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In this study, crystalline spinel zinc ferrite nanoparticles (ZnFe,O4 NPs) were successfully prepared and
proposed as a high-performance electrode material for the construction of an electrochemical sensing
platform for the detection of paracetamol (PCM). By modifying a screen-printed carbon electrode (SPE)
with ZnFe,O4 NPs, the electrochemical characteristics of the ZnFe,O4/SPE and the electrochemical
oxidation of PCM were investigated by cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), chronoamperometry (CA), and differential pulse voltammetry (DPV) methods. The
calculated electrochemical kinetic parameters from these techniques including electrochemically active
surface area (ECSA), peak-to-peak separation (AE,), charge transfer resistance (R.), standard
heterogeneous electron-transfer rate constants (k°), electron transfer coefficient (a), catalytic rate
constant (kca), adsorption capacity (I'), and diffusion coefficient (D) proved that the as-synthesized
ZnFe,O4 NPs have rapid electron/mass transfer characteristics, intrinsic electrocatalytic activity, and
facilitate the adsorption—diffusion of PCM molecules towards the modified electrode surface. As
expected, the ZnFe,O4/SPE offered excellent analytical performance towards sensing of PCM with
a detection limit of 0.29 uM, a wide linear range of 0.5-400 uM, and high electrochemical sensitivity of
1.1 pA pM~t cm™2. Moreover, the proposed ZnFe,O,-based electrochemical nanosensor also exhibited
good repeatability, high anti-interference ability, and practical feasibility toward PCM sensing in
a pharmaceutical tablet. Based on these observations, the designed electrochemical platform not only
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used antipyretic and analgesic drugs."” PCM has been used for
more than a century as an effective and safe treatment for
relieving pain (headache, backache, muscular aches, arthritis,
and post-operative pains) and reducing fever.** Generally, PCM
is relatively free of side effects at the normal therapeutic doses,
but hypersensitivity, overdoses, or regular use of PCM can cause

1. Introduction

Paracetamol (PCM) also known as acetaminophen or N-acetyl-p-
aminophenol is one of the most widely available and commonly
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amassing of toxic metabolites which leads to hepatic toxicity,
and liver and kidney damage.>” Owing to its low cost and easy
accessibility, the growing production of PCM drug results in
increasing amounts of poor-quality pharmaceuticals in global
public health, leading to potential risks to human health.
Therefore, monitoring the PCM doses in a given pharmaceutical
formulation is crucial for quality control, stability testing,
identification, and clinical studies before being licensed for
circulation in the commercial market.

To date, many analytical methods have been employed for the
determination of PCM content in pharmaceutical formulations
including spectrophotometry,® high-performance liquid chroma-
tography,’ titrimetry,' spectrofluorimetry," UV-Vis spectroscopy,®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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gas chromatography,'” and capillary electrophoresis.** Nevertheless,
these quantification techniques are unsuitable for performing
routine, rapid, and on-site analysis due to the requirements for
sophisticated expensive instruments, time-consuming sampling,
skilled operators, and centralized laboratories. For this reason, it is
imperative to develop rapid, sensitive, cost-effective, and efficient
detection methods for quantitative determination of PCM. Since
PCM is an electroactive compound and the mechanism of electro-
chemical oxidation/reduction has been systematically investi-
gated,”'** electrochemical sensors have attracted widespread
attention and great potential in the pharmaceutical quality control
of PCM. Owing to the inherent advantages including rapid analysis
time, cost-effectiveness, facile miniaturization, on-site detection,
high sensitivity and selectivity,'**® the electrochemical sensor can
be used as a promising sensing platform for the determination of
PCM. To date, numerous electrochemical sensors have been
developed for the electrochemical detection of PCM. Rohini M.
Hanabaratti et al* reported an economical and efficient glassy
carbon electrode (GCE) modified with zinc oxide NPs for quanti-
tative determination of PCM. Jayant I. Gowda et al** prepared
a GCE modified with multiwalled carbon nanotube-cetyltrimethyl
ammonium bromide for PCM oxidation detection in medical,
pharmaceutical and biotechnological real samples. Recently, Edgar
Nagles et al.** developed a new method based on a carbon paste
electrode (CPE) and La,O; to detect and quantify PCM in tablets,
powder and syrup with PCM.

Nowadays, with the rapid development of nanoscience and
nanotechnology, the usage of nanomaterials as signal amplifica-
tion components has attracted tremendous attention in the
construction of a high-performance electrochemical sensing
platform for the ultra-sensitive detection of targeted analytes.'****
When nanomaterials are introduced into the electrode surface,
the electrochemical kinetic parameters can be comprehensively
improved, leading to considerable enhancement in the overall
analytical performance.>”* Recently, spinel oxide-based nano-
structures have become quite popular modifiers due to their
advantages such as low cost, chemical stability, rich redox prop-
erties, superior catalytic activity, and fast electron transfer
kinetics.>** Particularly, many research and review articles have
investigated and summarized the use of various spinel nano-
structures such as spinel ferrite (AFe,O,), spinel cobaltite
(MCo,0,), and zinc oxide spinel (ZnB,0,) as electrochemical
sensors.””*” In recent work, our group developed a series of elec-
trochemical sensors based on AFe,O, (A = Zn, Co, Mn, Ni, Cu),
BC0,0, (B = Zn, Cu), and ZnFe,0,/ZnO hetero-nanostructures for
the highly sensitive detection of various types of analytes
including chloramphenicol, furazolidone, carbaryl, and
clenbuterol.**** Therefore, the electrochemical sensing platform
and spinel oxide nanostructures are expected to provide a prom-
ising combination for quickly and accurately analysing as well as
quantifying pharmaceutical tablets.

