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Comparative investigation of bioflavonoid
electrocatalysis in 1D, 2D, and 3D carbon
nanomaterials for simultaneous detection of
naringin and hesperidin in fruitsy

*a

Hong-qi Xia, 22 Tingting Gu,® Ruiyi Fan® and Jiwu Zeng
Electrocatalysis of bioflavonoids in carbon nanomaterials plays an important role in electrochemical sensors
for the detection of their content in fruits. In this study, three types of carbon nanomaterials with 1D, 2D, and
3D structures, namely carbon nanotubes (CNTSs), graphene oxide (GO), and Ketjen black (KB), were modified
onto glassy carbon electrodes for the electrocatalysis of hesperidin and naringin, which are two important
bioflavonoids in fruits. As a result, the CNT-modified electrodes showed the highest electrocatalytic activity
for both hesperidin and naringin compared to GO and KB. The morphology and surface chemistry of the
carbon nanomaterials were characterized. The structural defects and carbon status of carbon
nanomaterials are proposed to be the most important factors affecting the electrocatalysis of hesperidin
and naringin. Finally, a CNT-based electrochemical sensor was fabricated to simultaneously detect
hesperidin and naringin. Real sample tests on the fruit extract of Citrus grandis “Tomentosa” show that
the proposed electrochemical sensors with high recovery thus could be employed in practical applications.

Introduction

Bioflavonoids, a group of polyphenolic compounds widely
distributed in plants, have attracted increasing attention in the
past few decades owing to their health-promoting effects, such
as anti-oxidant, anti-aging, anti-cancer, anti-neurodegenerative,
and photoprotective properties.'® For example, several
researchers have demonstrated that naringin, an important
citrus flavoglycoside, protects the mouse liver and intestine
against radiation-induced damage by elevating the antioxidant
status and reducing lipid peroxidation.* Furthermore, hesper-
idin, a citrus flavanone glycoside composed of hesperedin (an
aglycone unit) and rutinose (a disaccharide), has been reported
to play an important role in COVID-19 prevention.>® The
content of bioflavonoids varies in different plants, and even in
different parts or different life cycle phases of the same plant.”
Therefore, rapid, simple, and reliable detection of bioflavonoids
in such agricultural products is essential for daily food control,
orchard management, and metabolomic studies. Separation-
based analytical methods, such as high-performance liquid
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chromatography® and gas chromatograph,® are conventionally
used for bioflavonoid determination with high sensitivity;
however, they require complex and expensive equipment oper-
ated by professional technicians.

Bioflavonoids are recognized as antioxidants because of
their ability to scavenge radicals by electron transfer
processes.’® From this viewpoint, electrocatalysis involving
interfacial electron transfer at electrodes can be employed for
rapid bioflavonoid determination." Indeed, several studies on
the electrochemical detection of bioflavonoids have been re-
ported, especially using electrodes functionalized with different
nanomaterials, such as gold nanocage," gold nanoparticles,*
carbon nanotubes,'* graphene oxides," carbon nanoparticles*®
and their combinations.”” For example, Sebastian et al. re-
ported a amine-functionalized multi-walled carbon nanotube
(CNT) and 3D rose flower-like zinc oxide nanocomposite for
electrochemical detection of morin.*” Gao et al. developed gold
nanoparticles and reduced graphene oxide hybrid electrodes for
hesperidin detection.*® However, the role of such nanomaterials
in the electrooxidation of bioflavonoids remains unclear.
Furthermore, the comparison of bioflavonoid electrocatalysis at
different carbon nanomaterials, among the most widely utilized
nanomaterials owing to their low cost and affordable industrial
scalability, has not yet been investigated systemically.

