#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Electrochemical pretreatment of a glassy carbon
electrode for sensitive determination of
epinephrinef

i ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 17946

Tong Meng,? Yanshu Zhu,? Hangyu Guo® and Juan Zhang © *2

In this study, a novel pretreatment of a glassy carbon electrode was conducted via cyclic voltammetry (CV),
successfully fabricating an activated glassy carbon electrode (AGCE). A simple two-step electrochemical
pretreatment method was established. During the first stage, anodic oxidation pretreatment was
achieved by potentiometric scanning across a wide potential range and at a high anodic potential. The
reduction stage was subsequently executed through potentiometric scanning within a narrow potential
window at a reduced anodic potential. Field atomic force microscopy (AFM), electrochemical impedance
spectroscopy (EIS), and CV were utilized to characterize the morphology and properties of the
pretreated electrodes. The results indicate that the AGCE possesses a rough surface and exhibits

R 4 26th March 2025 increased oxidation peak currents and decreased overpotential during epinephrine (EP) oxidation.
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Accepted 15th May 2025 Quantitative determination of EP was performed via linear sweep voltammetry (LSV), revealing that the
AGCE can effectively recognize EP in a wide range of interferences, spanning a broad linear range of

DOI: 10.1039/d5ra02123e 0.1-8, 8-100, and 100-700 uM. The detection limit (DL) was 0.032 uM. The AGCE exhibited favorable
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1 Introduction

Epinephrine (EP), an essential catecholamine neurotransmitter
produced in chromaffin cells of the adrenal medulla and certain
central nervous system neurons, plays a pivotal role in nerve
conduction and cardiovascular regulation. Alterations in adrena-
line levels have been associated with the onset of various neuro-
logical disorders, including schizophrenia, Alzheimer's disease,
and Parkinson's disease." EP has various medical applications,
including the treatment of conditions such as cardiac arrest,
bronchitis, allergic reactions, and emphysema. Additionally, it is
utilized as a vasoconstrictor and coagulation promoter for skin
and mucous membranes.> However, EP has been misused by
athletes in competitions as a stimulant and is included on the list
of substances prohibited by the World Anti-Doping Agency
(WADA).? Therefore, detecting concentrations of EP is essential for
clinical diagnosis and doping screening. Currently, a variety of
analytical techniques are employed for the quantitative determi-
nation of EP, including high-performance liquid chromatog-
raphy,* chemiluminescence,” capillary electrophoresis,® mass
spectrometry,” fluorescence,® and electrochemical methods.®
Among  these  detection techniques, electrochemical
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selectivity, stability, and reproducibility in the detection of EP.

measurements have attracted significant interest because of their
ease of use, rapidity, high sensitivity, and good controllability.
However, electrochemical analysis of EP in biological fluids faces
two major challenges: (1) extremely low concentration of EP; and
(2) high concentration of interfering substances that are highly
compatible with the redox properties of EP. Among them,
endogenous ascorbic acid (AA) leads to severe electrochemical
cross-reactivity due to the almost complete overlap of its oxidation
potential with EP, and uric acid (UA), as a common co-existing
electroactive substance, has oxidized signals that are prone to
introduce background interference. In addition, the structural
analog phenylephrine (PE) is widely present in biological samples
as a drug, further exacerbating the difficulty of selective detection.
Therefore, the development of novel electrochemical sensors with
higher selectivity and sensitivity to detect EP is of great theoretical
and applied value.