In the present work, a spinel zinc ferrite (ZnFe,O,) nano-
material was successfully prepared by a facile hydrothermal
method and applied to the electrochemical determination of
PCM. The developed ZnFe,O,-modified electrode possesses
rapid electron/mass transfer properties, fabulous electro-
catalytic activity, and enhanced adsorption/diffusion capacity
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compared to the bare screen-printed electrode (SPE). With the
rapid growth of the screen-printing technique, SPEs with the
advantages of cost-effectiveness, small size, and easy integra-
tion have proven to be a powerful tool to overcome the limita-
tions of conventional three-electrode systems (CPE, GCE) such
as requiring repeated recalibration, complicated pre-treatment,
and being inappropriate for on-site analysis. As a result, the
ZnFe,0,/SPE-based electrochemical sensor has splendid elec-
troanalytical performance towards the electro-oxidation of PCM
with high electrochemical sensitivity, low limit of detection,
wide linear dynamic range, good repeatability, and excellent
anti-interference ability. Furthermore, the developed electro-
chemical sensing platform based on the ZnFe,0,-modified SPE
was successfully applied for quantifying the amounts of PCM
drug in commercially available pharmaceutical formulations
with satisfactory recovery value. Our proposed rapid-sensing
platform and portable electrochemical device would open new
avenues for the precise, sensitive, efficient, and on-site detec-
tion of PCM in pharmaceutical and urine samples.

2. Experimental procedures

2.1. Chemicals and reagents

Zinc nitrate hexahydrate Zn(NOs),-6H,0, iron(m) nitrate non-
ahydrate Fe(NOs);-9H,0, ethylene glycol (CH,OH),, and sodium
hydroxide (NaOH) were supplied by Xilong Scientific Co., Ltd.
Potassium chloride (KCl), potassium dihydrogen phosphate
(KH,PO,), sodium chloride (NaCl), and dibasic sodium phosphate
(Nay,HPO,) were manufactured by Merck KGaA, Germany. A pure
sample of PCM powder obtained from the National Institute of
Drug Quality Control of Vietham was used as standard. All the
reagents used were of analytical grade and all of the aqueous
solutions were prepared using deionized (DI) water.

2.2. Synthesis of ZnFe,0, NPs

ZnFe,0, NPs were synthesized using a hydrothermal method,
combined with subsequently annealing treatment based on the
previously published literature.® In brief, appropriate quantities
of Zn(NO;), - 6H,0 and Fe(NO;);- 9H,0 with the molar ratio of 1: 2
were added into 80 mL of a DI water/ethylene glycol mixture (1: 1
volumetric ratio). Afterward, 2 M aqueous NaOH solution was
added dropwise to the above homogeneous mixture to form
a dark red precipitate. After stirring for 10 minutes, the obtained
solution was sealed in a Teflon-lined stainless-steel autoclave and
reacted at 180 °C for 12 h. After being cooled naturally to room
temperature, the obtained product was harvested by centrifuga-
tion and washed with ethanol and DI water before drying at 60 °C
for 24 h. Finally, the ZnFe,O, NPs were produced by calcining the
powder at 500 °C for 5 h in air.

2.3. Fabrication of the ZnFe,0,-modified electrode

The ZnFe,04-modified SPE electrode was prepared via a facile
drop-casting method. First, 1 mg of the as-prepared ZnFe,O,
NPs was dispersed in 1 mL of DI water by ultrasonic treatment
for 3 h to form a homogeneous suspension. Then, an 8 pL
aliquot of the ZnFe,O, suspension was dripped onto the
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working surface of the bare SPE and dried at room temperature.
Finally, the ZnFe,0,/SPE was preserved at 4 °C in a refrigerator
for subsequent electrochemical experiments.

2.4. Electrochemical measurements

All electrochemical measurements including cyclic voltamme-
try (CV), electrochemical impedance spectroscopy (EIS), chro-
noamperometry (CA), and differential pulse voltammetry (DPV)
techniques were performed using a Palmsens 4 electrochemical
workstation (PS Trace, Palmsens, The Netherlands).

