** Simi-
larly, the Fe 2p,,, spectrum exhibits peaks at 722.6, 725.2, and
730.6 eV, corresponding to Fe* octahedral species, Fe*" octa-
hedral species, and the satellite of Fe*", respectively.***° The XPS
analysis suggests that Fe in the doped Gd,O; lattice occupies
octahedral sites in both Fe** and Fe®*" oxidation states.

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

3.2. Electrochemical characterizations of the bare SPE and
Gd,O0;-, Fe-doped Gd,0;-modified SPE electrodes

To better understand the electrochemical redox behavior and
electrocatalytic activity of bare SPE, Gd,O5/SPE, and Fe-doped
Gd,03/SPE, cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed in a 0.1 M KCl
solution containing 2.5 mM [Fe(CN)s]*"*~ as a redox probe. As
illustrated in Fig. 3a, all electrodes, both modified and
unmodified, exhibited well-defined, reversible redox peaks
associated with the [Fe(CN)¢]*'*~ redox couple. The nearly
rectangular CV profiles, along with the presence of reversible
peaks, indicate a combination of pseudocapacitive behavior
and double-layer capacitance, suggesting efficient redox
processes occurring at the electrode-electrolyte interface. A
comparative analysis of the voltammograms (Fig. 3b) reveals
a clear trend of increasing oxidation and reduction peak
currents (AI,, and AI,.) from bare SPE to Gd,0,/SPE, and
further to Fe-doped Gd,O3/SPE. The bare SPE electrode showed
AIL, and A, values of 56.6 pA and 51.2 pA, respectively. Upon
modification with Gd,Oj3, these values increased to 77.0 pA and
77.2 pA, representing enhancements of approximately 36.04%
and 50.78%. The incorporation of Fe into Gd,0; NPs resulted in
further improvements, with Al,, and AT, reaching 81.2 pA and

RSC Adv, 2026, 16, 8517-8532 | 8521
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(a) CV voltammograms and (b) the corresponding bar chart diagram of the anodic/cathodic peak currents of the bare SPE, Gd,Os/SPE,

and Fe-doped Gd,Oz/SPE in 2.5 mM [Fe(CN)el>~"4~ solution containing 0.1 M KCL; (c) Nyquist plots and (d) the corresponding bar chart diagram
of charge-transfer resistance (R.), the heterogeneous electron-transfer rate constants (kg) and the exchange current density (jo) values of the
bare SPE, Gd,O3/SPE, and Fe-doped Gd,O=/SPE in 2.5 mM [Fe(CN)el* "4~ solution containing 0.1 M KCL. Inset the diagram of Randles equivalent

circuit model.

86.4 pA, respectively. Compared to the bare SPE, this corre-
sponds to increases of around 43.46% and 68.75%. These
results highlight a progressive enhancement in redox activity
due to Fe doping, positioning Fe-doped Gd,O,/SPE as the most
electrochemically active electrodes among the three investi-
gated electrodes.

To provide additional evidence of the intrinsic electro-
catalytic enhancement achieved by doping Gd,O;/SPE with Fe,
the electrochemically active surface area (ECSA) was evaluated.
Fig. S1(a—c) illustrates the CV profiles of bare SPE, Gd,05/SPE,
and Fe-doped Gd,O3/SPE recorded in a 0.1 M KCI electrolyte
containing 2.5 mM [Fe(CN)s]>~/*~, at varying scan rates from 10
to 60 mV s, respectively. The corresponding plots of anodic
and cathodic peak currents versus the square root of the scan
rate exhibit strong linearity for all electrodes. As the scan rate
increased, the anodic peak current (Al,,) showed a consistent
rise, whereas the cathodic peak current (Al,) exhibited
a decreasing trend for all electrodes. Importantly, the strong
linear relationship between peak current and the square root of
the scan rate confirms that the redox reactions occurring at the
electrode surfaces are governed by a diffusion-controlled
mechanism.>*' The corresponding linear regression equations
are given as follows:

