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Rutin, a flavonoid found in fruits and vegetables, is a potential anticancer compound with strong anti-
cancer activity. Therefore, electrochemical sensor was developed for the detection of rutin. In this study,
CoWO4 nanosheets were synthesized via a hydrothermal method, and porous carbon (PC) was prepared
via high-temperature pyrolysis. Successful preparation of the materials was confirmed, and character-
ization was performed by transmission electron microscopy, scanning electron microscopy, and X-ray
photoelectron spectroscopy. A mixture of PC and CoWOQ4 nanosheets was used as an electrode modifier
to fabricate the electrochemical sensor for the electrochemical determination of rutin. The 3D CoWOQy4
nanosheets exhibited high electrocatalytic activity and good stability. PC has a high surface-to-volume
ratio and superior conductivity. Moreover, the hydrophobicity of PC allows large amounts of rutin to
be adsorbed, thereby increasing the concentration of rutin at the electrode surface. Owing to the syn-
ergistic effect of the 3D CoWO4 nanosheets and PC, the developed electrochemical sensor was employed
to quantitively determine rutin with high stability and sensitivity. The sensor showed a good linear range
(5—5000 ng/mL) with a detection limit of 0.45 ng/mL. The developed sensor was successfully applied to
the determination of rutin in crushed tablets and human serum samples.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

physiological functions (including anti-tumor, anti-inflammatory,
anti-bacterial, anti-aging, anti-oxidant, anti-hemorrhagic, and anti-

Traditional Chinese medicine plays an irreplaceable role in the
Chinese healthcare system [1]. Flavonoids, which are found in
many types of plants, are commonly used in traditional Chinese
medicine. In addition to their important role in the growth and
development of plants, these compounds have antibacterial, anti-
viral, antitumor, anti-inflammatory, anti-cancer, and anti-aging
properties and can be used to treat cardiovascular and cerebro-
vascular diseases [2,3]. Rutin (vitamin P; Fig. 1) is a common
flavonoid glycoside present in many types of plants [4], and its
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myocardial hypoxia) have been confirmed by many studies [5,6].
Thus, in recent decades, rutin has been used for clinical applications
because of its remarkable physiological activity and medicinal
value. Therefore, it is of great significance to establish highly sen-
sitive and stable analytical methods for rutin determination.
Various analytical sensors have been developed for rutin
determination, for instance, chemiluminescence [7], fluorescence
[8], spectrophotometry [9], high-performance liquid chromatog-
raphy [10], capillary electrophoresis [11,12], and voltammetry [13].
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Fig. 1. Molecular structures of rutin.

These sensors have the advantages of high accuracy and sensitivity,
but they are expensive, time-consuming, and are often complicated
to operate, thus limiting their application. Electrochemical detec-
tion is also commonly employed [14—16] and has the advantages of
rapid reaction time, fast analysis, a low detection limit, and high
sensitivity [17—19]. Moreover, the electrode can be modified with
various materials to improve its performance. Many of the devel-
oped electrochemical methods, however, require acidic conditions
for rutin detection. Because rutin is easily oxidized under acidic
conditions and its oxidation current is weak under physiological
conditions, it is imperative to develop a highly sensitive electro-
chemical sensor that detects rutin under physiological (i.e., non-
acidic) conditions.