The characterization of the bare SPE and ZnFe,O,/SPE was
carried out by CV and EIS techniques. CV was carried out in
0.1 M KClI solution containing 5 mM K;z[Fe(CN)]/K,[Fe(CN)e]
within the potential range of 0.6 to —0.2 V. The EIS technique
was applied using an AC voltage amplitude of 10 mV in 0.1 M
KCI containing 5 mM [Fe(CN)e]>~*~ solution in the frequency
range of 0.01 Hz to 100 kHz.

The electrochemical behavior of PCM on the bare SPE and
ZnFe,0,/SPE was investigated using CV, CA, and DPV measure-
ments. Phosphate buffer electrolyte solution (0.1 M PBS) was
adopted as the electrolyte for electrochemical experiments. CV
measurement was conducted in the potential range between 0.5
and 1.2 V. CA measurements were done at an applied potential of
0.35 V. For the determination of linear range, the limit of detec-
tion, and electrochemical sensitivity for PCM at the ZnFe,O,-
modified electrode, the DPV technique was performed in the
potential range from 0.6 to 1.2 V at a scan rate of 6 mV s~ ' in 0.1 M
PBS containing different concentrations of PCM.

2.5. Real samples preparation

Commercial pharmaceutical tablets containing 500 mg of PCM
were purchased from a local drug store in Hanoi, Vietnam. Initially,
ten pieces of 10 tablets were accurately weighed and finely pulver-
ized, and then 50 mg of the homogenized powder was dissolved in
50 mL 0.1 M PBS (pH 5.0). The obtained solution was stirred for 3 h
at room temperature and filtered through Whatman filter paper.
The clear supernatant liquid was subsequently collected and
diluted with 0.1 M PBS (pH 5.0) to obtain the concentration of PCM
in the working range. In order to perform PCM assay in human
urine samples, the standard addition method was used. 5 mL of
PCM free-human urine sample was obtained from a healthy
volunteer (male: 27 years, 72 kg, 173 cm). 5 mL of urine sample was
added to 5 mL of a 0.1 M PBS solution (pH 5.0), and then mixed
with a vortex mixer. Finally, the known different amounts (50, 200,
and 400 pM) of PCM standards were added. The recovery tests were
carried out using the DPV technique and the ultimate concentra-
tion of PCM in the tablet and human urine samples was calculated
from three repeated DPV measurements and the regression equa-
tion of the calibration curve.

3. Results and discussion
3.1. Physical characterization

The crystal structure of the ZnFe,O, sample was characterized
by powder X-ray diffraction (XRD) measurement using an
EQUINOX 5000 diffractometer with Cu Ko radiation (A =
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0.154056 nm). The XRD, Raman, and field emission scanning
electron microscopy (FE-SEM) results are described in Fig. 1.
The XRD pattern of the ZnFe,O, nanomaterials matches well
with the single phase cubic spinel structure (JCPDS no. 22-
1012), confirming the highly crystalline and single-phase
formation of the ZnFe,0,. The three well-defined character-
istic Raman peaks of ZnFe,0, at 350, 495, and 655 cm " can be
assigned to F,s (2), Foy (3), and A;; modes, respectively. The
morphology of the samples was observed by FE-SEM, which
revealed that the as-prepared ZnFe,O, are spherical, well
dispersed with particle size in the range of 9-21 nm and an
average particle size of 14.2 nm. Full information about the
synthetic ZnFe,0, NPs is reported in our previous paper.*!

3.2. Electrochemical characteristics of the unmodified and
ZnFe,0,-modified electrodes

The electrochemical activities of the unmodified and ZnFe,0,-
modified SPE electrodes were investigated via CV and EIS
techniques by using [Fe(CN)g]> /[Fe(CN)g]*~ as the model redox
couple. Fig. 2a depicts the CV curves of the bare SPE and
ZnFe,0,/SPE in 5 mM [Fe(CN)e]* /*~ containing 0.1 M KCl at
a scan rate of 70 mV s~ . There was a pair of well-defined and
reversible redox peaks that corresponded to the one-electron
transfer process of Fe*" reversibly into Fe*". Comparing the
oxidation and reduction peak current responses at the bare SPE
and ZnFe,0,/SPE, it can be concluded that the modification of
the SPE working electrode with ZnFe,O, NPs can significantly
increase the electron transfer rate. Namely, the calculated
results show that the oxidation and reduction peak currents of
the ZnFe,0,/SPE (234.7 and 258.0 pA) were 1.42 and 1.64 times
higher than those of the bare SPE (165.0 and 157.0 pA),
respectively (Fig. 2b).