For SPE: AL, (hA) = 220.9v' (V s71) + 3.2/R* = 0.999

Al (pA) = —215.20"* (V s71) + 1.1/R* =0.999

8522 | RSC Adv, 2026, 16, 8517-8532

For Gd,O5/SPE:
AL, (RA) = 220.9v"> (V s7") + 22.4/R* = 0.996

Al (nA) = —255.8v"2 (V' s7') — 17.3/R* = 0.997

For Fe-doped Gd,O5/SPE:
Al (uA) = 306.8v"* (V s~') + 7.0/R* = 0.999

Al (pA) = —338.3v"2 (Vs7!) — 3.3/R* = 0.999

The electroactive surface area (EASA) was calculated using the
Randles-Sevcik equation, which is detailed below:* I, = 2.69 x
10° An**D">Cv"”. This equation relates the peak current (I,) to
the number of electrons transferred (n), the diffusion coefficient
(D), the concentration of redox [Fe(CN)¢]*/*~ species (C), and
the scan rate (v). In this study, ECSA was estimated using n =1,
D =65 x 10°° cm? s7!, and C = 2.5 mM. Based on this
approach, the calculated ECSA values revealed that Fe-doped
Gd,0;/SPE (0.197 cm”) had a larger electroactive surface area
than both Gd,03/SPE (0.149 cm?) and bare SPE (0.126 cm?). This
enhancement is attributed to favorable changes in the crystal
structure and phase composition induced by Fe incorporation,
which likely facilitates improved electron transportation and
more accessible active sites. Generally, a larger electroactive
surface area corresponds to better electrocatalytic perfor-
mance,*** thereby confirming the superior electrocatalytic
activity of the Fe-doped Gd,O;-modified electrode.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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EIS measurements were employed to analyze the charge
transfer resistance (R.), heterogeneous electron transfer rate
constant (k°), and exchange current density (j,). These param-
eters will provide insight into the electron-transfer kinetics at
the electrode-electrolyte interface. Fig. 3¢ displays the Nyquist
plots of the three electrodes recorded in the same electrolyte
solution in 0.1 M KCl solution containing 2.5 mM [Fe(CN)]* /4~
over a frequency range of 0.01 kHz to 1000 kHz, with an exci-
tation amplitude of 10 mV. Among the three evaluated elec-
trodes, the bare SPE exhibited the largest semicircle in the high-
frequency region, indicating a high charge transfer resistance.
In contrast, Gd,O;/SPE showed a smaller semicircle, implying
improved interfacial conductivity. Most notably, the Fe-doped
Gd,O3/SPE  showed the smallest semicircle, signifying
a substantial reduction in charge transfer resistance and,
consequently, enhanced electron transfer kinetics. The reduced
R.: in the Fe-doped Gd,O3/SPE is attributed to the incorporation
of Fe into the Gd,O; matrix, which likely facilitates faster elec-
tron transfer by lowering the interfacial energy barrier.
According to the Randles equivalent circuit model and fitting
results shown in Fig. S2, the R values were found to be 1952 Q
for bare SPE, 820 Q for Gd,03/SPE, and 508 Q for Fe-doped
Gd,O;/SPE. These results confirm the marked improvement in
electrical conductivity due to Fe doping. Furthermore, by using
the calculated ECSA and R, values, the heterogeneous electron
transfer rate constant (k) and the exchange current density (f,)
can be determined based on the two equations:*"*

k° = RTIP*F*ACR, and j, = RTInFAR

here, R represents the universal gas constant (8.314 ] mol " K™ %),
T denotes the thermodynamic temperature (298.15 K), and F is the
Faraday constant (96 485.33 C mol ). The Fe-doped Gd,Os/SPE
demonstrated k° value of 10.63 x 10”7 cm s " and j, of 2.56 x
10~* A cm™? (Fig. 3d). These values were approximately 1.22 and
1.08 times higher, respectively, than those obtained for Gd,Os/
SPE (8.70 x 10~" cm s~ " and 2.10 x 10~* A cm™?). In comparison,
the bare SPE exhibited the lowest values, with k° and Jo measured
at4.35 x 10" em s~ and 1.05 x 10~ * A cm ™2, respectively. These
findings underscore the significant role of Fe doping in
enhancing interfacial electron transfer by both reducing R.. and
increasing k° and jo, thus confirming the significant enhancement
in electron transfer kinetics and the superior electrochemical
performance of the Fe-doped Gd,0;/SPE electrode.

3.3. Electrochemical behavior and electrocatalytic activity of
CAP at the bare SPE and Gd,03-, Fe-doped Gd,0;-modified
SPE electrodes

To elucidate the influence of Fe doping on the electronic
conductivity and electrocatalytic activity of Fe-doped Gd,O;/SPE
for the electrochemical detection of CAP, three electrochemical
techniques including CV, LSV, and CA were used. Fig. 4a shows
the CV curves of the bare SPE, Gd,0;/SPE, and Fe-doped Gd,O;/
SPE in 0.1 M PBS (pH 7.4) containing 50 pM CAP a scan rate of
50 mV s~ . As can be seen, an irreversible peak in the potential
range from —0.75 V to —0.9 V was observed for all three
unmodified and modified SPE electrodes. This peak is related to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the irreversible reduction of the nitro group (R-NO,) in a four-
electron and four-proton process to the hydroxylamine group
of aryl hydroxylamine (R-NHOH) in two steps:*®