In recent years, various nanomaterials with good conductivity
and excellent electrocatalytic activity have been developed for use
as electrode modifiers for electrochemical sensors. Transition
metal oxides [20] such as Co304 have shown significant potential
as electrode materials for electrochemical biosensors because of
their low cost, natural abundance, and rich redox chemistry.
However, their relatively poor cycle stability and low electrical
conductivity limit its potential as an electrode modifier for elec-
trochemical sensors [21]. The introduction of tungsten (W)
element significantly enhanced the electrical conductivity [22],
and CoWO4 exhibits superior electrocatalytic activity compared to
Co304 due to the ability of W to occupy multiple valence states.
The morphology of CoWOy is found to have a vital effect on its
electrochemical performance [22]. Recently, two-dimensional
(2D) nanomaterials have attracted wide interest in the field of
electrochemical sensors owing to their excellent electrochemical
performance [23,24]. This is because they have a large surface-to-
volume ratio, increasing the number of active sites and offering a
larger area for the adsorption of target molecules [25,26]. How-
ever, it should be noted that 2D nanosheets tend to aggregate as a
result of their high surface energies and the strong van der Waals
attractive forces between the nanosheets [27]. However, using 2D
nanomaterials as basic components to assemble three-
dimensional (3D) architectures not only prevents the aggrega-
tion problem but also exposes more electrocatalytic active sites
owing to the increased porosity, exhibits better cycling stability,
and has a larger specific surface area [28,29]. CoWOy4, a p-type
semiconductor with a relatively low conductivity, requires a
conducting support material to be used as an electrode modifier.
Porous carbon (PC), produced via the pyrolysis of potassium cit-
rate at 800 °C, has a high conductivity, high porosity, and is
relatively chep to produce [30]. Its high surface-volume ratio and
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good conductivity facilitate the adsorption of more substances for
detection with successful transfer of electrons. Therefore, the high
surface-volume ratio and hydrophobicity of PC are beneficial for
the absorption of rutin. The electrochemical signal for rutin
adsorption is predominantly a function of its concentration at the
electrode surface. Therefore, the introduction of PC as a con-
ducting support can significantly improve the electrochemical
performance of 3D CoWO4 for sensing rutin.

In this work, COWO4 nanosheets were first prepared via a one-
step hydrothermal technique. The obtained CoWO,4 nanosheets
exhibited a 3D structure consisting of numerous 2D nanosheets.
The 3D CoWO4 exhibited a large surface-volume ratio, high
porosity, and good stability. The 3D CoWO0,4 was mixed with PC via
the pyrolysis of potassium citrate at 800 °C, and the resultant
mixture was used to fabricate the electrochemical sensor. The
performance of the proposed sensor was investigated under
optimal conditions. The developed electrochemical sensor exhibi-
ted ultra-high sensitivity, good stability, and reproducibility, and
was successfully applied for the determination of rutin in tablets
and human serum samples.

2. Experimental
2.1. Materials

Na,WO0O4-2H,0, CoCly-6H,0, and potassium citrate were pur-
chased from Aladdin Reagent Co., Ltd. (Shanghai, China). Rutin was
obtained from Chengdu Herbpurify Co., Ltd. (Chengdu, China).
Biological samples (i.e., healthy human serum samples) were ob-
tained from Sinopharm Dongfeng General Hospital (Shiyan, China)
and approved by the Sinopharm Dongfeng General Hospital Ethics
Committee. All other reagents were of analytical grade. Ultrapure
water (18.2 MQ cm; Milli-Q Direct 8, Millipore, Shanghai, China)
was used in all runs and was prepared using a Millipore direct
water-purification system.

2.2. Preparation of CoWO0, and PC

CoWO4 nanosheets were synthesized as follows (Fig. 2).
Na;WO4-2H,0 (0.033 g) and CoCl,-6H,0 (0.02 g) were homoge-
neously mixed in distilled water (DW; 50 mL) using a magnetic
stirrer and ultrasound mixing. Obtained solution was poured into
100 mL Teflon-lined stainless-steel autoclaves (Anhui Kemi Ma-
chinery Technology Co., Ltd., Hefei, China) and sealed at 200 °C for
10 h at a heating rate of 5 °C/min. The products were collected after
cooling to room temperature and washed with ethanol and DW
before drying for 6 h at 90 °C.

PC was synthesized as described by Wan and co-workers et al.
[30]: potassium citrate (8 mmol; Alpha Aesar Co., Ltd., Shanghai,
China) was added to a tube furnace and pyrolyzed for 1 h at 800 °C
under Ar atmosphere. The obtained black solid product was
washed with water and H,SO4 solution (0.5 mM; Alpha Aesar Co.,
Ltd., Shanghai, China) until the solution was neutral and then
freeze-dried to obtain PC.