The improved charge transfer kinetics was further confirmed
by the variation in specific surface area, namely, the electro-
chemically active surface area (ECSA). The ECSA values of the
unmodified and ZnFe,0,-modified electrodes were estimated
based on the CV technique at different scan rates in 0.1 M KCI
containing 5 mM [Fe(CN)]**~ (Fig. S1a and ct) and the Ran-
dles-Sevcik equation:**

AL, =2.69 x 10°n**D"?4Cy'? (1)

where I, (nA) refers to the oxidation/reduction peak current, 7 is
the number of electrons transferred (n = 1), D represents the
diffusion coefficient of [Fe(CN)e]>"*~ (D = 6.5 x 10 ° cm?s %),
A (cm?) is the ECSA, C is the [Fe(CN)]>/*~ solution concen-
tration (C = 5 mM), and » (V s~ ') is the scan rate. As can be seen
in Fig. S1b and d,} the redox current intensity shows a linear
correlation with the square root of scan rate at all electrodes,
demonstrating a diffusion-controlled electrode process.**** Its
linear regression equation was expressed as:
For SPE:

Al (nA) = 468.990"> (V s7') + 44.80/R*> = 0.985

Al (MA) = —447.120"2 (V s7") — 42.34/R* = 0.986

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD pattern, (b) Raman spectrum, (c) the FE-SEM image, and (d) the histogram of particle size distribution of ZnFe,O,4 NPs.

For ZnFe,0,/SPE:
AL, (pA) = 772.320" (V s7') + 34.87/R* = 0.993
Al (nA) = —905.18»"> (V s™1) — 28.20/R* = 0.980
From the obtained slope of the plot of I, ~ v"*, the ECSA

values of the bare SPE and ZnFe,0,/SPE were calculated to be
about 0.130 and 0.264 cm?, respectively. The ECSA value of the

ZnFe,0,-modified electrode was 2.03 times higher with respect
to the bare SPE, suggesting that the ZnFe,O, NPs not only
provide more electrochemically active sites in the redox reaction
but also accelerate the electron and mass transport at the
electrode/electrolyte interface, and thus substantially increase
the overall electrochemical performance.

EIS measurements were also carried out to study the charge-
transfer kinetics at the electrode/electrolyte interface and
measure the electron transfer resistance (R.) as well as the
heterogeneous electron-transfer rate constant (k°) values.

— Oxidation peak current
(a) 300 {—=spe (b) 275 -
....... ZnFe.O /SPE : Reduction peak current
200 + 274 250 -
. J 234.7
100 - . 225
— - < o
f% 0+ = 200+
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] 5 \
-200 - 150 - \
R e o o 125 ~
04 -02 00 02 04 06 SPE ZnFe,0 /SPE
E (V) Electrodes
Fig. 2 (a) CV curves and (b) the bar diagram of the oxidation/reduction peak currents of the ZnFe,O4/SPE in 5 mM [Fe(CN)gl* ™4~ solution

containing 0.1 M KCl at a scan rate of 70 mV s %,
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Fig.3 (a) EIS plots in 5 mM [Fe(CN)gl* /4~ solution containing 0.1 M KCl for the unmodified and ZnFe,O4-modified SPE; (b) the bar chart diagram
of the charge-transfer resistance (R.) and the heterogeneous electron-transfer rate constant (k°) value of the bare SPE and ZnFe,O.4/SPE.

Fig. 3a displays the EIS spectra of the unmodified and ZnFe,0,-
modified electrodes in the supporting electrolyte of 0.1 M KCl
containing 5 mM [Fe(CN),]**". By using the Randles circuit as
a fitting model, the R values of the bare SPE and ZnFe,O,/SPE
were measured to be 891.8 and 105.7 Q, respectively (Fig. S27).
Furthermore, the heterogeneous electron-transfer rate constant
(k°) values of the bare SPE and ZnFe,0,/SPE can be calculated
from the obtained ECSA and R values using the equation:*®

RT D)

=
n2F2ACRy

where R represents gas constant (R = 8.314 J mol ' K™ ), T
stands for thermodynamic temperature (T = 298.15 K), and F is
the Faraday constant (F = 96 485.33 C mol ). According to that,
the calculated k° values determined for the bare SPE and
ZnFe,0,/SPE were 4.58 x 10’ and 1.88 x 10°° cm s %,
respectively (Fig. 3b). As expected, the lower R . value and the
higher £° value of the ZnFe,0,/SPE as compared to the bare SPE
indicate that the ZnFe,O,-modified electrode possesses excel-
lent electronic conductivity and rapid electron/mass transport
ability between the electrode surface and analyte molecules. On
the basis of the CV and EIS measurements as well as the
calculated characteristic parameters, thanks to unique features
including large specific surface area, abundant active sites, high
electrical conductivity, and continuous electron transport at the

electrode/electrolyte interface for excellent electrochemical
behaviors, the as-synthesized ZnFe,0, nanomaterials enable it
to be an ideal sensing platform in constructing high-
performance electrochemical sensors.