The glassy carbon electrode (GCE) is an electrode material
that possesses excellent electrochemical properties and is
favored by researchers for electrochemical detection because of
its low cost, outstanding electrical conductivity, electrochemical
inertness, chemical stability under a wide potential window,
and ease of surface modification and functionalization,
making it a popular choice. However, bare electrodes often
exhibit poor sensitivity and selectivity, which has led to signif-
icant research exploring electrode modification. Various nano-
materials, such as conducting polymers,” metal
nanostructures,'” carbon quantum dots,* carbon nanotubes,**
graphene and its derivatives, as well as several novel

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


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra02123e&domain=pdf&date_stamp=2025-05-29
http://orcid.org/0009-0005-9791-9391
https://doi.org/10.1039/d5ra02123e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02123e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015023

Open Access Article. Published on 29 May 2025. Downloaded on 2/7/2026 9:33:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

composites™™” have been successfully applied to electro-
chemical sensors for detecting EPs. Although these electro-
chemical sensing methods for detecting EP have yielded good
experimental results, however, the synthesis of the modifying
materials and their modification on the electrode surfaces are
usually cumbersome processes that limit further applications.*®

Carbon electrodes undergo an electrochemical pretreatment
process, resulting in the formation of a rough and porous surface.
Moreover, many oxygen-containing functional groups such as
phenol, aldehyde, quinone, and carboxyl groups are generated.
These groups greatly enhance the electrochemical activity of the
electrodes, demonstrated by numerous studies.’*® The most
common methods of electrochemical oxidation used for pre-
treating GCEs include constant potential oxidation, constant
current oxidation, and cyclic voltammetry (CV). It has been shown
that constant potential pretreatment can form deep microporous
structures on the electrode surface through continuous anodic
polarization, while CV, by virtue of its dynamic polarization char-
acteristics, can precisely regulate the generation of a uniform
mesoporous structure on the surface layer of the GCE and signif-
icantly enhance the density of active sites on the surface.”” During
electrochemical pretreatment, improper selection of parameters
(e.g. potential window, scan rate, or treatment time deviating from
the optimized range) may lead to surface corrosion and loss of
structural integrity of glassy carbon electrodes.”® To minimize the
risk of electrode damage, the electrode was pretreated by the CV
method with higher controllability. The CV activation process can
be divided into three characteristic potential intervals: anodic
region, middle potential region, and cathodic region.” Anodic
oxidation induces a dense oxide passivation layer, which has
excellent chemical stability but limited sensing sensitivity due to
the low density of active sites; cathodic reduction significantly
improves the sensitivity by localized carbon lattice reconfiguration
to form a porous active layer, but overreduction is prone to
structural collapse; anodic oxidation followed by cathodic reduc-
tion achieves better stability and activity.*® To improve the stability
and electrochemical activity of the pretreated electrodes, and at the
same time to mitigate the damage caused by the electrochemical
pretreatment to the electrode itself, the two-step potentiodynamic
CV method, which separates the anodic oxidation and cathodic
reduction, was used for the first time in this study for the
pretreatment of GCE, and the pretreatment conditions were opti-
mized. In the first stage, anodic oxidation pretreatment was per-
formed by scanning with a CV method at a large potential range
and high anodic potential. In the second stage, reduction
pretreatment was carried out by scanning with the CV method in
a small potential range and at a low anodic potential. The activated
glassy carbon electrode (AGCE) prepared under optimal parameter
conditions has a wide linear range, low detection limit, and high
stability, and can be used for the electrochemical detection of EP,
which is a simple, low-cost, and eco-friendly electrode.

2 Experiments
2.1 Reagents

(£)-Epinephrine hydrochloride, (R)-(—)-phenylephrine hydro-
chloride, AA, UA, hexamine ruthenium chloride ([Ru(NHj3)s]Cls),
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potassium ferricyanide (K;[Fe(CN)g]), and potassium hex-
acyanoferrate (K,[Fe(CN)¢]) were purchased from Aladdin
(Shanghai, China). Potassium dihydrogen phosphate (KH,PO,),
disodium hydrogen phosphate (Na,HPO,), potassium chloride
(KCl1), and sodium chloride (NaCl) were obtained from Sino-
pharm Group Chemical Reagent Co. Ltd (Shanghai, China).
p(+)-glucose was purchased from Damao Chemical Reagent
Factory (Tianjin, China). .-glycine and anhydrous ethanol were
purchased from Guangnuo Chemical Technology Co. Ltd
(Shanghai, China). Phosphate buffer (PB) solutions of different
pH values were prepared by adjusting the ratio of disodium
hydrogen phosphate to potassium dihydrogen phosphate. All
reagents were of analytical grade and could be used directly
without further purification. All aqueous solutions for the
experiments were prepared with ultrapure water (UPR-II-40L,
18.25 MQ cm, Ulupure Ultrapure Technology Co. Ltd,
Sichuan, China).