R-NO, + e~ — R-NO,™ (slow)
R-NO, + 3¢~ + 4H" — R-NHOH + H,O (fast)

The reduction peak current intensities of CAP for the bare
SPE, Gd,0,/SPE, and Fe-doped Gd,O;/SPE are shown in Fig. 4b.
For the bare SPE and Gd,0;/SPE, the modification of SPE with
Gd,O; NPs remarkably improved the CAP analytical sensing
performance. The reduction peak current response of CAP
recorded at Gd,O;/SPE (14.9 pA) was ~1.48-fold higher than
that of the bare SPE (10.1 pA). More interestingly, the proposed
electrochemical sensing platform based on Fe-doped Gd,O,/
SPE exhibits the highest response to CAP (17.9 pA), which are
almost 1.2 and 1.8 times higher than that of the Gd,03/SPE and
the bare SPE, respectively. This result indicates that the incor-
poration of Fe atoms into the structure of Gd,O; has the
potential to be an effective way to improve the sensing perfor-
mance of electrochemical sensors for the detection of CAP.

The influence of Fe doping on the electrochemical kinetics of
CAP was further investigated by studying the effect of scan rate on
the reduction peak current intensity. Fig. 4(c1), (d1) and (el)
illustrate the CV responses of 50 M CAP in 0.1 M PBS (pH 7.4)
solution on the bare SPE, Gd,03/SPE, and Fe-doped Gd,0;/SPE
with various scan rates ranging from 10 to 60 mV s ', respec-
tively. It can be seen that at three investigated electrodes, the CAP
reduction peak current intensities increased with the increasing
of scan rate, demonstrating that the electrochemical reduction of
CAP is the surface adsorption-controlled process.”®** This result
is consistent with the electrochemical behavior of CAP in many
previous studies. There is a good linear relationship between the
reduction peak current intensities vs. scan rates, corresponding
to the linear regression equations (Fig. 4(c2), (d2) and (e2)):

For SPE:
Al (pA) = 0.157 (mV s ') + 0.782/R* = 0.997

For Gd,O5/SPE:
Al (RA) = 0.179 (mV s ') + 4.494/R*> = 0.997

For Fe-doped Gd,O3/SPE:
Al (pA) = 0.291 (mV s~ ") + 0.949/R*> = 0.999

Furthermore, the adsorption capacity (I') of CAP on the
surface of the bare SPE, Gd,03/SPE, and Fe-doped Gd,03;/SPE
can ascertained by using the following equation:*>¢
_ n*F?AT

Al 4RT

According to that equation, the calculated adsorption
capacities of CAP at the bare SPE, Gd,Os/SPE, and Fe-doped
Gd,0;/SPE were approximately 1.66 x 10~%, 1.83 x 10 % and
2.77 x 10~® mol cm™?, respectively. This indicate that Fe doping
promotes the generation of a larger number of active sites for
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Fig. 4

(a) CV voltammograms and (b) the corresponding bar chart diagram of the reduction peak currents of the bare SPE, Gd,O=/SPE, and Fe-

doped Gd,O3/SPE in 0.1 M PBS (pH 7.4) containing 50 uM CAP at a scan rate of 50 mV s™%; CV voltammograms in 0.1 M PBS (pH 7.4) containing 50
1M CAP at different scan rates from 10 to 70 mV s~ ! and the calibration plots of reduction peak currents against scan rate of the bare SPE (c1 and

c2), Gd,O3/SPE (d1 and d2), and Fe-doped Gd,O=/SPE (el and e2).

capturing CAP molecules, resulting in superior electrochemical
sensing activity as compared to the bare SPE and undoped
Gd,0; modified electrodes.

