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cal sensor based on MWCNTs and
a PCCN222 peroxidase-like nanocomposite for
sensitive and selective kaempferol detection

Yanna Ning,a Xianglei Li,a Guanghua Tong,b Feiyu Zhang,b Jun Hong *b

and Baolin Xiao *b

Kaempferol (KA) is a flavonoid with a range of biological properties, including antitumor, antioxidant,

antiviral and anti-inflammatory, and its extensive applications in biomedicine, food safety, and related

fields underscore the importance of quantitative analysis for determining its concentration. In this study,

an electrochemical sensor based on multi-walled carbon nanotubes (MWCNTs), PCN222 and chitosan

(CS) was developed for the determination of KA. MWCNTs exhibit hydrophobicity and conductivity, and

they are better dispersed by DMF and crosslinked with PCN222, which further improves the electrode's

response, selectivity and sensitivity to KA due to the peroxide-like properties of PCN222. The film formed

by CS on the electrode surface serves to protect the nanocomposite from detaching during the

operation. The linear range of this sensor is 0.01–0.4 and 0.6–9 mM, with a detection limit of 4.16 nM.

This method can be used to detect the content of KA in plasma, which shows that the electrochemical

sensor has strong practical application capabilities, as well as other advantages, such as high stability,

strong anti-interference ability, and low detection limit. Moreover, the ultraviolet-visible

spectrophotometer (UV) demonstrates that the catalytic rate of PCN222 for KA is significantly faster than

that for naringenin and puerarin. Therefore, the construction of CS/MWCNT–PCN222/GCE

electrochemical sensors has potential application value for clinical dosage control and monitoring of the

drug metabolism of KA.
Introduction

Kaempferol (KA, 3,40,5,7-tetrahydroxyavone) is a avonoid
compound widely found in plant-derived foods and traditional
medicinal plants.1 KA is a strong natural antioxidant with
several biological properties, including antiviral, anti-
inammatory, antidiabetic, antioxidant, and anticancer prop-
erties, and therefore has a wide range of potential applications
in the treatment and prevention of diabetic complications and
atherosclerosis,2–11 as well as in reducing neurological and
cardiac damage, which will provide valuable references for
future research and development of medicines. Due to its rich
biological activities, KA has been extensively utilized in clinical
practice. However, excessive intake may cause adverse
effects,12–14 so developing a sensitive assay for KA is important
for pharmacodynamic studies, assessing the safety of clinical
drug use and monitoring drug metabolism.

Numerous techniques, including high performance liquid
chromatography15 and ultraviolet-visible spectrophotometer
(UV),16 capillary electrophoresis17 and electrochemical
Central Hospital, Kaifeng 475000, China

aifeng 475000, China. E-mail: hongjun@

the Royal Society of Chemistry
methods18 have been reported for the quantitative determina-
tion of KA. In contrast to the aforementioned techniques,
electrochemical methods stand out due to their unique capa-
bility to scrutinize the electrochemical behavior of avonoids at
the electrode surface, enabling swi and microscale analysis of
biological samples. Moreover, they are celebrated for their rapid
response, exceptional sensitivity, and cost effectiveness. In
recent years, electrochemical methods have garnered signi-
cant attention for KA detection. For example, Liang et al.19

prepared a simple and sensitive multi walled carbon paste
electrode sensor using cetyltrimethylammonium bromide
carboxyl multi walled carbon nanotubes (CTAB-MWCNTs) and
successfully used it to determine the content of KA and quer-
cetin in several plants. The MIL-100(Fe)-multi walled carbon
nanotube/poly (3,4-ethylenedioxythiophene) (MIL-100(Fe)-
MWCNTs/PEDOT) modied glassy carbon electrode con-
structed by Zhang et al.20 was used to detect the content of KA in
Xindakang tablets. Tan et al.21 introduced b-cyclodextrin/
fullerene graphene oxide/nickel metal organic framework (b-
CD/C60-GO/Ni-MOF) nanocomposites on electrodes for the
detection of KA. These sensors are of the non-enzymatic elec-
trochemical type, yet they have limited selectivity. However,
despite their merits, these non-enzymatic electrochemical
sensors are marred by limited selectivity. Given that selectivity
RSC Adv., 2025, 15, 11319–11326 | 11319
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is the cornerstone of sensor practicality, our research focuses on
constructing a nano-enzymatic electrochemical sensor to
augment KA selectivity.