2.2 Instruments

CHI660E electrochemical workstation (CH Instrument Inc.,
Shanghai, China); a conventional three-electrode system con-
sisting of a glassy carbon electrode (GCE, 0.07 cm” geometric
area) as the working electrode and a platinum foil (2 cm?
geometric area) as the counter electrode, sourced from Gaoss-
union Technology Ltd (Wuhan, China) and a commercially
available saturated calomel electrode (SCE, CH Instrument Inc.,
Shanghai, China) as the reference electrode.

KQ-100B ultrasonic cleaner (Ultrasonic Instrument Co. Ltd,
Kunshan, China); Leici PHS-25 pH meter (Yidian Scientific
Instrument Co. Ltd, Shanghai, China); MFP-3D-Origin (AFM,
Oxford Instruments Co. Ltd, Britain) were used to characterize
the surface morphology of the electrodes, infrared spectroscopy
was carried out in the attenuated total reflection (ATR) mode
(Thermo Scientific® Nicolet iS50) using a DTGS detector and
a diamond crystal.

2.3 Preparation of activated pretreated GCE

The GCE was polished in a 0.05 pum Al,O; suspension,® then
sequentially sonicated in ultrapure water, anhydrous ethanol,
and ultrapure water for 15 s. To obtain AGCE, the cleaned GCE
was immersed in 0.2 M PB (pH 5.0) with a CV between 0.5 and
2.0 V and a scan rate of 50 mV s~ for 10 cycles, and then the
potentiometric window was set to —0.5 to 1.0 V for 6 cycles at the
same scan rate.

2.4 Electrochemical measurements

EP was detected in PB at pH 7.4 via CV and linear sweep vol-
tammetry (LSV) over a potential range of —0.2 to 0.6 V at a scan
rate of 100 mV s~ . Control CV scans of PB without analytes
were used as blank controls. After each measurement, the AGCE
was immersed in 0.5 M H,SO, aqueous solution for 2 min and
then rinsed with deionized water to remove the residual EP and
possible oxidation product from the electrode surface.

The electrochemical impedance spectroscopy (EIS)
measurements were performed via a specified solution con-
taining 5.0 mM [Fe(CN)¢]>*~ in a 0.1 M NacCl solution at the
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open circuit potential. The signal amplitude was set to 5 mV,
ranging from 10°> Hz to 10”2 Hz. The data analysis was con-
ducted via ZSimpWin software. All the electrochemical experi-
ments were conducted at room temperature (25 £+ 2 °C) and
atmospheric pressure.

3 Results and discussion
3.1 Optimization of conditions of electrode pretreatment

The effects of potential window, pH, scanning rate, number of
scanning cycles in the oxidation stage, and number of scanning
cycles in the reduction stage in electrode pretreatment were
investigated by detection of the CV oxidation peak current of 50
pM EP.