In this study, three types of carbon nanomaterials, namely
carbon nanotubes CNTs, GO, and Ketjen black (KB), were
investigated for the electrocatalysis of naringin and hesperidin,
two of the most important bioflavonoids in fruits. CNTs are one-
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dimensional (1D) carbon nanowires consisting of one or more
layers of seamlessly rolled graphene (single-walled and multi-
walled CNTs).>* GO, the oxidized form of graphene, are two-
dimensional (2D) carbon nanosheets with abundant oxygen-
containing functional groups.”” KB, a carbon nanoparticle
material with three-dimensional (3D) mesoporous structure, is
frequently utilized as a catalyst support in electrocatalytic
reactions.” All three types of carbon nanomaterials with
nanoscale structures, excellent electrical conductivities, and
large specific surface areas (in a precise sense, with large
surface-to-weight ratios) have been widely utilized in electro-
chemical and electroanalytical fields for different purposes, for
example as electrode materials for enzyme immobilization in
bioelectrocatalysis.***® Furthermore, such carbon nano-
materials have also been employed directly as metal-free cata-
lysts for various electrocatalysts, including oxygen reduction,
water oxidation, and glucose oxidation.”””® However, the
performance of such electrocatalysts varies depending on the
carbon nanomaterial selected.”*?°

Herein, the electrocatalysis of bioflavonoids in the selected
1D, 2D, and 3D carbon nanomaterials were investigated and
compared. The morphology and surface chemistry of the three
types of carbon nanomaterial-modified electrodes were inves-
tigated and compared by scanning electron microscopy (SEM),
X-ray power diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and Raman spectroscopy. The effects of the characteris-
tics of carbon nanomaterials on the electrocatalysis of bio-
flavonoids were analyzed and discussed. Kinetic analysis was
carried out to explore the mechanism of the electrooxidation of
naringin and hesperidin. Consequently, electrochemical
sensors for the simultaneous detection of naringin and
hesperidin were designed and fabricated. Real sample tests on
the fruits extract of Citrus grandis “Tomentosa” (CGT), a famous
citrus cultivar that has been employed as a cough suppressant
and expectorant in traditional Chinese medicine for thousands
of years,* show that the proposed electrochemical sensors
exhibit high sensitivity, selectivity, and recovery and could be
employed for the detection of bioflavonoids in fruits.

Experimental

Materials and chemicals

Multi-walled CNTs (NC7000) with an average diameter of
9.5 nm, average length of 1.5 pm, and purity of 90% were ob-
tained from Nanocyl S.A., GO with a purity greater than 99% was
obtained from MACKLIN reagent Co. China, Ketjen black
EC300] was obtained from Lion Co. Japan. Hesperidin, nar-
ingin, and Nafion 117 solution were purchased from Aladdin
biochemical co. China. All other chemicals used in this study
were of analytical grade, and all solutions were prepared with
distilled water unless otherwise specified.

Preparation of carbon nanomaterials modified electrodes

Glassy carbon (GC) electrodes were polished with alumina
slurry, sonicated, and washed with distilled water. Carbon
nanomaterials were dispersed in ethanol containing Nafion 117
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by sonication for 1 h. Carbon nanomaterial slurry (2.5 pL) was
applied onto the GC electrode surface and dried at room
temperature. This operation was repeated four times, and the
final amount of carbon nanomaterial was approximately 30 ng.
The prepared carbon-nanomaterial modified GC electrodes are
referred to as CNT/Nafion/GC electrodes, GO/Nafion/GC elec-
trodes, and KB/Nafion/GC electrodes, respectively.

Electrochemical measurements

All electrochemical experiments were performed on a CHI660E
electrochemical analyzer (Chenhua, China) with a three-
electrode system comprising a GC electrode (3 mm diameter)
as the working electrode, Ag/AgCl (sat. KCl, CHI) reference
electrode, and platinum wire auxiliary electrode (1 mm diam-
eter). All potentials were measured with respect to the reference
electrode in this study. A 0.2 M phosphate buffer (pH 7.0 £ 0.1)
was used as the electrolyte solution.

Characterization

The morphology of the carbon nanomaterial-modified elec-
trodes was characterized using SEM (Quanta 450, FEI). XRD
patterns of the carbon nanomaterials were studied by an X-ray
powder diffractometer (Empyrean), Raman spectra of the
carbon nanomaterials were acquired by Raman spectroscopy
(RENISHAW inVia), and XPS of the carbon nanomaterials was
performed using an X-ray photoelectron spectrometer (ESCA-
LAB Xi+, Thermo Fisher Scientific).