3.3. Electrochemical behaviors of PCM at the unmodified
and ZnFe,0,-modified electrodes

The electrochemical performance of the unmodified and
ZnFe,0,-modified electrodes towards the determination of
PCM was investigated by the CV technique in 0.1 M PBS (pH 5.0)
containing 50 uM PCM at a scan rate of 70 mV s~ '. As shown in
Fig. 4a, both the bare SPE and ZnFe,O,/SPE exhibited two
couples of well-defined anodic/cathodic peaks of PCM mole-
cules. However, the ZnFe,O,-modified electrode had a consid-
erable effect on the electrochemical activity (Fig. 4b). Namely,
for the bare SPE, the cathodic and anodic peak potentials (Ep,
and Ej,.) of PCM were observed at 375.1 and 185.3 mV with the
oxidation and reduction peak currents (I,, and I,.) being
calculated to be about 3.08 and 2.24 pA, respectively. Impres-
sively, for the ZnFe,0,/SPE, the I,, and I,,. values of the PCM
redox reaction were 1.61 and 1.75-fold higher than those of the
bare SPE (4.96 and 3.91 pA) with the Ep, and Ej,. values being
located at 290.2 and 190.3 mV, respectively. The values of peak-
to-peak potential separation (AE, = |Ep, — Ep|) are one of the

(a i (b) 5.0 BN Oxidation peak current 4.96 -
6 ’ | Reduction peak current L. 200
4 4.5 = i
34 J - 180
e —~ 4.0 3 [ o
< o < - 160 £
= =354 - a
= 34 < 4 308 - 140 W
r 3.0 < B
64 ¢ 4 - 120
{ § SPE 2.5+ 2.24 -
ad H e ZnFe,0,/SPE J - L. 100
————————— 2.0 L
0.2 0.0 0.2 0.4 0.6 0.8 SPE ZnFGZOAISPE
E (V)

Fig. 4 (a) CV curves and (b) the bar diagram of redox peak currents of 50 uM PCM in 0.1 M PBS (pH 5.0). The scan rate of CV is 70 mV s~ %,
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Fig.5 CV curves recorded at the bare SPE and ZnFe,O,4/SPE in 0.1 M PBS (pH 5.0) containing 50 uM PCM at different scan rates (a) and (b), plots
of peak current vs. square root of scan rate (c) and (d), and plots of peak current vs. scan rate (e) and (f), respectively.

most important electron transfer kinetic parameters that need
to be calculated. According to that, the unmodified SPE has
a large AE;, value of 189.8 mV, illustrating the sluggish electron
transferability. The ZnFe,O,-modified electrode displays
a decreased in the AE}, value, which was measured to be about
99.9 mV, indicative of the fast electron-transfer kinetics relative
to the bare SPE.

The electron transfer coefficient (¢) is another kinetic
parameter utilized to characterize the electronic properties of
an electrode material, and can be calculated by using Laviron's
equation:*®

, In »
EpC = EO - RTaniF (3)
/ In »
_ 0
Ep ="+ RT = o (4)

where E” is the formal peak potential, which was calculated
from the midpoint of cathodic and anodic peak potentials and
R, T, n, and F have their usual meanings. As expected, the
« value of the ZnFe,0,/SPE (0.99) was ~1.55 times higher than
that of the bare SPE (0.64), which demonstrates that intro-
ducing ZnFe,0, nanomaterials into the electrochemical
sensing platform can effectively accelerate the rate of electron
transfer on the working electrode.

The electrochemical kinetics of the PCM redox reactions
were further clarified by exploring the influence of scan rate on
the anodic and cathodic peak currents. Fig. 5a and b demon-
strate the CV curves of the bare SPE and ZnFe,O,/SPE at
different scan rates from 10 to 70 mV s~ " in 0.1 M PBS (pH 5.0)
containing 50 uM PCM. As can be observed at both electrodes,
the redox peak currents increased linearly with increasing the
square root of scan rate, confirming the PCM redox reaction at

© 2024 The Author(s). Published by the Royal Society of Chemistry

the bare SPE and that ZnFe,O,/SPE is a diffusion-controlled
process®”*® (Fig. 5¢ and d).
For SPE:

Al (RA) = 0.279"% (mV s™") + 0.762/R* = 0.998

Al (pA) = —0.201»"* (mV s7") — 0.513/R* = 0.991

For ZnFe,0,/SPE:
Al (pA) = 0.5094"2 (mV s™") + 0.682/R* = 0.997

Al (pA) = —0.4300" (mV s7") — 0.313/R* = 0.991

Furthermore, there is a good linear relationship between the
redox peak currents vs. scan rate, indicating that both the
oxidized and reduced forms are confined to the surface, con-
firming the surface controlled pseudocapacitive behavior*
(Fig. 5e and f).

For SPE:

Al (pA) = 0.024y (mV s™') + 1.515/R* = 0.97

Al (pA) = —0.017» (mV s~') — 1.050/R* = 0.99

For ZnFe,0,/SPE:
Al (uA) = 0.044v (mV s7") + 2.043/R*> = 0.99

Al (nA) = —0.037y (mV s ') — 1.466/R* = 0.98
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Fig. 6 Chronoamperograms at the bare SPE and ZnFe,O,4/SPE for different concentrations of PCM from 10 to 500 puM in 0.1 M PBS (pH 5.0) (a)

and (c) and plot of / vs. t71/2

PCM concentration.