The electrocatalytic activity of the bare SPE, undoped Gd,O3-,
and Fe-doped Gd,O;-modified electrodes for the electro-
oxidation of CAP was investigated by using the LSV and CA
measurements. Fig. 5a illustrates the LSV curves of the bare
SPE, Gd,05/SPE, and Fe-doped Gd,O3/SPE in 0.1 M PBS (pH 7.4)
containing 50 pM CAP. By extrapolating a linear fit from
a selected region of the LSV curves, the onset potential (Eopset)
values for the bare SPE, Gd,0;/SPE, and Fe-doped Gd,O3/SPE
were found to be —0.71, —0.68, and —0.4 V, respectively. The Fe-
doped Gd,0;/SPE demonstrated a negative shift in the Eqpgec
value of about 310 and 280 mV compared to that of the bare SPE
and undoped Gd,0O;-modified electrode, respectively. In
general, a more positive onset potential in the negative poten-
tial region (E < 0 V) indicates higher electrocatalytic activity and

8524 | RSC Adv, 2026, 16, 8517-8532

fast reaction kinetics.**** With Fe doping, not only the Epnget
value shifted significantly to a more positive potential but also
an increase in the electro-reduction peak current response were
observed. As shown in Fig. 5b, the reduction peak current
intensity of the Fe-doped Gd,0;-modified electrodes were
calculated to be about 27.8 pA. This value was 3.0 and 1.96 times
greater than that of the bare SPE and undoped Gd,0;-modified
electrode, respectively. Furthermore, the Tafel plots were con-
structed by fitting the polarization curve, ie., potential (V) vs.
the logarithm of absolute value of current density (log|!]). Inset
Fig. 5b illustrates the Tafel plots of the bare SPE, Gd,O;/SPE,
and Fe-doped Gd,O5/SPE, indicating that the Fe-doped Gd,05/
SPE has smaller Tafel slope and thus more favorable and more
efficient CAP electro-reduction kinetics than the bare SPE and
undoped Gd,0;-modified electrode.

The catalytic rate constant (k.,) values for the electro-
reduction between CAP and the bare SPE, Gd,0;/SPE, and Fe-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) LSV curves and (b) the corresponding bar chart diagram of the reduction peak currents and the onset potentials of CAP recorded on the

bare SPE, Gd,O3/SPE, and Fe-doped Gd,O3z/SPE in 0.1 M PBS (pH 7.4) containing 50 uM CAP. (c) Chronoamperometric response of the bare SPE,
Gd,O3/SPE, and Fe-doped Gd»O3/SPE in 0.1 M PBS (pH 7.4) and 0.1 M PBS (pH 7.4) containing 50 uM CAP and (d) the plot of I/l vs. /2 acquired

from the chronoamperograms.

doped Gd,O3/SPE can be also determined by using CA tech-
nique, according to the Galus method:* I¢/I;, = 7" (keaCpt) "2
Where I and I;, are the catalytic current in the absence and
presence of CAP, respectively, Cy, the bulk concentration of CAP
(mol em™), ¢ is the elapsed time (s). Fig. 5¢ shows chro-
noamperograms recorded at the bare SPE, undoped Gd,O;-,
and Fe-doped Gd,0;-modified electrodes in 0.1 M PBS (pH 7.4)
and 0.1 M PBS (pH 7.4) containing 50 uM CAP. As can be seen in
Fig. 5d, the ratio of catalytic current to blank current (Ic/I;) was
linearly dependent on the square root of time (¢t*'?) with the
regression equations can be expressed as follows:

For SPE:
I/, = —0.045:"% + 2.008/R* = 0.997

For Gd,03/SPE:
I/l = —0.5431"% + 2.431/R* = 0.999

For Fe-doped Gd,03/SPE:
I/l = —0.689:"% + 3.277/R* = 0.989

As a result, from the slopes of the Io/I;, against ¢"/2 plot, the kca
values for the bare SPE, Gd,05/SPE, and Fe-doped Gd,O;/SPE are
calculated to be 0.63 x 1072, 0.93 x 10™%, and 1.5 x 10°* M !
s~ ', respectively. The ke value of Fe-doped Gd,O;-modified

electrode was 2.38- and 1.61-fold higher than the bare SPE and

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

undoped Gd,Oz;-modified electrode, further indicating superior
electrocatalytic activity toward the electro-reduction of CAP.

3.4. Discussions

The electrochemical kinetic for the [Fe(CN)]>"*~ redox system
and the analytical sensing performance for the CAP electro-
reduction of the bare SPE, Gd,Os/SPE, and Fe-doped Gd,O3/
SPE were summarized in Table 1. Overall, the incorporation of Fe
ions into the Gd,O; nanostructures plays a crucial role in
enhancing electrochemical performance, as evidenced by the fact
that the Fe-doped Gd,O;/SPE significantly outperforms both bare
SPE and undoped Gd,O;/SPE in nearly all key electrochemical
kinetic parameters. CV and EIS analyses using the [Fe(CN)g]> /4~
redox probe consistently demonstrate that Fe doping signifi-
cantly improves the electrochemical properties of Gd,Os/SPE.
These enhancements are evidenced by increased redox peak
currents, significantly reduced charge transfer resistance, higher
electron transfer rates, elevated heterogeneous electron transfer
rate constants, and greater exchange current densities. In terms
of CAP sensing, the Fe-doped Gd,05/SPE also demonstrates the
highest sensing performance among the tested electrodes, as
validated by CV, LSV, and CA analyses. By incorporating Fe atom
into the structure of Gd,0; NPs, the Fe-doped Gd,0;/SPE
exhibited excellent adsorption performance and electrocatalytic
activity. These improvements are reflected in the increased
adsorption capacity, a positive shift in the onset potential in the