3.1.1 Selection of the potential window in the first
pretreatment stage. Selecting a potential window via the CV
method is crucial for the oxidation of a GCE. The GCE was
immersed in a 0.2 M PB solution (pH 5.0), and the potential
ranges were respectively set to —0.5-2.0 V, 0.0-2.0 V, 0.5-2.0 V,
and 1.0-2.0 V, with a sweep rate of 100 mV s~ by CV for ten
cycles to obtain four types of oxidized glassy carbon electrodes
(GCE.ox). After stabilization of the GCE.,, their response signals
to EP were analyzed, as shown in Fig. 1A, and it was found that
the largest response signals were observed in the potential
window of 0.5-2.0 V. Therefore, the initial potential for elec-
trode preconditioning was determined to be 0.5 V. The effect of
the change in the maximum oxidation treatment potential on
GCE.x was investigated while keeping the initial potential at
0.5 V is shown in Fig. 1B. These results indicate that the
response of GCE,, to EP increases with the increase of
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Fig. 1 Effect of (A and B) potential window, (C) pH, (D) scanning rate,
(E) number of scanning cycles in the first stage, and (F) number of
scanning cycles in the second stage in electrode pretreatment and
each data point is based on 3 samples.
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oxidation potential during pretreatment, which is attributed to
the fact that the number of oxygen-containing functional
groups on the surface of GCE increases with the increase of
oxidation potential during electrochemical treatment.**
However, when the electrodes were pretreated at a potential
window of 0.5-2.2 V, a large number of bubbles were observed
on the surface of the electrodes, which could be attributed to
oxygen or carbon dioxide generated during the pretreatment
process. Pretreatment of glassy carbon electrodes at higher
anodic potentials can cause some degree of damage to the
electrode itself.”® Therefore, a potential window of 0.5 to 2.0 V
was chosen for electrode pretreatment to reduce the risk of
damage to the electrode itself.

3.1.2 Selection of pH in the first pretreatment stage. GCE
undergoes transient changes during oxidation at more posi-
tive potential windows and is susceptible to pH depen-
dence.””** However, in strongly acidic or alkaline media,
calomel electrodes exhibit a higher liquid junction potential
and are easily oxidized.** Furthermore, in strongly acidic
media, GCE tends to degrade, while in strong alkaline media,
the edges of the carbon layers of GCE tend to be oxidized to
become hydrophilic and dissolved.”® Therefore, we investi-
gated the impact of phosphate buffer solutions with pH values
of 5.0, 6.0, 7.0, and 8.0 on the effectiveness of pretreatment.
The experimental results are shown in Fig. 1C. When pre-
treated GCE at pH 5.0, the current response of to EP was
highest. Consequently, a pH value of 5.0 was chosen as the
electrolyte solution for pretreating the GCE.

3.1.3 Selection of the scanning rate in the first pretreat-
ment stage. The scanning rate affects the electrochemical
oxidation of the GCE during potential cycling. At lower scan-
ning rates, the oxide layer formed on the GCE surface becomes
more stable, whereas too high a scanning rate results in an
under-oxidized and easily reducible surface.*® The effects of
different scan rates on GCE.,, were investigated as shown in
Fig. 1D, and the experimental results indicated that the
current response of GCE., to EP was maximum when the scan
rate of oxidation pretreatment was 50 mV s~ '. Therefore, the
scan rate for the preprocessing of the GCE in the first stage was
set at 50 mV s~ .

3.1.4 Selection of scanning cycles in the first pretreatment
stage. The pretreatment of a GCE at a more positive anodic
potential results in the formation of oxygen-containing func-
tional groups on its surface, thereby forming an oxide layer with
electrochemical properties similar to those of graphene oxide.*®
The oxidation time of the GCE was indirectly controlled by
adjusting the number of scanning cycles under a positive
anodic potential. We investigated the effect of different scan-
ning cycles on GCE..y, and the results are shown in Fig. 1E. The
peak oxidation current of the EP on the GCE. is highest when
the number of scans for oxidation pretreatment is 10 cycles. An
observed decrease in the EP oxidation peak current occurs when
the number of preprocessing scans exceeds 10 scanning cycles.
A dense oxide layer is generated on the highly oxidized GCE
surface, hindering electron transfer; moreover, the thickness of
the oxide layer increases with oxidation time.*”** Therefore, the

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02123e

Open Access Article. Published on 29 May 2025. Downloaded on 2/7/2026 9:33:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

number of scans for the first stage electrode pretreatment was
chosen to be 10 scanning cycles.