2.3. Preparation of electrodes and electrochemical measurements

The glassy carbon electrode (¢ = 3 mm) was polished with
0.3 um and 0.05 pum vy-alumina powders (CH Instruments,
Shanghai, China), and any residual alumina powder was removed
via ultrasonic treatment with water and ethanol for 5 min. After
electrochemical cleaning with HySO4 (0.5 M), the glassy carbon
electrode was cleaned with ultrapure water, and the prepared
electrode was dried with nitrogen. CoWQO,4 powder (1 mg) and PC
(1 mg) were dispersed in a water/ethanol/Nafion mixture
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Fig. 2. Illustration of the synthetic procedures for COWO,4 nanosheets.

(95:95:10, V/V/|V; 2 mL) under sonication for 30 min. The prepared
dispersion solution (10 pL) was dripped onto the surface of the
pretreated electrodes before drying in air.

In this work, a conventional three-electrode system was used
for all electrochemical experiments, and all electrochemical
measurements were performed on a CHI 660D electrochemical
workstation (CH Instruments, Shanghai, China). The modified
glassy carbon electrode acted as the working electrode while a
saturated calomel electrode and a platinum electrode served as
the reference electrode and auxiliary electrodes, respectively
(Gaoss Union, Wuhan, China). Differential pulse voltammetry
(DPV) measurements were carried out in a rutin-containing
phosphate-buffered saline (PBS) solution by scanning the poten-
tial range from —0.2 V to 0.6 V with an amplitude of 0.05 V, a
frequency of 25 Hz, and a step potential of 4 mV. Electrochemical
impedance spectroscopy (EIS) was performed in a PBS solution
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/

Counts/s (x10°)
Counts/s (x10%)

0 300 600 900 0 300 600 900
Binding energy (eV) Binding energy (eV)

Fig. 3. Transmission electron microscopy images of (A) CoWO, and (B) Porous carbon
(PC), scanning electron microscopy images of (C) CoWO, and (D) PC nanosheets, and X-
ray photoelectric spectroscopy patterns of (E) COWO,4 and (F) PC.

(0.01 M) containing KCl (0.1 M) and [Fe(CN)s]> /4~ (5 mM) at
frequencies ranging from 1 Hz to 100 kHz and with an amplitude
of 5 mV.

3. Results and discussion
3.1. Characterization of CoWO4 and PC

The morphologies of CoWO4 and PC (Fig. 3) were investigated by
transmission electron microscopy (TEM), scanning electron mi-
croscopy (SEM), and X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 3A, TEM analysis revealed that CoWO4 adopted a
nanobelt structure. SEM analysis revealed that the synthesized
CoWO4 had a 3D structure and was composed of numerous nano-
sheets (Fig. 3C). This 3D structure increases the number of exposed
catalytic active sites, thus improving the catalytic utilization effi-
ciency of CoWO4. We can also estimate the thickness and height of
the CoWO4 nanosheet material to be approximately 10 and
1000 nm, respectively, from the SEM image. Elemental peaks were
determined in the XPS spectrum of CoWO4 (Fig. 3E). PC was found
to have a dense porous nanostructure (Figs. 3B and D). The average
aperture size was approximately 200 nm, which is similar to that
reported in the literature [31]. This dense nanopore structure not
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Fig. 4. X-ray diffraction patterns of CoWO,4 nanocomposites.
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Fig. 5. (A) Electrochemical impedance spectroscopy of different modified electrodes in solution containing 0.1 M KCI and 5 mM [Fe(CN)g |>~/4~. (B) Differential pulse voltammetry
(DPV) of different modified electrodes after enrichment for the same time in phosphate-buffered saline (PBS) solution containing 50 ng/mL rutin. (a) Bare gold electrode (230 ©,
0.12); (b) PC-modified electrode (400 Q, 2.02); (c) PC/CoWO, -modified electrode (880 Q, 4.03); and (d) CoWO, -modified electrode (26,000 Q, 1.32).

only facilitates electron transport but also facilitates the adsorption
of more rutin. Fig. 3F shows the XPS profile of PC, which is
consistent with that in the literature reports [31]. These results
further confirmed the successful synthesis of COWO,4 nanosheets.
X-ray diffraction patterns were obtained for the CoWO4 nano-
composites (Fig. 4), and only the characteristic peaks of the CoWO4
nanosheets were observed. CoWQy, structure is similar to that re-
ported in the literature [32]. The narrow and strong diffraction
peaks indicate a high degree of crystallinity in the nanosheets. This
analysis confirmed the successful synthesis of CoWO4 and PC.