To sum up, the oxidation/reduction peak currents of PCM
showed a good linearity with both the scan rate and the square
root of the scan rate. Therefore, it can be concluded that all the
electrode reactions have been identified as a combination of
diffusion-controlled and surface-controlled pseudocapacitive
redox systems. These results are consistent with the redox
behavior of PCM in the previous studies.”*® More interestingly,
from the obtained slope values of the plot of I, ~ », the
adsorption capacity (I') was measured using the following
equation:**

obtained from chronoamperograms (b) and (d). Inset shows the plot of slopes of the resulting straight lines against

n?F>AvT

AL = —1rT

(5)

According to that, the adsorption capacities of PCM at the
bare SPE and ZnFe,0,/SPE were approximately 3.31 x 10~ ° and
4.37 x 10~% mol ecm™~?, respectively.

Two parameters reflecting the enhancement in the electro-
catalytic activity for the redox reaction of PCM at both unmod-
ified and ZnFe,O,-modified electrodes, namely diffusion

Table 1 The characteristic parameters of electrochemical redox reactions of the [Fe(CN)gl> /4~ and PCM using the bare SPE and ZnFe,O,4/SPE

Electrodes
Characteristic parameters SPE ZnFe,0,/SPE
The electrochemically active surface area, ECSA (cm?) 0.130 0.264
The charge transfer resistance, R (Q) 891.8 107.5
The heterogeneous electron-transfer rate constants, k* (cm s~ ) 4.58 x 1077 1.88 x 107°
The peak-to-peak separation, AE, (mV) 189.9 99.9
The electron transfer coefficient, « 0.64 0.99
The adsorption capacity, I' (mol em?) 3.31 x 10°° 4.37 x 10°*
The catalytic rate constant, ke, (M~ s7%) 4.67 x 10° 6.51 x 10°
The diffusion coefficient, D (cm? s~ %) 717 x 10°° 1.01 x 1077
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coefficient (D) and catalytic rate constant (kc,), were evaluated
by the CA technique. Fig. 6a and ¢ show the CA results of diverse
concentrations of PCM (10, 50, 100, 250, and 500 uM) in 0.1 M
PBS (pH 5.0), with the potential being set at 350 mV. As shown
in Fig. 6b and d, the anodic current response shows linear
dependency upon the negative square root of time (I ~ v~ /) at
different PCM concentrations, indicating that the electro-
catalytic reaction of PCM is predominantly controlled by diffu-
sion. Consequently, the D values of PCM molecules at the bare
SPE and ZnFe,0,/SPE can be determined using the Cottrell
equation:*

I =nFAD"*Cyr™ 1712 (6)
where I is the chronoamperometric response (A), Cp, the bulk
concentration of PCM (mol cm ), and ¢ is the elapsed time (s).
From the slopes of the I against »~** plots, these resultant
straight line slopes were plotted vs. PCM concentration and are
shown in the inset of Fig. 6a and ¢, which can be expressed as
follows:

For SPE: slope = 0.00258 Cpcp + 0.3141/R* = 0.991
For ZnFe,O4/SPE: slope = 0.00358 Cpcym + 0.1098/R> = 0.999

Consequently, using the Cottrell equation and resultant
slopes, the diffusion coefficients of PCM of the bare SPE and
ZnFe,0,/SPE were determined to be 7.17 x 10~® and 1.01 X
107 cm s, respectively.

The CA measurement was also used for the investigation of
the electrocatalytic activity of the ZnFe,0,-modified electrode
toward the electro-oxidation of PCM. Fig. S3a and cf illustrate
the CA curves obtained for the electrochemical oxidation of
PCM on the bare SPE and ZnFe,0,/SPE in 0.1 M PBS (pH 5.0) in
the absence and presence of 500 uM PCM. The catalytic rate
constant (k.,) for the oxidation of PCM is calculated based on
the time-current curve and the Galus equation:*

Nanoscale Advances

where I and I;, are the catalytic current and diffusion-limited
current in the presence and absence of PCM, respectively. As
shown in Fig. S3b and d, the Io/I;, value was linearly dependent
on the square root of time (t/?) with the regression equations
being expressed as follows:

For SPE: I/I;, = —38.29/'% + 79.37/R*> = 0.986

For ZnFe,0,4/SPE: Ic/I; = —45.23:"% + 124.70/R> = 0.986

As a result, from the slopes of the Io/I; against t*'* plot, the

keat value is calculated to be 4.67 x 10° M~ * s~ for the bare SPE
and 6.51 x 10° M~ * s~! for the ZnFe,0,/SPE.

The characteristic parameters of electrochemical redox
reactions of the [Fe(CN),]*/*~ couple and PCM molecules at the
bare SPE and ZnFe,0,/SPE such as ECSA, R, k°, AE,, o, I', and
keae are summarized in Table 1. Taken together, the most
striking result to emerge from these data is that the employ-
ment of ZnFe,0, nanomaterials as electrode surface modifiers
has direct and significant positive effects on the overall elec-
trochemical performance. The unique features of spinel oxide
nanostructures not only endow the ZnFe,O, with high electro-
active surface areas and plentiful accessible active sites, which
led to a substantial increase in electrical conductivity and
conductive channels for ion/electron transfer but also improve
the quantity of adsorption of analyte molecules on the electrode
active surface, thereby boosting its overall electrochemical
performance. Thus, the ZnFe,0,-modified electrode could be
used as a promising sensing platform for high-performance
electrochemical sensor construction for ultrasensitive detec-
tion of PCM.