3.1.5 Optimization of pretreatment conditions in the
second stage. In this study, the second stage of dynamic
potential scanning preconditioning was performed at a smaller
potential window and lower anodic potential to obtain a pre-
conditioned electrode with good stability and electrochemical
properties. In the second stage, —0.8 to 1.0 Vand —0.5 to 1.0 V
were selected for the reduction pretreatment of GCE.., and the
performance of AGCE obtained at different reduction potential
windows was evaluated by repeating the detection of 50 pM EP
five times, as shown in Fig. S1.f The experimental results
showed that the AGCE obtained after the second stage of pre-
processing in the potential window of —0.5-1.0 V is more
stable. Consequently, the potential window for the reduction
stage was established at —0.5 to 1.0 V.

The duration of the electrochemical reduction process is
indirectly regulated by manipulating the number of scanning
cycles during the reduction stage. The effect of different scan-
ning cycles on AGCE was investigated during the electro-
chemical pretreatment of the reduction stage, as shown in
Fig. 1F. The results show that the peak oxidation current of EP
increases and then decreases with the change of the number of
scanning cycles during the pretreatment process in the reduc-
tion stage, and the maximum value of the peak oxidation
current of EP occurs when the number of scanning cycles is 6
cycles. After several repetitive detections, the oxidation peak
current of EP was relatively stable, as shown in Fig. S2.f
Therefore, six cycles are selected as the number of scanning
cycles in the reduction stage.

3.2 Characterization of pretreated electrodes

The morphology of GCE and AGCE was characterized using
AFM, and the AFM data were analyzed using Gwyddion soft-
ware. Fig. 2(A and B) shows the two-dimensional (2D) and three-
dimensional (3D) images of GCE, respectively, and the results
show that there are a large number of polishing scratches on the
newly polished GCE surface resulting in root-mean-square
roughness (RMSR) and average roughness (R,) of 2.87 nm and
2.28 nm. Fig. 2(C and D) shows the 2D and 3D images of AGCE,
respectively, which have a rougher surface with RMSR and R, of
5.16 nm and 4.07 nm, respectively, compared to GCE, and
deeper and larger voids can be observed, which is attributed to
the pretreatment. X-ray energy dispersive spectroscopy (EDS)
reveals the distribution of carbon and oxygen on the surfaces of
the GCE and AGCE in Fig. S3 and Table S1.T As shown in Fig. S3
and Table S1,f compared with that of the GCE, the oxygen
content on the surface of the AGCE was 3.10% greater, which
demonstrates that AGCE introduces active oxygen-containing
functional groups, as aligns with the literature.**

The characterization of AGCE by using attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
is shown in Fig. S4.1 Several new characteristic bands of oxygen-
containing functional groups appeared in the ATR-FTIR spectra
of AGCE compared to GCE, with bands in the range of 1400-
1800 cm™ ' attributed to the carboxylate COO~ group at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1683 cm ', the quinone C=O group at 1558 cm ', and
the C=C stretching vibration at 1505 cm™".>* In addition, the
bands in the range of 3050-3800 cm™ " are associated with
hydroxyl stretching vibrations, ie., hydroxyl O-H stretching
vibrations at 3566 cm™". The bands at 1000-1300 cm™" can be
attributed to ether or epoxy groups, ie., stretching vibration of
C-0 single bond of the ether or epoxy at 985 cm™*.** The results
indicate that oxygen-containing functional groups have been
successfully introduced on the surface of the GCE by a two-step
electrochemical pretreatment process.