3.2. Electrochemical characterization

The construction process of the electrochemical sensor was
characterized via EIS and DPV. Fig. 5 shows the EIS and DPV re-
sults for the gold electrode at different construction stages to
illustrate the magnitude of the resistance and the electrode
performance, respectively. The EIS consists of a linear part and a
semicircular part which reveal information about the modifica-
tion process of the sensors, while the semicircular diameter
represents the charge transfer resistance (Ret)-limited process
[33,34]. As shown in Fig. 5A, the Ret of the PC-modified elec-
trodes (Fig. 5A, curve b; approximately 400 Q) was slightly larger
than that of the bare electrode (Fig. 5A, curve a; approximately
230 Q), indicating good electrical conductivity in the PC-modified
electrode. However, when the electrode was modified with
CoWOy4, the Ret was very large (Fig. 5A, insert curve d; approx-
imately 26,000 Q), and this was attributed to its poor electrical
conductivity. However, the Ret of the PC/CoWO4-modified elec-
trode decreased to approximately 880 Q (Fig. 5A, curve c), con-
firming that the addition of PC improved the electrical
conductivity of CoWO4.

The electrochemical behavior of these modified electrodes in
the determination of rutin was explored by DPV. As shown in
Fig. 5B, the redox peak currents (Ip) of the bare electrode are
negligible. This is mainly attributed to two reasons: 1) the catalytic
activity of the bare electrode for rutin was very low, and 2) the
adsorption of rutin on the bare electrode surface is negligible. The I,
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of the CoWO4-modified electrode was slightly higher than that of
the bare electrode. CoOWO4 has good electrocatalytic activity for
rutin, but its poor electrical conductivity limits its detection per-
formance. The I, of the PC-modified electrode was significantly
higher than that of the bare electrode. This is attributed to the good
electrical conductivity of PC, which allowed for large amounts of
rutin to be adsorbed on the electrode surface. The I, of the PC/
CoWO4-modified electrode was nearly twice that of the PC-
modified electrode. The excellent performance of this PC/CoWO4-
modified electrode is attributed to the synergistic effect of the
excellent conductivity and enrichment capacity of PC and the
excellent catalytic activity of CoOWO4.
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Fig. 6. Effect of the enrichment time on the electrochemical sensing of rutin. Error
bars: standard deviation (n = 3).
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Fig. 7. (A) DPVs of rutin (50 ng/mL) samples in PBS solution with varying pH values
(from left to right: pH = 8.0, 7.5, 7.0, 6.5, 6.0, 5.5, 5.0, and 4.5). (B) Effect of pH on the
anodic peak potentials of rutin samples (50 ng/mL). Error bars: standard deviation
(n=3)

3.3. Optimization of conditions for biosensing

The electrochemical signal of the detected substance is mainly
based on its concentration at the electrode surface [35,36]. As

A
121

B
1=3.1717xIgc-1.4205

1x10* ng/mL R=0.9916

Ig ¢ (ng/mL)

2 3 4 5
Different electrodes

Time (day)

Fig. 8. (A) DPV curves of different concentrations of rutin in buffer (from bottom to
top: 0, 1, 5, 10, 50, 100, 500, 1000, 5000, and 10,000 ng/mL). (B) Linear relationships
between DPV current and Ig of rutin concentration ranging from 5 to 5000 ng/mL,
I =31717 x lg ¢ — 14205 (R?> = 0.9916). (C) Stability and (D) reproducibility of the
electrochemical sensor. The numbers 1 to 5 indicate five bare glassy carbon electrodes
modified with PC and CoWO,4 nanosheets, respectively. Error bars: standard deviation
(n=3)
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mentioned above, PC was found to have a dense nanoporous
structure and good hydrophobicity, both of which are beneficial for
the adsorption of rutin. Enrichment time had a significant effect on
the current signal. As can be seen from Fig. 6, when the enrichment
time was less than 15 min, the current increased with increasing
enrichment time. When the enrichment time increased to 20 min,
the change in the current response value can be ignored as it
reached a relatively stable state. Therefore, 15 min was set as the
optimal enrichment time for the following experiments.