RSC Adv, 2026, 16, 8517-8532 | 8525
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Table 1 The electrochemical kinetic parameters of the bare SPE, Gd,Oz/SPE, and Fe-doped Gd,O=/SPE in [Fe(CN)el® "4~ redox probe and CAP

antibiotic

SPE Gd,0; Fe-doped Gd,O3
Analyte: [Fe(CN)s]> "~
Anodic peak current (Al,, HA) 56.6 77.0 81.4
Cathodic peak current (Alp, pA) 51.2 77.2 86.4
Electrochemically active surface area (ECSA, cm?) 0.126 0.149 0.197
Charge-transfer resistance (R, Q) 1952 820.4 508
Heterogeneous electron-transfer rate constant (ko, x 1077 em s™Y) 4.35 8.70 10.63
Exchange current density (jo, x 10™* A cm™?) 1.05 2.10 2.56
Analyte: CAP
Reduction peak current - CV (pA) 10.1 14.9 17.9
Adsorption capacity (I, x 10~® mol cm™?) 1.66 1.83 2.77
Eonset (V) —0.71 —0.68 —0.4
Reduction peak current — LSV (pA) 9.2 14.2 27.8
Catalytic rate constant (keg, x 10* M™* s7%) 0.63 0.93 1.5

negative potential region, higher electro-reduction peak current
response, and smaller Tafel slope.

These notable enhancements in electrochemical kinetic
parameters for the [Fe(CN)q]**~ redox system and CAP electro-
reduction are attributed to the synergistic effect between
improved electrical conductivity and enhanced electro-catalytic
activity introduced by Fe doping. The incorporation of Fe-doped
Gd,0; NPs enhances the electronic conductivity of the elec-
trode, thereby providing a more direct and shorter electron-
transfer pathway and facilitating charge transfer. Specifically,
while the Gd,0;/SPE reduced R by 2.4 times compared to the
bare SPE, the Fe-doped Gd,O;/SPE showed a much more
significant 3.8-fold reduction. Consequently, the £° and j, values
of the Fe-doped Gd,O5/SPE were 2.4 times higher than those of
the bare SPE and 1.2 times higher than the Gd,O;/SPE.
Furthermore, the Fe-doped Gd,O; NPs creates extensive active
interfaces and strengthens the interaction between the catalyt-
ically active areas and the analyte, ultimately resulting in higher
CAP adsorption capacity. The calculated results show that Fe-
doped Gd,0; exhibits the highest ECSA and I values
(0.197 em” and 2.77 x 10~® mol cm™?). These values represent
a 1.56 and 1.67-fold increase over the bare SPE, and a 1.32 and
1.51-fold improvement compared to the undoped Gd,O3/SPE,
respectively. Additionally, the pronounced electrocatalytic effect
of the Fe-doped Gd,0; NPs lowers the activation energy barrier,
thereby not only accelerating the CAP reduction reaction
kinetics but also facilitating the occurrence of electrochemical
processes under milder conditions. This is quantitatively
confirmed by the k., values, which rises from 0.63 x10" (bare
SPE) to 0.93 x 10" (Gd,03/SPE), reaching a maximum of 1.5 x
10* M~ ' s for the Fe-doped Gd,O,/SPE. Overall, these syner-
gistic effects contribute to a substantial improvement in
analytical sensing performance, making Fe-doped Gd,Os/SPE
a highly effective nanoplatform for CAP detection.