Results and discussion

Characteristics of the carbon-nanomaterials modified
electrodes

Before the electrochemical measurements were performed, the
surface morphologies of the carbon-nanomaterial modified GC
electrodes were examined by SEM. As shown in Fig. 1A-C, rough
surfaces with 3D structures were found on all carbon-
nanomaterial modified GC electrodes, as compared to the
bare GC electrode, which exhibited a smooth and clean surface
(Fig. S1T). However, the surface characteristics of the carbon-
nanomaterial modified GC electrodes varied with the type of
carbon nanomaterials. A 3D nanowire network with hierar-
chical nanoporous structure (so-called “nano-grass”) was found
on the CNT/Nafion/GC electrode surfaces (Fig. 1A). However, in
the case of the GO/Nafion/GC electrodes, a continuous and
dense surface without noticeable nanopores was observed
(Fig. 1B). These results could be explained by GO sheet aggre-
gation due to hydrophobicity and interactions. On the other
hand, Fig. 1C shows the aggregated carbon nanoparticles,
which then formed a 3D and porous surface on the KB/Nafion/
GC electrodes (Fig. 1C). All results clearly show the successful
modification of the GC electrodes by carbon nanomaterials. All
of the electrodes, therefore, were considered suitable for the
electrochemical investigation of bioflavonoids.

To further investigate the effects of carbon nanomaterials on
the electrocatalysis of bioflavonoids, XRD, Raman spectroscopy
and XPS were performed. Fig. 1D shows the XRD patterns of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A)-(C) SEM images of CNT/Nafion/GC (A), GO/Nafion/GC (B) and KB/Nafion/GC (C). (D) XRD pattern, (E) Raman and (F) XPS survey

spectra of CNT, GO and KB. (G)—(l) shows the XPS spectra in C 1s region of CNT, GO and KB.

CNT, GO and KB. Strong diffraction peak at ~25.6° and 43.6°,
which corresponded to (002) and (100) crystal faces, indicating
the interlayer space in the radial direction and the in-plane
graphitic structure of all carbon nanomaterials, respectively. A
sharp peak for GO at 11.04° indicated the large interlayer
spacing because of the high level oxygen containing groups on
graphite lattice.**

Raman spectroscopy is a powerful tool for characterizing the
structures of carbon nanomaterials. As shown in the Raman
spectrum in Fig. 1E, there were two characteristic peaks in all
spectra. The first is the D band, which associates with
a breathing mode of the k-point phonons of the A;; symmetry
and is identified at 1344, 1346, and 1346 cm ™' for CNT, GO, and
KB, respectively. The second peak, the G band, which represents
the first-order scattering of the E,; phonon of hexagonal sp’
carbon atoms, is located at 1584, 1597, and 1595 cm ™! for CNT,
GO, and KB, respectively. As a result, the ratio between the
normalized intensities of the D band and G band, I,/Ig, which is
related to the degree of disorder and defects, was calculated as
1.36, 0.95, and 1.14 for CNT, GO, and KB, respectively. The
higher value of I,/I for CNT than for GO and KB indicates more
structural defects in the CNTs.*

XPS was employed to further evaluate the chemical compo-
sitions and carbon bonding states of the three types of carbon
nanomaterials. The survey scan spectra of all carbon nano-
materials showed mainly the presence of carbon and oxygen,

© 2022 The Author(s). Published by the Royal Society of Chemistry

with trace amounts of Cl, S, and N in GO, which was probably
a result of process contamination (Fig. 1F). The percentages of
each carbon species relative to the total amount of carbon
species were calculated on the basis of the relative surface area
of each fitted peak, as shown in Fig. 1G-I and Table S1.7 It was
found that the concentration of oxygenated carbon species,
including C-O, C=0, and COOH was much higher, and that of
the sp? species was lower, in GO than in CNT and KB. The ratios
of sp® to sp® species for CNT, GO, and KB were 1.25, 0.29, and
0.60, respectively.