Nanozymes, particularly those possessing peroxidase activity,
have been extensively applied in the eld of electrochemical
sensors.22 In contrast to natural enzymes, nano-enzymes boast
the benets of being cost effective and having an easy prepara-
tion process, easy modication, and good stability.23 Metal–
organic frameworks (MOFs), which are highly crystalline network
complexes constructed from metal ions or clusters linked by
organic ligands, represent a typical class of nanoenzymes. Their
burgeoning popularity stems from their peroxidase-like activity,
tunable structure, environmental adaptability, high porosity,
expansive specic surface area, and abundant surface active
sites.24–28 MOFs have permeated diverse industrial sectors,
including gas separation, catalysis, energy storage, medicine
delivery, and electrochemical sensors.29–33 Zr-MOF has garnered
substantial attention.34 PCN222 (also known as MOF-545) is a Zr-
based MOF that has been the focus of research over the past
decade. It exhibits exceptional chemical and thermal stability,
with a high coordination number and a large ionic radius Zr
metal center. This unique composition allows it to form versatile
structures by integrating multiple organic ligands, thereby
broadening its applicability. Moreover, its nanochannels are
particularly suitable for doping and modication of nano-
materials.33,35 In this study, PCN222 is modeled as a nano-enzyme
to achieve an electrochemical sensor for KA using the unique
properties ofmulti-walled carbon nanotubes (MWCNTs, thermal,
electrical, mechanical, etc.).36,37

Considering the aforementioned factors, we constructed an
electrochemical sensor based on MWCNTs and a PCCN222

peroxidase-like nanocomposite for KA detection (Fig. 1). PCN222

is used as a nano-enzyme to catalyze KA, which enhances the
selectivity of the electrode. The dispersion of MWCNTs is
improved by the addition of DMF, which ensures that distri-
bution is achieved uniformly on the electrode surface, thereby
enhancing the sensor performance. Given that different
phenolic compounds have different oxidation potentials and
are recognized differently by PCN222, we demonstrated the
strong selectivity of PCN222 for KA under UV irradiation. Under
the same conditions, we determine whether PCCN222 could
catalyze them by observing changes in the absorbance of
Fig. 1 Preparation scheme of CS/MWCNT–PCN222/GCE.

11320 | RSC Adv., 2025, 15, 11319–11326
characteristic peaks. The materials were characterized and
examined using scanning electron microscopy (SEM) and an
Energy Dispersive Spectrometer (EDS). The constructed sensor
efficiently measures the amount of KA inmouse plasma and has
the benets of speed, sensitivity, and remarkable selectivity.
Experimental section
Reagents and materials

KA, naringenin, and puerarin were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. Glucose (Glu,
$99%), sodium dihydrogen phosphate (NaH2PO4$2H2O,
$99%), and disodium phosphate (Na2HPO4$12H2O, $ 99.0%)
are sourced from Sigma Aldrich (St. Louis, Missouri, USA).
Vitamin B1, Vitamin C, and urea were procured from Beijing
Dingguo Biotechnology Co., Ltd., Beijing Aoboxing Biotech-
nology Co., Ltd., and China National Pharmaceutical Group
Chemical Reagent Co., Ltd., respectively. Potassium chloride
(KCl) and sodium chloride (NaCl) were purchased from Tianjin
DeEn Chemical Reagent Co., Ltd. Zirconium-based porphyrin
metal organic framework (PCN222) and multi-walled carbon
nanotubes (MWCNTs) were obtained from Jiangsu Xianfeng
Nanomaterials Technology Co., Ltd. N,N-Dimethylformamide
(DMF) were purchased from Chengdu Yirui Biotechnology Co.,
Ltd. Chitosan (CS) was obtained from Biotechnology Co., Ltd.
Apparatus