3.5. Optimization of electrochemical parameters

The electrochemical behavior of CAP is significantly influenced
by the pH of the supporting electrolyte, owing to the role of

8526 | RSC Adv, 2026, 16, 8517-8532

protons in the electrochemical reaction. To establish the optimal
pH conditions for CAP electro-oxidation using a Fe-doped Gd,O5;/
SPE, differential pulse voltammetry (DPV) was performed across
a broad pH range, from acidic to basic environments. As depicted
in Fig. 6a, increasing the pH from 3.0 to 8.0 induced a gradual
negative shift in the oxidation peak potential of CAP, indicating
the participation of protons in the electrode reaction. The
dependencies of peak current and peak potential on pH are
summarized in Fig. 6b, with the black curve representing peak
current and the red curve representing peak potential. Notably,
the CAP reduction peak current intensities increased as pH rose
from 3 to 6, suggesting enhanced electron transfer efficiency
under mildly acidic conditions. However, further increases in pH
beyond 6 led to a decline in current response, implying dimin-
ished electrochemical activity in more alkaline conditions. These
observations identify pH 6 as the optimal condition for CAP
detection. Furthermore, the oxidation peak potential exhibited
alinear correlation with pH over the tested range, as expressed by
the regression equation: Ey, (V) = —0.003 pH — 0.445. The slope
of —0.030 V pH ™" unit is not close to the theoretical Nernstian
value (—0.059 V pH™ '), suggesting the irreversible nature of
electrochemical reduction reaction of CAP.*>** Considering that
the CAP reduction involves a four-electron process, it is inferred
that four protons are also involved. This proposed mechanism is
consistent with previously reported electrochemical path-
ways,>*?*¢ as illustrated in Fig. 6c.

In addition to pH optimization, the influence of accumulation
time from 60 to 180 s was also investigated (Fig. 6d). As shown in
Fig. 6e, the peak current increased with longer accumulation
times, reaching a maximum at 150 s. Beyond this point, a decline
was observed. This is likely due to saturation of the electrode
surface. Thus, an accumulation time of 150 s was determined to
be optimal for subsequent electrochemical measurements.

3.6. Electrochemical determination of CAP at Gd,O;- and Fe-
doped Gd,0;-modified SPE electrodes

Under all the optimized experimental conditions, the electro-
chemical sensing performance of the proposed undoped Gd,O;-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) DPV voltammograms of Fe-doped Gd,Os/SPE in 0.1 M PBS containing 50 pM CAP at various pH values from 3.0 to 8.0 and (b) the

corresponding calibration plots of reduction peak current and reduction peak potential of CAP against pH values with error bars; (c) the
electrochemical reduction mechanism of CAP; (d) DPV voltammograms and (e) the corresponding calibration plots of reduction peak currents of

50 uM CAP recorded at Fe-doped Gd,Oz/SPE with various accumulat

and Fe-doped Gd,Os;-modified electrodes towards the CAP
determination was investigated by DPV technique. Fig. 7a and ¢
illustrate DPV responses of the Gd,0;/SPE and Fe-doped Gd,Os/
SPE in 0.1 M PBS (pH 6.0) containing different concentrations of
CAP, respectively. As can be observed, on increasing the
concentration of CAP, the electro-reduction peak current
intensity was found to increase in both cases. The Gd,O;/SPE
exhibited a linear response across a concentration range from
2.5 to 100 pM with linear regression equation can be expressed
as: Al (HA) = 0.123Ccap (UM) + 0.172, R> = 0.998 (Fig. 7b).
Compared to undoped Gd,O;-modified electrode, the remark-
able enhancement in electronic conductivity and electro-
catalytic activity of Fe-doped Gd,O3/SPE led to an extraordinary
analytical performance with wider dynamic linear range.
Namely, with the incorporation of Fe as a dopant in the Gd,0;
NPs, the electro-reduction peak current intensity on Fe-doped
Gd,O;/SPE increased linearly with rising CAP concentration
range from 0.5 to 100 uM. Regression correlation is as follow:
Al (nA) = 0.199Ccap (UM) + 0.361 with a high correlation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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coefficient of R> = 0.994 (Fig. 7d). From the obtained slope value
from linear regression and electrochemical active surface area
(ECSA) value, the electrochemical sensitivity values of the
Gd,0;/SPE and Fe-doped Gd,O;/SPE were calculated to be
about 0.825 and 1.010 pA pM ™~ ecm ™2, respectively. The limit of
detection (LOD) was calculated using the IUPAC formula
LOD = 3S,/m, where S), represents the standard deviation of ten
replicate blank measurements, and m stands for the slope of the
calibration curve. According to that equation, the detection
limit of the Gd,O3/SPE and Fe-doped Gd,O;/SPE for the detec-
tion of CAP were determined to be 1.17 and 0.25 uM,
respectively.