3.4. Optimization of electrochemical parameters

In order to achieve high electrochemical sensitivity, wide linear
range, and low limit of detection for the determination of PCM,
the DPV technique was used. Prior to the optimization stage, the

Ielh = w2 (keaCon)'" @) L ,
DPV oxidation peak current and DPV reduction peak current of
PCM need to be compared due to the electrochemical reaction
20
a - b) 14 ]
( )15_. I ( )14. _—
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10« ] \ E
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Fig.7
5.0) containing 250 uM PCM.
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Fig. 8 (a) DPV curves of 250 uM PCM at ZnFe,04/SPE with different pH values from 2.0 to 9.0; (b) calibration plots of Al,, and Eg, against pH

values; (c) the electrochemical oxidation mechanism of PCM.

of PCM occurring at the ZnFe,O,-modified electrode being
a reversible process. Fig. 7a depicts the DPV behaviors of elec-
trochemical oxidation and reduction of PCM at the ZnFe,0,-
modified electrode. The two peaks at 0.36 V and 0.43 V can be
attributed to the electro-oxidation and electro-reduction of PCM
molecules, respectively. As shown in Fig. 7b, the oxidation peak
current of PCM (12.75 pA) was ~1.53-fold larger than that of the
reduction peak current of PCM (8.36 pA). Therefore, the elec-
trochemical oxidation process using the DPV technique was
chosen to achieve the highest analytical performance toward
the detection of PCM.

Effect of pH. The supporting electrolyte pH is one of the
major factors in improving the sensing performance. Fig. 8a
shows the DPV curves of the ZnFe,0,/SPE in the presence of 250
uM PCM over the pH range from 2.0 to 9.0. As can be observed,
the oxidation peak potentials of PCM shifted to a negative value

with the increase of pH, illustrating that electrons and protons
are involved in the electrochemical oxidation process of PCM.
From the obtained DPV curves, the plots of the peak currents
and peak potentials as a function of the pH values were drawn,
as shown in Fig. 8b. The oxidation peak currents of PCM
gradually increased when the pH value was changed from 2.0 to
5.0, and then decreased gradually when the pH value was over
5.0. Therefore, pH 5.0 (PBS 0.1 M) was chosen as an appropriate
electrolyte to obtain the best sensitivity for further electro-
chemical experiments. Furthermore, the oxidation peak
potentials of PCM were directly proportional to the pH values
with the linear fitting equation being expressed as Ep, (V) =
—0.05 pH + 0.587 with R*> = 0.993. The slope of —0.05 V pH !
was close to the Nernst theoretical value (—0.059 V pH™'),
suggesting that the oxidation process of PCM occurred under an
equal number of protons and electrons (Fig. 8c). The obtained

(a) 30 .
254

20 -

15 4

I (nA)

0 T

Al (uA) = 0.056 C,,, (uM) + 0.349 __
R?=0.998

L DL DL DL DL |
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Fig. 9
responses vs. various concentrations of PCM with error bars.
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results further confirmed that the electrochemical oxidation of
PCM occurring on the surface of the ZnFe,O,-modified elec-
trode was reversible, similar to the previous reports.>**

Effect of the modified amount and the accumulation time.
The modified amount and the accumulation time are crucial
factors in enhancing the analytical performance. The influence
of the accumulation time upon the electrochemical signal has
been examined in the range from 30 to 180 s (Fig. S4af). As
shown in Fig. S4b,} with the increasing accumulation time from
30 to 150 s, the oxidation peak current of PCM showed a distinct
increasing trend. When the accumulation time was further
extended, the oxidation peak current of PCM got saturated,
implying the maximum adsorption capacity of the PCM on the
surface of the ZnFe,O,-modified electrode. Thus, 150 s was
selected as the optimal accumulation time for subsequent
experiments.

The influence of the ZnFe,0, modifier (1 mg mL™") on the
electrooxidation of PCM was investigated by varying the modi-
fied amount in the range from 2 to 10 pL (Fig. S4c and dt). It can
be observed that the oxidation peak current increased gradually
as the modified amount was increased from 2 to 8 pL. With
further increasing the modified amount, the formation of
a thick ZnFe,0, modifier on the electrode surface may reduce
the electrochemically active site area and electrical conductivity
of the modified electrode, leading to a decrease in the peak
current. Consequently, an optimal modified amount of 8 pL was
selected in the following electrochemical experiments.