The interfacial properties of the AGCE were examined via
electrochemical impedance spectroscopy (EIS) and CV. To
ensure a more accurate comparison, the same GCE with or
without pretreatment was utilized. The Nyquist plots of the
GCE, GCE_y, and AGCE are illustrated in Fig. 3A. The Nyquist
fitting diagram and fitting results for a single electrode are
shown in Fig. S5 and Table S2.7 In the electrochemical imped-
ance spectrum, the semicircle in the high-frequency region
corresponds to the charge transfer process, the formation of
which originates from the electron transfer resistance of the
bilayer charging and electrochemical reaction at the interface
between the electrode and the electrolyte, and the diameter of
the semicircle directly corresponds to the electron transfer
resistance. Fig. 3A shows that the diameter of the semicircle of
the GCE.i in the high-frequency region is significantly larger
than that of the GCE and AGCE. This is due to an oxide layer,
which hinders the transfer of electrons. However, the semi-
circular diameter of AGCE is slightly larger than that of GCE in
the high-frequency region, which may be because, after the
second stage of pretreatment, part of the oxidized layer still
exists inside AGCE, forming a structure with a dense interior
and a rough surface. In Table S2,T R; is the solution resistance,
which is related to the ionic concentration and conductivity of
the electrolyte; R is the electron transfer resistance, which is
related to the active sites on the electrode surface and the
concentration of the reactants; Cq is the double-electric-layer
capacitance, which is related to the electrode surface area and
the roughness; Qg is the constant-phase-angle component
related to the double-electric-layer capacitance, which is
commonly used to describe the behavior of a nonideal double-
electric layer; and Z,, is the Warburg impedance that commonly
used to characterize the effect of diffusion processes on the
kinetics of electrochemical reactions. The same electrode was
used to compare the redox behavior of anion probes at different
pretreatment stages, as shown in Fig. 3B. The CV curve of GCE
in a 0.1 M NaCl solution containing 5.0 mM [Fe(CN)e]**~ as
shown in Fig. 3B(a). The redox peak of [Fe(CN)s]*"*~ disappears
in Fig. 3B(b), indicating that GCE.. forms an oxidized layer on
the electrode surface that hinders the electron transfer, and the
redox peak of [Fe(CN)s]*’*~ in Fig. 5B(c) peak was restored,
indicating that AGCE formed a rough porous structure in the
oxide layer on the electrode surface and restored the electron
transfer, but the peak current was still slightly smaller than that
of GCE may be that part of the oxide layer still existed inside the
AGCE hindering part of the electron transfer,** which was in
agreement with the results after EIS analysis.

RSC Adv, 2025, 15, 17946-17954 | 17949
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Fig. 2 Atomic force microscopy images of the (A and B) GCE and (C and D) AGCE with a scanning range of 3 pm x 3 um.

3.3 Electrochemical behavior of pretreated electrode

The CV method was used for 5.0 mM [Fe(CN)¢]>"*~ anionic
probe or 1.0 mM [Ru(NH;)s]*" cationic probe on the AGCE and
GCE. As shown in Fig. 4A, the electrochemical response of
[Fe(CN)J> "~ is affected slightly by the electrostatic repulsion
of negatively charged oxygen-containing functional groups,
which can be attributed to the sufficiently large pores on the
AGCE surface.” There is a small amount of oxide layer inside
the AGCE to prevent electron transfer, so the redox current of
[Fe(CN)J>/*~ is reduced slightly. As shown in Fig. 4B, the AGCE
enhances the redox response of [Ru(NH;)e]*", which may be
attributed to the generation of negatively charged oxygen-

containing functional groups on the surface of the AGCE that
attract [Ru(NH;),]*" cation.

The electrochemical properties of 50 uM EP on the GCE and
AGCE were investigated via CV, and the experimental results are
shown in Fig. 5. EP has pK, = 8.66 and exists in its cationic form
at pH 7.4.* The negatively charged oxygen-containing groups
on the surface of AGCE have a strong electrostatic attraction to
the NH;" groups of EP, so EP can be enriched in large quantities
on the surface of AGCE, which greatly enhances the peak
oxidation current, which is about 28 times of the peak oxidation
current on GCE, and the data are shown in Table S3.} The
negative shift of the oxidation peak potential of EP detected by

150
L6F . GcE a A
14 A GCE_M L A 100
= AGCE (3 N

E 1.2+ ‘i AA 50
o) 1.0F LY A <
A e A =
=08} > e 0
N 0.6} ) B a
Nosp i, A 50

0.4 '

02l - Av‘ , -100

1 ' 7'/ kOhm
0.0 L L L 1 1 L 1 ~150 . N N . .
00 05 1.0 1.5 2.0 25 3.0 35 4.0 -0.2 0.0 0.2 0.4 0.6
7'/ kOhm E/V Vs.SCE