The analytical sensing performance of the Fe-doped Gd,O;-
modified electrode for the detection of CAP was systematically
evaluated and compared with previously reported sensing
platforms, with the corresponding analytical parameters were
summarized in Table 2. The proposed electrochemical sensor
based on Fe-doped Gd,0; NPs offers several distinctive advan-
tages. First, the proposed sensing platform is based on a single-

RSC Adv, 2026, 16, 8517-8532 | 8527
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Fig. 7 DPV voltammograms recorded in 0.1 M PBS (pH 6.0) solution containing different CAP concentrations from 0.5 to 100 uM and the
calibration plots between reduction peak current responses vs. various concentrations of CAP of Gd,O3/SPE (a and b) and Fe-doped Gd,Oz/SPE

(c and d).

component doped rare-earth oxide without the need for noble
metals, carbon nanomaterials, or complex heterostructures,
thereby reducing material cost and fabrication complexity.
Second, the synthesis and electrode modification processes are
straightforward, involving a facile thermal decomposition
method followed by simple drop-casting onto SPE, which is
highly compatible with on-site applications. Finally, the Fe-
doped Gd,O3/SPE exhibits a wide linear detection range, a low
detection limit, and good practical applicability in pharma-
ceutical formulations and milk samples (as demonstrated
below), demonstrating analytical capabilities that are compa-
rable to or better than those of other modified electrodes. These
results highlight the great potential of Fe-doped Gd,O; NPs as
a robust and efficient electrode material for the development of
high-performance electrochemical sensors towards CAP detec-
tion and other toxic analytes.

3.7. Anti-interference ability, repeatability, feasibility, and
storage stability studies of the proposed Fe-doped Gd,O;-
based electrochemical sensor

In real-world conditions, the presence of metal ions, organic
compounds, and antibiotics can potentially interfere with the
analysis of CAP and lead to inconsistent analytical results.
Therefore, attaining robust anti-interference ability is essential
for ensuring the accurate electrochemical determination of CAP

8528 | RSC Adv, 2026, 16, 8517-8532

and enhancing the overall sensing performance of the proposed
sensor. Therefore, the anti-interference ability of the Fe-doped
Gd,O5/SPE were conducted by measuring the DPV reduction
peak current response of 50 UM CAP in the presence of 20-fold
concentrations of possible interfering ions (K*, Cu**, Ni**, Zn*",
and Fe’"), co-interfering organic compounds (4-nitrophenol,
ascorbic acid, and glucose), and antibiotics (paracetamol, azi-
thromycin, erythromycin, and furazolidone), as shown in Fig. 8a.
It can be observed that the presence of potential interfering
substances induced only minor fluctuations in the background
current without generating any noticeable interference peaks
within the potential range of —0.9 to —0.3 V. As illustrated in
Fig. 8b, the relative errors - calculated by dividing the absolute
error of Al value of 50 uM CAP in the presence of the interferers
by the measured AL, value of 50 uM CAP, remained below 11%.
These results demonstrate that the proposed electrochemical
sensor based on Fe-doped Gd,0; NPs possesses excellent anti-
interference capability, ensuring reliable and accurate detection
of CAP under complex sample conditions.

The electrochemical repeatability of the developed sensor
was also scrutinized by conducting 10 consecutive repeated DPV
measurements using 0.1 M PBS containing 50 uM CAP under
the same conditions (Fig. 8c). The electro-reduction peak
current intensities were extracted and presented in Fig. 8d. The
Fe-doped Gd,O;-modified electrode maintained stable

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparative study of the performance of various modified electrodes for CAP electrochemical detection®

Analytical ranges Limit of Sensitivity
Modified electrodes Techniques (M) detection (uM) (LA M em™?) Real samples Ref.
CuNPs@CNTs/MIP/GCE Ccv 10-500 10.0 — Milk 50
Co0304@rGO/GCE DPV 2-2000 1.16 0.42 Milk 51
AuNPs-N doped graphene/ LSV 2-80 0.59 — Eye drops 52
GCE
CuO/SPE DPV 2.5-50 0.45 0.43 Milk 9
Honey
AuNPs-GO/GCE Amperometry 1.5-2.95 0.25 3.81 Milk 53
Honey
Eye drops
CuNPs-MoS,/SPE DPV 0.5-50 0.19 0.54 Milk 9
Honey
Ag-Cu,O/SPE DPV 0.5-150 0.16 1.64 — 3
Sr-ZnO@rGO/SPE LSV 0.19-410.84 0.131 1.06 Milk 54
Powdered milk
Fe-doped Gd,03/SPE DPV 0.5-100 0.25 1.01 Pharmaceutical This work
formulations
milk

“ GCE: glassy carbon electrode; MIP: molecularly imprinted polymer CNTs: single-walled carbon nanotubes; rGO: reduced graphene oxide; GO:

graphene oxide.

reduction responses of CAP in 10 consecutive DPV measure-
ments, with the relative standard deviation (RSD) value of
0.89%, which highlights its outstanding repeatability and

robustness for electrochemical detection of CAP.