The CHI660E electrochemical workstation was utilized for all
electrochemical measurements (CHI Instrument, Austin, TX,
USA). The experiment was conducted at 25 °C using a three-
electrode (working electrode, saturated Ag/AgCl electrode, and
platinum wire as reference electrodes). Differential pulse
polarography voltammetry (DPV) and cyclic voltammetry (CV)
were performed in a 50 mM pH 5 phosphate buffer solution
(PBS). The testing conditions for CV were a scanning rate of
0.1 V s−1 and a standing time of 2 s, while the testing conditions
for DPV were a potential increment of 0.04 V, an amplitude of
0.025 V, an amplitude of 15 Hz, and a standing time of 2 s.
Electrochemical impedance spectroscopy (EIS) was carried out
in a 0.1 M KCl solution containing 5 mM [Fe (CN)6]

3−/4−, with
a frequency range of 102–106 Hz. Field emission scanning
electron microscope (JEOL JSM-7610F Plus, Japan Electronics
Corporation) was used for morphological characterization of
nanocomposites at 5 kV, while high-speed centrifuge (TGL-16G,
Shanghai Anting Scientic Instrument Factory) was used to
centrifuge blood samples at 3000 rpm for 10 minutes. A spectral
study of PCN222-catalyzed KA was conducted using a UV visible
spectrophotometer (Evolution 220, Thermo, Shanghai, China).
2.5 mM KA, puerarin and naringenin were added to the 3000 mL
system with PCN222 and H2O2 (1 mM), respectively. HRP cata-
lyzes KA, naringenin and puerarin at the same concentrations
as mentioned above. Continuous spectral scanning at 220–
700 nm was performed using a UV spectrophotometer for the
HRP-catalyzed KA-H2O2 system and PCN222-catalyzed KA-H2O2

system.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Preparation of modied electrodes

Accurately weighed MWCNTs and PCN222 were prepared into
a 2 mg mL−1 dispersion using DMF and ultrapure water,
respectively. Aer 20 minutes of ultrasonic treatment, the two
were mixed in a 1 : 1 (v/v) volume ratio to obtain MWCNT–
PCN222 nanocomposites. According to previous studies,38 rst,
the surface of a GCE with a diameter of 3.0 mm was polished to
a mirror nish using 0.3 and 0.05 mm alumina powders. Next,
the polished electrodes were placed in double distilled water
and 75% ethanol for ultrasonic treatment for 15 minutes. Then,
they were dried and placed in a drying tower for later use. 5 mL of
MWCNT–PCN222 mixed liquid droplets were added to the glassy
carbon electrode (GCE) surface to obtain MWCNT–PCN222/GCE.
Finally, 2.5 mL of CS was dropped onto the modied composite
lm (Fig. 1), and the sample was placed in a drying tower to air
dry naturally, resulting in CS/MWCNT–PCN222/GCE.
Fig. 2 SEM images of MWCNTs (a), DMF-MWCNTs (b), PCN222 (c),
MWCNT–PCN222 (d and e), and CS-MWCNT–PCN222 (f) at 5 kV, and
EDS spectrum of MWCNT–PCN222 nanocomposite material (g).
Preparation of actual sample

The actual sample preparation procedure is outlined below. The
rat blood sample was taken by applying the orbital vein punc-
ture method.39 A certain amount of blood was extracted from
the mouse eye socket, transferred to a heparin sodium antico-
agulant tube, and then transferred to a centrifuge tube and
centrifuged at 3000 rpm for 10 minutes. Aer separating the
plasma, a known amount of KA solution was added to the
plasma.
Fig. 3 EIS of bare GCE, CS/MWCNTs/GCE, and CS/MWCNT–PCN222/
GCE in 0.1 M KCl solution containing 5mM [Fe(CN)6]

3−/4−. (Illustration:
Randles equivalent circuit).
Results and discussion
Characterization of modied materials

SEM was used to observe the morphology of MWCNTs (a), DMF-
MWCNTs (b), PCN222 (c), MWCNT–PCN222 (d and e), and CS-
MWCNT–PCN222 (f) in the SEM images at 5 kV. It is the EDS
spectrum of MWCNT–PCN222 nanocomposite (g).