Fig. 3

(A) Nyquist plots of the GCE, GCE_,, and AGCE; (B) CV curves of (a) GCE, (b) GCE_,. (c) AGCE. All the experiments were performed in

0.1 M NaCl electrolyte containing 5.0 mM [Fe(CN)gl>~/4~. Illustration: partial enlargement.
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Fig.4 (A) CV curves of (a) GCE and (b) AGCE in 0.1 M NaCl with 5.0 mM [Fe(CN)g]*>~4~; (B) CV curves of (a) GCE and (b) AGCE in 0.1 M containing
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Fig. 5 CV curves of the (a) GCE and (b) AGCE in 0.2 M PB containing
50 uM EP (pH 7.4).

AGCE compared to GCE suggests that the introduced oxygen-
containing functional groups have a catalytic effect on the
oxidation of EP, which is consistent with the literature reports.*”
Then, the effect of accumulation time on the oxidation peak
current of EP detected by the AGCE was investigated, and the
experimental results are shown in Fig. S6.1 The oxidation peak
current of EP detected by the AGCE reached its maximum value
when the accumulation time reached 360 s, and with increasing
time, the oxidation peak current remained constant. Therefore,
an accumulation time of 360 s was chosen for EP detection.

3.4 Selectivity of the pretreated electrodes

Mixtures of EP measurements and interferents were tested on
AGCEs with AA, UA, PE, glucose, and glycine (Gly) serving as
coexisting compounds or structural analogs of EP. The selec-
tivity of the AGCE towards EP was also investigated in a mixture
containing EP and its possible interferents by comparing the
peak current ratio (Iy/I,) in where I; and I, are the oxidation peak
current measured in EP solution with (I) or without () inter-
ferents.*® The current of EP at AGCE with the presence of equal,

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

ten, twenty, or one hundred-fold concentration of interferents is
shown in Fig. 6A and S7.f The current ratio (Is/I,) remains
relatively stable, exhibiting a maximum decrease of less than
14% in Iy when compared with I,. The results showed that AA
and UA did not interfere significantly with the EP assay, mainly
because the pK, of AA and UA were 4.1 and 3.7, respectively, and
existed in anionic form in the PB at pH 7.4,* and the negatively
charged oxygen-containing groups on AGCE had a strong elec-
trostatic attraction to EP, whereas they had an electrostatic
repulsion to AA and UA. The LSV responses of a solution con-
taining equal concentrations (50 uM) of EP and the possible
interferents such as AA, UA, and PE in pH 7.4 phosphate buffer
at AGCE were presented in Fig. 6B, and the electrochemical
parameters are shown in Table S4.T The oxidation peaks of AA,
EP, UA, and PE appeared at —25, 145, 269, and 615 mV,
respectively. The peak potential differences (AE},) between EP
and AA, UA, and PE were 170 mV, 124 mV, and 470 mV,
respectively, which were all greater than 120 mV. Additionally,
the oxidation peak currents of EP were significantly greater than
those of AA, UA, and PE at the same concentration. These
findings indicate that these interfering substances do not
interfere with the detection of EP on AGCE.

3.5 Linearity, repeatability, and stability

The AGCE was used to measure various concentrations of EP by
LSV in a PB solution at a pH of 7.4, and the resulting experi-
mental data are displayed in Fig. 7. The peak current of EP
oxidation increased with the increase of EP concentration,
which was linear in the three concentration intervals of 0.1-8,
10-100, and 100-700 pM. The linear regression equations,
linear correlation coefficients, and detection limits are listed in
Table 1.

The detection limit (DL) was calculated via the following
equation:*®

DL = 3s/m
Herein, s is the standard deviation of the blank signal, and m

represents the slope of the corresponding calibration curve
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(A) LSV peak current ratio (Is/lg) for EP with () or without (/) interference on AGCE and (B) LSV curves for mixtures of the same

concentrations of EP, AA, UA, and PE on AGCE. All the experiments were performed in pH 7.4 phosphate buffer with 50 uM EP.
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Fig. 7 LSV curves of the AGCE electrode in pH 7.4 phosphate buffer
with different EP concentrations, a-u: 0.1, 0.2, 0.4, 0.6, 0.8, 2, 4, 6, 8,
10, 20, 40, 60, 80, 100, 200, 300, 400, 500, 600, and 700 uM.