The storage stability of the Fe-doped Gd,O3/SPE was evalu-
ated via DPV analysis of 50 uM CAP before storage, after 1 day
and after 4 days. The results indicate that although a minor

shift in the reduction potential was observed after 4 days, the

15 25
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Fig. 8 (a and b) Interference investigation of Fe-doped Gd,Oz/SPE in 0.1 M PBS solution containing 50 uM CAP with 20-fold concentration of
interference substances; (c and d) the repeatability performance of Fe-doped Gd,Os/SPE for 10 consecutive measurements in 0.1 M PBS solution
containing 50 pM CAP; (e) DPV voltammograms for the determination of CAP in three milk and pharmaceutical samples (25, 50, and 100 uM)
using Fe-doped Gd,Oz/SPE and (f) the storage stability at the different storage periods between 4 days. Inset (e): image of spiked milk and
pharmaceutical samples containing different concentrations of CAP.
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Table 3 Electrochemical detection of CAP in the commercial pharmaceutical tablet and milk samples using Fe-doped Gd,Osz-modified

electrode
Real sample Labeled values (uM)* Found values (uM) Recovery (%) RSD (%)
Phamaceutical tablet 100 102.3 102.3 2.1
50 52.0 104.0 2.0
25 28.5 114.0 3.5
Real sample Spiked values (uM)* Found values (uM) Recovery (%) RSD (%)
Milk 150 97.1 97.1 2.0
50 47.1 94.1 0.4
25 25.7 102.8 0.6

“ Each sample was assayed in triplicate (n = 3).

reduction peak current (10.73 pA) remained stable compared
with the initial measurement (10.45 pA) and the 1-day coun-
terpart (10.47 pA), demonstrating the good operational stability
of the proposed electrochemical sensor.

To evaluate the practical applicability of the developed
electrochemical sensing platform, the Fe-doped Gd,0;-modi-
fied electrode was employed for the determination of CAP
concentrations in commercial pharmaceutical tablet and milk
samples, as illustrated in Fig. 8e and f. The recovery and RSD
values were measured, and the results are shown in Table 3. The
milk samples spiked with different CAP concentrations (25, 50,
and 100 pM) showed a recovery value of 25.7-97.1 uM with RSD
values below 2.0%. For the pharmaceutical tablet samples, the
mean recoveries were in the range of 102.3 and 114.0% with the
RSD values ranging from 2.0 to 3.5%. These obtained results
indicate that the developed electrochemical sensing platform
based on Fe-doped Gd,O; NPs can serves as a reliable and
effective method for the quantitative analysis of CAP in phar-
maceutical formulations and milk samples.

4. Conclusions

In summary, we have successfully developed an electrochemical
sensing nanoplatform based on Fe-doped Gd,O; NPs for the
sensitive and selective detection of CAP. As compared to the
bare SPE and undoped Gd,03-modified electrode, the Fe-doped
Gd,O3/SPE exhibits excellent analytical sensing performance
towards the CAP detection, featuring satisfactory repeatability,
high anti-interference ability. Through optimizing the detection
conditions, the Fe-doped Gd,O;-modified electrode could
detect CAP in a wide linear dynamic range from 0.5 to 100 pM
with a high electrochemical sensitivity of 1.010 pA pM ™" cm ™
and a low detection limit of 0.25 pM. The outstanding analytical
performance of the Fe-doped Gd,O3/SPE can be attributed to
the synergistic enhancement of electronic conductivity and
electrocatalytic ability. The presence of Fe ions as dopants leads
to a significant increase in the electrochemically active surface
area and the adsorption capacity for target analytes, which
collectively accelerate electron transfer kinetic and provide
more active sites for electrochemical reactions. Additionally, by
modifying the electronic structure of Gd,O3, Fe ions accelerate
the electrocatalytic activity, thus lowering the activation energy

8530 | RSC Adv, 2026, 16, 8517-8532

required for the electrochemical reduction of CAP. Moreover,
the proposed Fe-doped Gd,O;/SPE sensor illustrated effective
detection of CAP in pharmaceutical formulations and milk
samples. These intriguing results indicated that the electro-
chemical sensing platform based on Fe-doped Gd,O; NPs has
great promise for on-site and point-of-care analytical applica-
tions, particularly in the quality control of pharmaceutical
formulations and the detection of antibiotic residues in food
products.
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