The effect of pH on the electrochemical performance was studied
to investigate the performance of the fabricated electrochemical
sensor platform. As shown in Fig. 7A, the acidity of the buffer solu-
tion had a significant effect on the electrochemical detection of
rutin. The effect of pH values (ranging from 4.5 to 8.0) on the elec-
trochemical response was studied by DPV. It was found that the
redox peak changed under different pH conditions: when the pH
decreased from 8 to 4.5, the peak current first increased and then
decreased. The impact of pH on the peak current is a result of several
factors. The oxidation peak current of rutin was found to be different
at different pH values. The catalytic activity of CoWO4 was also found
to change with pH. Furthermore, the enrichment efficiency of PC for
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Fig. 9. DPV response of rutin samples in the presence of various interfering com-
pounds: (a) 50 ng rutin; (b) 50 ng rutin + 1 mM K*; (c) 50 ng rutin +1 mM Mg?*; (d)
50 ng rutin +1 mM Cl~; (e) 50 ng rutin + 1 mM NO3~; (f) 50 ng rutin +1 uM gluco-
se ; (g) 50 ng rutin +1 mM NH4"; and (h) 50 ng rutin +1 pM ascorbic acid (AA).

Table 1

Comparison of the developed sensor in this paper with other methods for rutin detection.
Method Electrode Linear range (pg/mL) Detection limit (pug/mL) Refs.
Chemiluminescence — 0.001—-0.4 0.003 [7]
Fluorescence — 0.061-6.1 0.012 [8]
Spectrophotometry - 2.5-225 0.07 [9]
High-performance liquid chromatography — 10—-26 0.40 [10]
Capillary electrophoresis - 0.5-50 0.01-0.24 [11]
Electrochemical AuNPs/p-MWCNs 0.0006—0.018 0.0002 [14]
Electrochemical RuNPs/C4A5/RGO 0.00006—0.006 0.00001 [15]
Electrochemical CoFe,04 0.00006—0.006 0.00002 [16]
Electrochemical GO-Cs/GCE 0.55—-54.95 034 [37]
Electrochemical CB/WO3/SPCE 0.006—46.07 0.001 [38]
Electrochemical NiC0,04/rGO 0.06—4.9 and 0.049—91.58 0.006 [39]
Electrochemical C3N4-RGO/GCE 0.003—85.47 0.0006 [40]
Electrochemical PC/CoWO4 0.005-5 0.00045 This work

NPs: nanoparticles; p-MWCNs: p-multi-walled carbon nanotubes; rGO: reduced graphene oxide; GCE: glassy carbon electrode; CB: carbon black; SPCE: screen-printed carbon

electrode; PC: porous carbon.
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Table 2

Recovery results for rutin determination in commercial tablet samples (n = 3).
Sample Content (ng/mL) Added (ng/mL) Found (ng/mL) RSD (%) Recovery (%)
PBS 1 0 10 10.2 3.20 102.0
PBS 2 0 100 104.5 3.10 104.5
PBS 3 0 1000 981.9 4.40 98.2
Tablet 1 10 0 9.5 471 95.0
Tablet 2 100 0 105.6 348 105.6
Tablet 3 1000 0 966.4 3.28 96.6
Human serum 1 0 0 0 0 0
Human serum 2 0 10 9.1 6.98 91.0
Human serum 3 0 100 924 7.71 924
Human serum 4 0 1000 935.6 7.23 93.6

RSD: relative standard deviation; PBS: phosphate buffered saline.

rutin was also found to depend on the pH. The results showed that
the oxidation peak current reached the maximum value at pH 6.5.
Meanwhile, the regression line of the oxidation peak potential was
obtained as follows (Fig. 7B): The anodic peak potential
(Epa) = 0.7958-0.0731 pH (R? = 0.9942). Thus, a linear relationship
was identified between Ep, and the pH value.