Electrocatalysis of bioflavonoids at carbon-nanomaterials
modified electrodes

The electrocatalysis of bioflavonoids at the as-prepared carbon-
nanomaterial modified GC electrodes was carried out in 0.2 M
phosphate buffer solution (pH 7.0 £ 0.1). Fig. 2A shows the
cyclic voltammograms (CVs) of the CNT/Nafion/GC electrodes
in the absence and presence of bioflavonoids (hesperidin or
naringin). No notable redox peak could be detected at the CNT/
Nafion/GC electrodes in the entire potential range from 0 to
0.8 Vvs. Ag|AgCl in phosphate buffer without any bioflavonoids.
After the addition of 0.1 mM hesperidin into the electrolyte, an
evident anodic peak at ca. 0.51 V (P,) on the forward positive-
going scan and two cathodic peaks at ca. 0.20 V (P,.) and ca.
0.11 V (P3.) on the negative-going scan were observed in the first

RSC Adv, 2022, 12, 6409-6415 | 6411
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Fig. 2 CVs of CNT/Nafion/GC (A), GO/Nafion/GC (B) and KB/Nafion/GC (C) and rGO/Nafion/GC (D) electrodes in phosphate buffer solutions
(pH 7.0 £ 0.1, 0.2 M) in the absence (gray dotted lines) and presence of 0.1 mM hesperidin (red lines) or 0.1 mM Naringin (blue lines) with scan rate
of 10 mV s7. The red and blue broken lines represent the first cycles while solid lines are the second cycles recorded. The arrows show the

direction of potential scan.

cycle (Fig. 1A). Furthermore, two new anodic peaks at ca. 0.22 V
(P2a) and ca. 0.14 V (P3,) were recorded on the positive-going
scan of the second cycle, followed by the anodic peak (P1) at
ca. 0.51 V and cathodic peaks at ca. 0.20 V (P,.) and ca. 0.11 V
(P3c). To confirm the sources of these redox peaks, CVs of the
CNT/Nafion/GC electrodes with an initial potential of 0.3 V and
scan direction of negative were performed. As shown in Fig. S2,T
only the anodic peak at ca. 0.51 V (P;) and no redox peak in the
range of 0-0.3 V was observed in the first cycle.

Taken together, the anodic peak at ca. 0.51 V (P;), which can
be ascribed to the electrooxidation of hesperidin, whereas the
redox peak pairs P,,/P,. and P3,/p;. are produced by the oxida-
tion products of hesperidin. Similar behaviors were also found
at the CNT/Nafion/GC electrodes in the case of naringin: a clear
anodic peak at ca. 0.70 V (Py) and two cathodic peaks at ca.
0.20 V (Py.)and ca. 0.08 V (P3) during the first cycle. Two new
anodic peaks at ca. 0.26 V (Py,) and ca. 0.11 V (Ps/,) were found
on the second positive-going scan.

Fig. 2B and C show the CVs of the GO/Nafion/GC and KB/
Nafion/GC electrodes in the absence and presence of bio-
flavonoids (hesperidin or naringin). Notable oxidative waves
were observed at both the GO/Nafion/GC and KB/Nafion/GC
electrodes after the addition of bioflavonoids, although the
shapes of the CV curves and the current response to bio-
flavonoids varied. The electrooxidative waves at the GO/Nafion/
GC electrodes showed a residual slope without pronounced

6412 | RSC Adv, 2022, 12, 6409-6415

peak shapes, indicating the poor electrocatalytic activity of GO
toward bioflavonoids. Furthermore, the current responses of
the GO/Nafion/GC electrodes to bioflavonoids (both hesperidin
and naringin) were smaller than those of the CNT/Nafion/GC
and KB/Nafion/GC electrodes.

The surface area of the electrodes does not seem to be the
primary factor causing the difference in the electrocatalysis of
bioflavonoids. As shown in Fig. 2, the background current
(which is roughly related to the electrochemically active surface
of the electrodes) of the KB/Nafion/GC electrode is almost three
times higher than that of the CNT/Nafion/GC electrode,
however, with no noticeable advantages in the current response
to bioflavonoids (Fig. 2C).