SEM pictures of several modied materials are displayed in
Fig. 2 MWCNTs appear as hollow tubular structures with
a diameter of approximately 10–20 nm, as shown in Fig. 2a.
When MWCNTs are used alone to modify the electrode, they
tend to aggregate into clusters with each other. The addition of
DMF helps to improve the dispersibility of MWCNTs (Fig. 2b).
Fig. 2c shows the microstructure of PCN222. The SEM image
shows that PCN222 is a nano rod-like structure with a diameter
of about 100 nm, a length of about 300 nm, and uniform
distribution, which is consistent with literature reports.40

Fig. 2d and e show SEM images of MWCNT–PCN222 composite
material at different magnications. The even distribution of
PCN222 on the MWCNT surface conrms the successful prepa-
ration of the MWCNT–PCN222 composite material. The pres-
ence of the Zr element in the EDS spectrum of Fig. 2g further
corroborates the formation of MWCNT–PCN222 nano-
composites. Fig. 2f shows that CS covers the surface of
MWCNT–PCN222 composite material to form a thin lm, indi-
cating the successful preparation of CS/MWCNT–PCN222

nanocomposite material.
EIS is a fundamental technique for describing electron

transfer behavior on the surface of composite material-
© 2025 The Author(s). Published by the Royal Society of Chemistry
modied electrodes.17 The impedance values were tted using
the Randles equivalent circuit model (illustrated in Fig. 3),
which includes a double-layer capacitor (Cdl), a solution resis-
tance (Rs), a charge transfer resistance (Rct), and a diffusion
resistance (Zw).17 From Fig. 3, it can be observed that EIS
consists of a semi-circular part and a straight line part. The
straight line portion of the low-frequency region reects
diffusion-controlled mass transfer limitations (Warburg
impedance), suggesting that the redox process is limited at this
stage by the rate of diffusion of the analyte to the electrode
surface. The diameter of each semicircle corresponds to the
electron transfer resistance on its electrode surface. As the
semicircle diameter grows, the electron transfer resistance
grows, making surface electron migration more challenging.41

The radius of the semicircle in Fig. 3 decreases in the following
RSC Adv., 2025, 15, 11319–11326 | 11321
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order: Bare GCE > CS/MWCNT/GCE > CS/MWCNT–PCN222/GCE.
The bare GCE exhibits the largest semicircle with the highest
electron transfer resistance (Ret = 216 U). Aer adding
MWCNTs to bare GCE, the semicircle's diameter dramatically
shrank, and the Ret decreased to 94 U, indicating that the
addition of carbon nanomaterials enhanced electron transfer
on the electrode surface and improved electrode conductivity.
When GCE was modied with MWCNT-PCN222 nanocomposite
material, the R et decreases to 77.68 U, which can be explained
by the internal jump mechanism of PCN222 to improve electron
mobility.42 The high specic surface areas of MWCNTs and
PCN222 greatly enhance the conductivity and electrochemical
activity of the sensing electrode. In addition, the synergistic
effect of MWCNT-PCN222 nanocomposite enables efficient
electrocatalysis of the target analyte. Based on the above data,
CS/MWCNT–PCN222 was successfully immobilized on the
surface of GCE.
Electrochemical behavior of KA on nanocomposite-modied
electrodes

The electrochemical response of 5.0 mM KA on different modi-
ed electrodes in 50 mM, pH 5.0 PBS was studied using CV. As
shown in Fig. 4a, compared with the weak oxidation peak
current response on the bare electrode (curve a0), the CS/
MWCNT/GCE (curve b0) exhibits a more pronounced oxidation
peak. The oxidation peak of CS/MWCNT–PCN222/GCE (curve c0)
is even clearer and more prominent. Specically, the oxidation
peak current of CS/MWCNT–PCN222/GCE is 3.5 times that of CS/
MWCNT/GCE, indicating that the CS/MWCNT–PCN222/GCE
electrode has superior electrocatalytic activity for KA. The
increase in the oxidation peak current mainly depends on the
synergistic promotion of MWCNT–PCN222 on the adsorption
and charge transfer of analytes on the electrode surface.43 In
addition, the high-density catalytic adsorption sites provided by
the electroactive centers of MOF structures on the sensor
surface, as well as the high specic surface area of MWCNT–
PCN222 nanocomposites, further facilitate electron transfer on
the electrode surface.
Fig. 4 (a) CVs of different modified GCEs in 50 mM pH 5 PBS con-
taining 5 mM KA at a scan rate of 100 mV s−1 (where a0, b0, and c0 are
bare GCE, CS/MWCNTs/GCE, and CS/MWCNT–PCN222/GCE,
respectively). (b) Oxidation peak current of different modified elec-
trodes in 10 mM KA.