—-0.2

(uA pmol™* L). A comparison between the analytical perfor-
mance of various modified electrodes reported in previous
literature and the detection of EP using AGCE in this study is
outlined in Table S5.f The results show that the detection
performance of AGCE is better than some modified electrodes
reported in the literature, but the quantitative analysis and
catalytic mechanism of oxygen-containing groups introduced by
this active electrode need further in-depth study.

The repeatability of the electrodes was assessed by con-
ducting three separate measurements under consistent

Table 1 Detection of EP using the AGCE

experimental conditions using the same AGCE. The resulting
data are displayed in ESI Table S6,T with an RSD value of 1.23%.
Repeatability tests were performed on different pretreated
electrodes prepared under the same conditions, and the
experimental results are shown in Table S7f with an RSD of
3.40%. The long-term stability of the pretreated electrode was
assessed after eight days of storage at ambient temperature, as
shown in Fig. S8.f The current response of the electrode
demonstrated a retention rate of 98.54% compared with its
initial value, indicating that the pretreated electrode exhibited
excellent repeatability and stability.

3.6 Real sample analysis

AGCE was used to analyze EP in bovine serum samples by the
standard addition method under optimal sensing conditions.
Firstly, 100 pL of bovine serum was diluted with 100 mL of PBS
of pH 7.4 to obtain a 1000-fold diluted serum solution, which
could reduce the contamination of biomolecules on the surface
of the electrode. Then, 10 mL of the diluted serum solution was
added with 0 pL, 20 pL, 40 pL, 60 pL of 1 mmol per L EP stan-
dard reserve solution to produce spiked samples of 0 uM, 2 uM,
4 pM, and 6 pM in sequence. The spiked samples were
measured using AGCE, and the measured values were
substituted into the standard curve for the concentration range
of 0.1-8 uM as described above to obtain the concentration
measurement values of the spiked samples. The sample recov-
eries were obtained from the actual and measured concentra-
tions of the spiked samples and are shown in Table 2. The
results showed that AGCE had good recoveries for the detection
of EP in real samples.

Linear range

Linear correlation Detection limit

(M) Linear regression equation (c: pM) coefficient (M)
0.1-8.0 I, (nA) = 1.5957¢ — 0.0372 0.9998 0.032
10-100 I, (nA) = 0.42647¢ + 13.6953 0.9997
100-700 I, (nA) = 0.1309¢ + 43.989 0.9993
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Table 2 Detection of EP in bovine serum samples using AGCE electrode

View Article Online

RSC Advances

Sample Added (uM) Found“ (uM) Recovery” (%) RSD (%)
Bovine serum 0.00 Not detected — —
sample 2.00 2.00 £+ 0.05 100.0 + 2.4 2.4

4.00 3.98 £ 0.06 994+ 1.4 1.4

6.00 6.03 + 0.11 101.3 + 1.8 1.7
% Mean = standard deviation, n = 3.
4 Conclusion References

In this study, we developed a new GCE pretreatment method
that separates anodic oxidation and cathodic reduction through
a two-step CV. By performing anodic oxidation in a large
potential window and high anodic potential, followed by
reduction in a small potential window and low anodic potential,
a surface structure with a dense inner layer and a rough and
porous outer layer was designed, which combines the advan-
tages of a dense oxide film and a porous structure. It was shown
that AGCE obtained under optimal pretreatment conditions
significantly improved the electrochemical response of EP. This
result can be attributed to the introduction of different oxygen-
containing functional groups on the surface of AGCE and the
rough surface structure that improves the electrochemical
performance. The AGCE was prepared using a simple, eco-
friendly, easy-to-handle, and low-cost method, and it showed
good selectivity, sensitivity, stability, repeatability, and low
detection limit when applied to the detection of EP.
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