Considering the characteristic analysis results discussed in
above, structural defects, high amounts of C-sp” species, and
low amounts of oxygenated carbon are seem to play important
roles in the electrocatalysis of hesperidin and naringin.** To
confirm this assumption, a reduced GO(rGO)-modified elec-
trode (rGO/Nafion/GC) was fabricated by the electrochemical
reduction of GO/Nafion/GC in phosphate buffer solution
(pH 7.0 + 0.1, 0.2 M) at —1.2 V for 600 s (Fig. S3A%1).*® The
obvious increase of Ip/l; (1.39) indicated the increased
structural defects in rGO (Fig. S3Bt).>**” Consequently, signifi-
cantly increased background currents and evident peak-shape
electrocatalytic waves were detected by the rGO/Nafion/GC
electrodes (Fig. 2D).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Kinetic analysis of electrocatalysis of naringin and hesperidin

To further understand the process of electrocatalytic reaction of
naringin and hesperidin at CNT/Nafion/GC electrodes, the
effects of pH on the peak potentials are investigated. Fig. 4A
shows the CVs of CNT/GC electrodes in 0.1 mM hesperidin
contained phosphate buffer (0.1 M) with pH from 5.8 to 8.0. It
should be noted here that, to clearly show the redox pairs of P,,,
2¢ and P3,/3., the second cycle of CVs are selected. As shown in
Fig. 3A, all peaks shift to negative direction with the increase of
pH implied that these electrochemical reactions involve proton
transfer. Linear relationships between the peak potential and
pH value of electrolyte could be found with slopes of —0.058
(R* = 0.998), —0.059 (R*> = 0.998), —0.055 (R*> = 0.998), —0.057
(R* = 0.992) an —0.057 (R*> = 0.998) mV pH " for P, P,y, Py, P3,
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and P;, respectively (Fig. 3B). Furthermore, the effect of elec-
trolyte pH on the peak potential of naringin is similar to that of
hesperidin: all peaks shift to negative direction with the
increase of electrolyte pH (Fig. 3C). Slopes of peak potential-pH
plots are —0.060 (R* = 0.997), —0.059 (R*> = 0.997), —0.060
(R* = 0.998), 0.061 (R* = 0.997) and —0.061 (R*> = 0.999) mV
pH ! for Py, Py, Pye, Py, and Py, respectively(Fig. 3D). The
values of all slopes closed the theoretical value of —59 mV pH ™'
indicated that electrochemical reactions of hesperidin and
naringin occur at CNT/Nafion/GC electrodes with equal number
of electrons and protons. Therefore, P, (for hesperidin) and Py
(naringin) in Fig. 2A should be ascribed to the electrooxidation
reaction of hydroxyl group in ring B, which are one electron-one
proton transfer process.”

Furthermore, the effects of the scan rate on the peak current
and peak potentials were examined. Fig. 4A and C show the CVs
of CNT/GC electrodes in phosphate buffer containing 0.1 mM
hesperidin and naringin at potential scan rates from 10 to
100 mV s~ '. All peak currents increased with increasing
potential scan rate. The relationships between peak currents
and potential scan rates were explored. As shown in Fig. 4B and
D, the peak currents of the CNT/Nafion/GC electrodes linearly
increased with the square root of the potential scan rate, indi-
cating the diffusion-controlled processes of hesperidin and
naringin at the CNT/Nafion/GC electrodes.

Simultaneous detection of hesperidin and naringin in CGT

The high electroactivity of naringin and hesperidin at the CNT/
Nafion/GC electrodes makes it suitable for the simultaneous
detection of naringin and hesperidin. Fig. 5A-C show the linear
scan voltammograms (LSVs) of the CNT modified electrode in
the presence of naringin, hesperidin, and mixtures of both with
different concentrations. The oxidative currents in all cases
increased with the concentration of the substrate, indicating
that the current responses are ascribed to the electrooxidation
of bioflavonoids. Fig. 5D and E show the relationships between
peak current and concentration of hesperidin and naringin,
which were added to the electrolyte alone or simultaneously. It
can be seen that the current responses in both cases exhibit
a similar tendency, indicating no notable interference effects on
each other. Finally, the sensitivity of as-prepared CNT/Nafion/
GC electrodes to naringin and hesperidin were calculated
as 0.15 and 0.11 pA uM ' and with linear ranges of 0-30 uM and
0-40 uM, respectively.