11322 | RSC Adv., 2025, 15, 11319–11326
Effect of scan rate

To further investigate the reaction process of KA on the CS/
MWCNT–PCN222/GCE surface, the impact of scan rates span-
ning from 10 to 1000 mV s−1 on electron transfer at the elec-
trode surface was examined. Fig. 5a shows the cyclic
voltammetry response of KA at different scan rates on CS/
MWCNT–PCN222/GCE. It can be observed that as the scanning
rate increases, the oxidation peak potential (Epa) experiences
a positive shi, and the oxidation peak current (Ipa) exhibits
linear growth in the range of 10–500 mV s−1 (as shown in
Fig. 5b). The linear regression equations are Ipa (mA)=−53.0013
v (V s−1)-2.5804 (R2 = 0.9950) and Ipc (mA) = 55.4953 v (V s−1) +
1.8932 (R2 = 0.9986), indicating that the redox process of KA on
the CS/MWCNT–PCN222/GCE surface is an adsorption-
controlled process, which is in accordance with earlier re-
ported results.44

In addition, the linear relationship between the oxidation
potential (Epa) of KA and the natural logarithm of the scanning
rate (ln v) is shown in Fig. 5c, and the relevant linear regression
equation is Epa (V)= 0.0248 ln v + 0.2042 (R2= 0.9963). Based on
Laviron's theory, we have

Epa ¼ E�0 þ RT

anF
ln

RTks

anF
þ ln v; (1)

where E°0 is the formal potential, n denotes the number of
electrons transferred, v represents the scan rate, ks denotes the
apparent rate constant for electron transfer, and F and R denote
the Faraday constant and the gas constant, respectively. Addi-
tionally, T denotes the temperature. In the context of the elec-
trooxidation process of KA on the electrode, the value of an can
Fig. 5 (a) CVs of CS/MWCNT–PCN222/GCE to 5 mM KA at different
scan speeds in PBS at 50 mM pH 5.0. (b) Relationship between peak
current and scanning speed. (c) Linear relationship between oxidation
peak potential Epa and ln v.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Electrochemical reaction mechanism of KA.
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be calculated as 1.04 using eqn (1). Generally speaking, the
value of a in irreversible electrochemical processes is about 0.4–
0.6,45 so a = 0.52 and n = 2. Therefore, the number of electrons
involved in the redox reaction of KA on CS/MWCNT–PCN222/
GCE is 2, and its electrochemical reaction mechanism is illus-
trated in Fig. 6, aligning with previous studies.44
Effect of pH value

The pH value of the buffer will affect the electrochemical
behavior of KA on CS/MWCNT–PCN222/GCE. The electro-
chemical behavior of 5 mM KA was investigated in a pH range of
3.0–9.0 utilizing a 50 mM PBS solution as the supporting elec-
trolyte (Fig. 7a). When the pH value of the buffer ranged from
3.0 to 9.0, the oxidation peak current rst increased and then
gradually decreased. The maximum oxidation peak current for
KA was achieved in PBS with pH 5.0 (Fig. 7b). Therefore, PBS
with pH 5.0 was selected as the optimal pH for the supporting
electrolyte for subsequent experiments. As the pH value of the
buffer solution increases, the oxidation peak potential shis
towards the negative direction, indicating the involvement of
protons in the reaction.44 The oxidation peak potential (Epa)
Fig. 7 (a) Effects of pH value the CVs of CS/MWCNT–PCN222/GCE in
50 mM PBS 5 mM KA at a scan rate of 100 mV s−1. (b) Relationship
between pH value and oxidation peak current. (c) Linear relationship
between peak oxidation potential Epa and buffer pH.

© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibits a linear correlation with the solution's pH value
(Fig. 7c), which is represented by the linear regression equation:
Epa = −0.0604 PH + 0.7147 (R2 = 0.9985). The slope of the
equation is −60.4 mV pH−1, which is close to the Nernst theory
value of−59.2 mV pH−1.38 This indicates that KA participates in
the oxidation process on CS/MWCNT–PCN222/GCE in the form
of isoquanta and isoquanta. Based on the study of scanning
speed, the number of electrons involved in the oxidation–
reduction reaction of KA on CS/MWCNT–PCN222/GCE is 2. It
can be concluded that the oxidation reaction process of KA on
the electrode surface is a double electron and double proton
reaction.
Measurement of KA concentration

In this study, the DPV technique was employed to quantitatively
analyze KA (Fig. 8). It was observed that the oxidation peak
current increased as the concentration of KA increased, exhib-
iting two distinct linear segments correlating the oxidation peak
current with the KA concentration. The linear equation in the
concentration scope of 0.01–0.4 mM is Ipa (mA) = 6.3087c (mM) +
1.7354 (R2 = 0.9927). The linear equation in the concentration
range of 0.6–9.0 is Ipa (mA) = 0.4127 c (mM) + 4.7491 (R2 =

0.9922). According to formula (2), the detection limit LOD of
4.16 × 10−3 mM is calculated as follows:46

LOD = 3 × S/q, (2)

where S denotes the standard deviation of the intercept and q
denotes the slope of the calibration graph. Table 1 summarizes
the previously reported methods and related parameters for
detecting KA. Relative to previous studies,17,20,46,47 the prepara-
tion process of GCE modied with CS/MWCNT–PCN222 nano-
composite material is simple, with enhanced sensitivity and
lower detection limit for KA.
Reproducibility, stability, and storage stability

The determination of avonoids is inuenced by multiple
factors, among which repeatability is crucial. Therefore, under
the most suitable experimental conditions, ve electrodes CS/
MWCNT–PCN222/GCE with the same modication were
Fig. 8 (a) DPV response of CS/MWCNT–PCN222/GCE to different
concentrations of KA. (b) Relationship between peak oxidation current
and concentration of KA.

RSC Adv., 2025, 15, 11319–11326 | 11323
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Table 1 Comparison of analytical performance of different KA sensorsa

Electrode Liner range (mM) LOD (mM) Method Sensitivity (mA mM−1) Reference

PVP/CPE 0.05–0.50 0.04 SWV 10.75 47
pn-MWCNTs/GCE 0.05–4.55 0.05 DPV 0.019 46
b-CD/Ni-MOF/C60-GO/GCE 20–50 0.058 DPV 0.039 21
MIL-100(Fe)-MWCNTs/PEDOT/GCE 0.05–1.95 0.0132 DPV 17.8 20
A-ZnWO4/C/GCE 0.009–0.7 0.002 DPV — 48
CS/MWCNT–PCN222/GCE 0.01–0.4 0.004 DPV 6.31 This work

a Abbreviation: PVP: olyvinylpyrrolidone; CPE: carbon paste electrode; pn-MWCNTs: NH3-plasma treated MWCNTs, b-CD: b-cyclodextrin; Ni-MOF:
nickel-based metal organic framework; C60-GO: fullerene graphene oxide composite material; PEDOT: poly 3,4-ethylenedioxythiophene; A-ZnWO4/
C: acidized zinc tungstate/porous nanocarbon composite material.
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prepared. The relative standard deviation (RSD) of the response
to 1 mM KA was 4.8%, indicating the good reproducibility of the
electrochemical sensor (Fig. 9a). For the same CS/MWCNT–
PCN222/GCE modied electrode, the continuous response to 5
mM KA was tested, and the oxidation peak current exhibited an
RSD of 1.7% (Fig. 9b). In addition, aer keeping the modied
electrode at 4 °C for 28 days, the electrochemical response to KA
was remeasured, with the oxidation peak current decreasing by
less than 10%. The above results indicate that the CS/MWCNT–
PCN222 modied electrode has good repeatability and stability
for KA determination.