3.4. Analytical performance of the electrochemical sensor

The analytical performance of the sensors was estimated by the
DPV method under optimal conditions, using a series of rutin con-
centrations ranging from 0 to 10,000 ng/mL. As shown in Fig. 8A,
upon addition of rutin, the oxidation peak current at 0.25 V clearly
increased, and there was a good linear relationship between the
current response and the Ig of the rutin concentration in the range
from 5 to 5000 ng/mL. The regression equation was calculated as
I=3.1717 x lg ¢ — 1.4205 (R*> = 0.9916), where I is the value for the
square-wave voltammetry current, and c is the concentration of rutin
(Fig. 8B). The detection limit was low (0.45 ng/mL), and the results of
rutin determination were compared with those of various other
sensors in Table 1 [7—11,14—16,37—40]. As illustrated, the sensor of
the PC/CoWO4 modified electrode offers some advantages with a
wide linearity range and a low detection limit.

3.5. Fabrication stability and reproducibility of the electrochemical
sensor

The stability of the electrodes was also examined. The detection
signal was frequently measured on a daily basis for 7 consecutive
days (Fig. 8C), and the relative standard deviation (RSD) in the
current response was found to be 3.91%. This result indicated that
the modified electrode can be used in the long term. Reproduc-
ibility experiments were also performed using several different
electrodes (Fig. 8D), and an RSD of 4.68% was found, indicating good
reproducibility.

3.6. Selectivity of the electrochemical sensor

The selectivity of the electrochemical sensor was evaluated
under the optimized experimental conditions described above. The
effects of the various interfering species present in pharmaceutical
rutin products and various substances (including K*, Mg?*, CI-,
NOs™, glucose, NH,™, and ascorbic acid) were studied in the pres-
ence of rutin (50 ng/mL). Interfering compounds were found to
have little effect on the detection signal of rutin (Fig. 9), demon-
strating that the developed sensor has a high selectivity for rutin.
This sensitivity is attributed to two main factors: 1) the high
selectivity of the material adsorbed by the composite (having good
adsorption capacity for hydrophobic materials), and 2) the elec-
trochemical sensor has high selectivity as different electrically
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active substances have different oxidation peak potentials in DPV.
This ensures high selectivity for rutin determination even in the
presence of interfering species.

3.7. Analysis of rutin in real samples

To investigate the applicability of the proposed electrochemical
sensor to monitor rutin in real samples, the rutin contents of me-
dicinal tablets and human serum samples were measured by the
standard addition method, and rutin (20 mg/tablet) was ground
into a powder. The powdered tablet was accurately weighed and
dissolved in methanol to make a stock solution, before diluting
with PBS to obtain the desired concentration. DPV was carried out
three times for each tablet. After adding four different concentra-
tions of rutin to 0.5 mL samples of normal human serum, aceto-
nitrile (1 mL) was added before incubation for 2 min followed by
centrifugation (21,124 g, 15 min). The supernatant was dried in
50 °C nitrogen, and then PBS was added for re-determination. The
results are given in Table 2. A good recovery, in the range of 91.0%—
105.6%, was achieved using PC/CoWO4-modified electrodes, and
reliable RSD values (3.10—7.71) were obtained. The results
demonstrate that the developed sensor can accurately determine
the rutin content in biological samples.

4. Conclusions

In this work, an electrochemical sensor was developed based on
PC and CoWO4 nanosheets for the determination of rutin. Inter-
estingly, the introduction of porous carbon as a conducting support
was found to significantly improve the electrochemical perfor-
mance of 3D CoWOy4 for rutin detection. The electrochemical sensor
showed high sensitivity, specificity, repeatability, and reproduc-
ibility under the determined optimum conditions, with a wide
linearity range of 5—5000 ng/mL and a detection limit of 0.45 ng/
mL. The sensor was successfully applied to determine rutin in hu-
man serum samples with good recovery. The PC/CoWOg4-based
sensor is therefore an excellent tool for electroanalysis and could be
employed in the design and development of new devices.
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