CGT was utilized as a real sample for the simultaneous
determination of naringin and hesperidin. The peel of fresh
CGT fruits was cut into pieces and directly extracted in meth-
anol using an ultrasonicator for 30 min. After centrifugation,
the supernatant was filtered and used for detection. Immedi-
ately before each electrochemical measurement, a 10 pL sample
solution was transferred into the voltammetric cell containing
10 mL phosphate buffer, and the standard addition method was
used to determine the amount of naringin and hesperidin in the
CGT extract. Fig. 5G shows the LSVs of the CNT/Nafion/GC
electrodes in a phosphate buffer containing CGT extract. The
naringin and hesperidin concentrations were calculated using

RSC Adv, 2022, 12, 6409-6415 | 6413
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Fig.5 LSVsof CNT/Nafion/GC electrodes in phosphate buffer with different concentration of hesperidin (A), naringin (B) and mixture of both (C).
(D) and (E) show the relationships between peak currents and concentration of bioflavonoids added solely (open symbol) or simultaneously
(closed symbol). (F) Calibration curve of hesperidin and naringin. (G) LSV of CNT/Nafion/GC electrodes in phosphate buffer containing CGT
extract and different concentration of naringin and hesperidin. (H) and (l) show the relationships between found and added bioflavonoids in

phosphate buffer containing CGT extracts.

Table 1 Determination results of naringin and hesperidin in CGT extract

Detected (by HPLC)/uM Added/uM Found/uM Recovery/%
Sample name Naringin Hesperidin Naringin Hesperidin Naringin Hesperidin Naringin Hesperidin
CGT extracts 5.89 + 0.05 0.006 £ 0.001 0 2.0 6.0 £ 0.7 2.2 £0.1 101.8 109.7
5.0 10.0 10.5 £ 0.7 11.0 £ 1.0 96.4 109.9
10.0 20.0 14.9 + 0.7 19.0 + 2.0 93.8 99.9
the current response. Fig. 5H and I show the linear relation- Conclusions

ships between the added concentration and the measured
concentration of naringin and hesperidin. The slopes are
0.98 (R> = 0.99) and 0.95 (R> = 0.99) for naringin and hesper-
idin, respectively, indicating the reliability of the as-prepared
electrochemical sensors. It is noted here that the original
content of naringin and hesperidin in the CGT extract
were detected by HPLC and calculated as 5.89 + 0.01 and
0.006 + 0.01 puM, respectively. Table 1 shows that the recovery
varied from 93.8% to 109.9%, which demonstrates the ability of
the CNT/Nafion/GC electrode to simultaneously determine
naringin and hesperidin with satisfactory results, and could be
employed for practical applications.

6414 | RSC Adv, 2022, 12, 6409-6415

In summary, the electrocatalysis of two bioflavonoids at three
types of carbon nanomaterial-modified electrodes was investi-
gated and compared. The experimental results show that CNTs,
which have more structural defects, higher amounts of C-sp?,
and lower amounts of oxygenated carbon than GO and KB, show
excellent catalytic activity for hesperidin and naringin. In
contrast, GO showed poor activity for the electrocatalysis of
hesperidin and naringin. The poor activity of GO can be
improved by the electrochemical reduction of GO. This finding
is helpful for studying the electrocatalytic mechanism of bio-
flavonoids as well as for fabricating electrochemical sensors for
bioflavonoid detection. The prepared CNT/Nafion/GC

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrodes were finally utilized for the simultaneous detection of
hesperidin and naringin in a CGT extract and showed accept-
able sensitivity and high recovery.
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