Anti interference capability

The anti-interference performance of the constructed electrode
for KA is shown in Fig. 10. The UV scanning spectra of the
catalytic reaction processes of systems a (KA-H2O2), b (nar-
ingenin-H2O2), and c (puerarin-H2O2) in the presence of PCN222
Fig. 9 (a) Response of five independent electrodes prepared in
50 mM, pH 5.0 PBS to the oxidation peak current of 1 mM KA. (b) DPV
response of the same modified electrode to 5 mM KA. (c) Storage
stability of the CS/MWCNT–PCN222/GCE.

11324 | RSC Adv., 2025, 15, 11319–11326
(exhibit Soret bands at 420 nm)49 are shown in Fig. 10a–c,
respectively. Continuous scanning of the UV spectra at a certain
time interval show that compared with systems b and c, the UV
Fig. 10 UV spectra of continuous scanning (a) PCN222-KA-H2O2, (b)
PCN222-puerarin-H2O2 and (c) PCN222-naringenin-H2O2. (d) DA
versus time in 50mM pH 5 PBS containing PCN222, H2O2, and different
flavonoids (KA, puerarin and naringenin). (Illustration: (a) HRP-KA-
H2O2, (b) HRP-puerarin-H2O2 and (c) HRP-naringenin-H2O2.) (d) DA
versus time in 50mM pH 5 PBS containing PCN222, H2O2, and different
flavonoids (KA, puerarin and naringenin). (e) Anti-interference ability of
CS/MWCNT–PCN222/GCE in 50 mM pH 5 PBS containing 50 mM
different interfering substances (Glu, UA, Vb1, AA, KCl, and NaCl), 2 mM
flavonoids interfering substances (puerarin and naringenin) and 2 mM
KA (pink).

© 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/d5ra01094b


Table 2 Detection of KA content in rat plasma samples (n = 3)

Samples Add (mM) Found (mM) Recovery% RSD%

Rat serum 0.05 0.049 98.8 4.1
0.10 0.105 105.1 4.7
1.0 1.024 102.3 3.9
2.5 2.441 98.0 1.6
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absorption peak of system a (KA-H2O2) continuously decrea-
sed under the promotion of PCN222, and the reaction rate was
higher at 368 nm. From Fig. 10d, it can be observed that PCN222

has the fastest catalytic rate for KA, which may lead to some
avonoids (such as naringenin and puerarin) with high anti-
interference performance. These results are consistent with
the results obtained from the reaction process of system a (KA-
H2O2) in the presence of HRP, as shown in Fig. 10. These
ndings conrm the peroxidase-like activity of PCN222,
demonstrating its rapid KA catalytic rate, powerful anti-
interference capacity, and high selectivity.

Good selectivity is one of the important factors determining
the practical application of sensors.50 Therefore, under the most
suitable experimental conditions, the DPV method was used to
add 50 mM potassium chloride (KCl), glucose (Glu), NaCl,
vitamin B1 (Vb1), ascorbic acid (AA), uric acid (UA), 2 mM
naringenin, puerarin, and two doses of KA to verify the anti-
interference ability of the electrochemical sensor against
potential interfering substances in biological samples for KA
detection.51 As depicted in Fig. 10e, the present response of 2
mM KA is markedly greater than that observed with interfering
substances, demonstrating that CS/MWCNT–PCN222/GCE
exhibits strong selectivity and resistance to interference.
Actual sample measurement

To assess the practicality of this approach, the standard addi-
tion technique was employed to evaluate the spiked recovery
rate of KA in rat plasma samples (Table 2). The recovery rates
ranged from 98.0% to 105.1%, suggesting that this method is
effectively suited for detecting KA resveratrol in complex bio-
logical samples.
Conclusion

A nano enzyme electrochemical sensor was constructed based
on CS/MWCNT–PCN222 nanomaterial-modied glassy carbon
electrode for detecting the avonoid compound KA. PCN222

with peroxidase-like properties contributes to the selectivity and
sensitivity of electrochemical sensors. In addition, this elec-
trochemical sensor demonstrates stability and excellent repro-
ducibility for KA detection, enabling the accurate measurement
of KA levels in real biological samples. The good recovery rate
indicates its potential application value in actual blood drug
concentration detection.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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