3.5. Electrochemical determination of PCM at the ZnFe,O,-
modified SPE electrodes

The electrochemical sensing performance of the proposed
ZnFe,0,-modified electrode towards the PCM detection was
evaluated by the DPV technique under the optimized condi-
tions. Fig. 9a shows the DPV curves of different concentrations
of PCM ranging from 0.5 to 500 pM. As expected, the oxidation
peak current of PCM increased with the rising concentrations in
the range of 0.5-400 uM. The resulting calibration plots
exhibited a good linear relationship between the oxidation peak
currents and concentrations of PCM, which can be expressed as
Al (HA) = 0.056 Cpem (M) + 0.349 with R* = 0.998. The limit of
detection (LOD) of the proposed electrochemical sensor was

Nanoscale Advances

determined to be 0.29 uM, using the standard formula: LOD =
3Sp/S (where Sp is the standard deviation of 10 blank samples
and S is the slope value). Furthermore, from the obtained slope
value, the electrochemical sensitivity of the ZnFe,O,-based
electrochemical sensor was calculated to be 1.1 pA pM ! ecm ™2
The analytical parameters of the ZnFe,O,-based electro-
chemical sensor for the detection of PCM are compared with
those reported in the recent literature (Tables S1 and S27).
These outcomes indicate that the proposed ZnFe,O,-based
electrochemical sensor exhibited an excellent performance
towards the electro-oxidation of PCM with high electrochemical
sensitivity, comparatively low limit of detection, and wide linear
response ranges.

3.6. Repeatability, anti-interference ability, and real sample
analysis

The repeatability of the proposed electrochemical sensor was
evaluated by conducting 10 consecutive DPV measurements in
0.1 M PBS (pH 5.0) containing 250 pM PCM (Fig. S57). As shown
in Fig. S5a,t the oxidation responses of PCM showed a negli-
gible change after 10 repeated operations using the ZnFe,0,-
modified electrode under the sample condition. The relative
standard deviation (RSD) value was calculated to be 0.76%,
indicative of excellent repeatability (Fig. S5b¥).

The anti-interference ability was also investigated by adding
20-fold concentration of possible interfering ions (K", Na*, Cu*",
Zn**, and Fe*"), organic compounds (4-nitrophenol, ascorbic
acid, and glucose), and antibiotics (azithromycin, erythromycin,
ofloxacin, furazolidone, and chloramphenicol) to a 250 uM PCM
(Fig. S61). The obtained and calculated results manifest that
these potential interferences did not cause significant changes
in the electro-oxidation of PCM, indicating a good anti-
interfering ability during the PCM electro-oxidation of the
proposed ZnFe,0,4-based electrochemical sensor for the detec-
tion of PCM.

The feasibility of the proposed ZnFe,0,-modified electrode
for the practical application was studied with the electro-
chemical measurement of PCM in the commercial pharma-
ceutical product and human urine samples. The ultimate
concentration of PCM in tablet and urine samples was calcu-
lated from three repeated DPV measurements and the

Table 2 Electrochemical detection of PCM in the commercial pharmaceutical tablet and human urine samples using the ZnFe,O4-modified

electrode
Sample Labeled values (uM) Found values® (uM) Recovery (%) RSD (%)
Pharmaceutical 400 411.1 102.8 0.9

200 192.9 96.3 1.1

100 100.9 97.7 0.7

50 50.6 101.2 2.9

25 26.6 106.2 0.6
Urine 400 390.5 97.6 0.2

200 199.3 99.7 2.2

50 55.5 110.9 0.7

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

© 2024 The Author(s). Published by the Royal Society of Chemistry
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regression equation of the calibration curve. The results are
shown in Table 2. The proposed electrochemical sensor
exhibited an excellent recovery range from 96.3 to 110.9%, with
the RSD values below 2.9%, demonstrating that the electro-
chemical sensing platform based on the ZnFe,O, NPs can be
used as a reliable and feasible method for quantitative analysis
of PCM in pharmaceutical formulations and urine samples.

4. Conclusions

In summary, the highly crystalline and single-phase spinel
ZnFe,0, NPs were successfully synthesized by a facile hydro-
thermal method and utilized as an electrode material for the
construction of an electrochemical sensor for the detection of
PCM. A series of electrochemical techniques (CV, EIS, CA, and
DPV) along with the calculated electrochemical kinetic param-
eters (ECSA, Re, k°, AEp, a, I', kear, and D) showed that the
modification of the SPE working surface with ZnFe,O, NPs
comprehensively improved the analytical performance toward
the PCM detection as compared to the bare SPE. Benefiting
from the plenty of active sites and large specific surface area for
electrochemical reaction, the ZnFe,O,-modified -electrode
shows superior electron transfer capability, good -electro-
catalytic activity, and large adsorption/diffusion capacity for the
electro-oxidation of PCM. As a result, the ZnFe,0,/SPE shows
excellent sensing performance in electrochemical detection of
PCM with very low LOD, ultra-wide working range, high elec-
trochemical sensitivity, good anti-interference ability, and
satisfactory repeatability. Moreover, the practical applicability
of the proposed electrochemical sensor was established with
admirable recovery results in the determination of PCM in
pharmaceutical tablets and human urine samples.
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