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Electrochemical biosensor based on reduced
graphene oxide and CMC/silica sol-gel hybrid
membranes for the detection of VBg

Meng Cuil, Likun Longl, Yanhui Wul, Di Gao2, Yandong Wang1

1Research Center of Material Science and Engineering, Jilin Institute of
Chemical Technology, 132013 Jilin, China
2Jilin Thermal Power Plant, National Energy Group, 132013 Jilin, China

Received June 1, 2021

A novel platform based on graphene oxide (GO) and hybrid membranes of silica and
carboxymethyl cellulose (CMC) (short for GO-SiO,-CMC) was constructed for the fabrica-
tion of an electrochemical sensor. The morphology of the composite was tested with SEM.
Electrochemical methods including electrochemical impedance spectroscopy and cyclic vol-
tammetry were used to study the composite with an Electrochemical Workstation. The
results show that the modified electrode has increased sensitivity, for example, to oxida-
tion of Vitamin Bg (VBg), high detection sensitivity (31.5 pAmM lem™2), low limit of
detection (10°7 M), small R,, value (252 Q) and good stability. This may be due to high
conductivity and large surface-to-volume ratio of GO, which can facilitate the direct
transfer of electrons between the electrode surface and VBg. The results obtained allow us
to propose a simple, sensitive and flexible method for the quantitative determination of
vitamin Bg using electrochemical technology.

Keywords: electrochemical biosensor, graphene oxide, CMC/silica sol-gel hybrid mem-
branes.

Eaxexrpoximiunuii 6ioceHcOp Ha OCHOBi BimHOBIEHOro oxcuay rpadeny i riopmgamx
30ab-resesux memOpan KMIl/cunikarenp miasa BUABJIEHHS VBg. Meng Cui, Likun Long,
Yanhui Wu, Di Gao, Yandong Wang

Ha ocmosi okcuny rpadeny (GO) i ri6puammx mem6pan SiO,/CMC (GO-SiO,-CMC)
CTBOPEHO HOBY ILIAT(MOPMY AJiS BUTOTOBJEHHS eJeKTpoximiuuoro cencopa. Iociaim:xeHo mop-
¢oiorirto KomMmosuTy, HOro eseKTpoximiuxi BJIaCTMBOCTI MeTOZaMH CIEKTPOCKOIil esexT-
poximiunoro immemancy i numkJaiunol Bomprammepomerpii. PesyabTaTy mociaigikeHHsS HOKasa-
Jau, Mo MoAu(piKOBaHUU €JeKTPOJ Ma€e IIiIBUINEHY YYTJUBICTH JO OKUCJIEHHA BiTaMiny Bs
(VBg) (31,5 MrAMM lem™2), museky Mme:xy BussienHa (1077 M), HeBequKe 3HAUEHHS R,
(252 Q) i xopomy crabinbHicTs poboTu. Ile Moike OyTu mOB’sA3aHO 3 BHCOKOIO IIPOBimHicTIO i
BEJIMKUM CIIiBBiTHOIIIEHHAM HoBepxXHi 10 00’emy GO, 110 MoKe CIpUATH NPAMOMY IIE€PEHOCY
€JIEKTPOHIB MiK IMOBepXHew eNeKTpoAiB i VBg. HaBemeni pesyabTaTé MPOTOHYIOTH MPOCTHUH,
YyTAMBUI i IHy4YKwWil MeTos KinbkicHoro BusHaueHHs Bitaminy Bg sa gomomororo erexT-
poximiuHOi TexHOJOTII.

Ha ocmose oxcmpa rpadena (GO) m rubpuambix mem6pan SiO,/CMC (GO-SiO,-CMC)
cosgana HoBas miardopma s UBTOTOBJIEHUS 9JIEKTPOXUMUUECKOro ceHcopa. McciemoBaHbl
MopdoJsIOorus KOMIIOSBUTA, €ro JJIeKTPOXMMHUYECKHEe CBOMCTBA METOLAMH CIIEKTPOCKOIIUY
9JIEKTPOXMMUYECKOr0 MMIIEJaHCA M IMKJWYECKON BoJbTamiepomMerpuu. PesynbraThl uccie-
JOBAHUS IIOKA3aJIU, YTO MOAMMDUIMPOBAHHBIN 9JIEKTPOJ MMEET IIOBHIIIEHHYI UYBCTBUTEJb-
HOCTBh K oKmcaenmio surammua Bg (VBg) (31,5 MrAMM lem™2), Huskuil mpegen oGHapyKe-
Husa (1077 M), zeGosblIoe 3HAUEHHE R,, (252 Q) n xopomryio cTabUIBHOCTL PAGOTEI. ITO
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MOJKeT OBITH CBA3aHO C BBICOKOU IPOBOAUMOCTBHIO U GOJILIINM COOTHOIIIEHUEM ITIOBEPXHOCTHU K
o0bemy GO, UTO MOJKeT CIIOCOOCTBOBATH IMPAMOMY IIEPEHOCY 9JIEKTPOHOB MEKJIY IOBEPXHOC-
TBIO B1eKTPoJoB U VBg. IlpuBesennble pesy bTaThl IPEAJATalOT IPOCTOMH, YYBCTBUTEIbHEIH 1
rubKuil MeTOJ KOJMYeCTBeHHOTO ONpeJesNeHNs BUTaMHHA Bg ¢ IIOMOIIBIO 2J€KTPOXMMHIYEC-

KO TEeXHOJIOTUH.

1. Introduction

Recently, there has been significant in-
terest in graphene due to its extraordinary
properties, including large surface area,
outstanding mechanical strength, excellent
electrical conductivity and good biocompati-
bility [1, 2], which shows promising applica-
tion in sensors [3], electrochemical devices
[4], various nanocomposites [56] and so on.
Novel graphene composites have been widely
developed, in which graphene is combined
with polymers [6, 7], semiconductors [8, 9],
and metal nanoparticles [10, 11]. Due to its
2D structure, all the delocalized p-conju-
gated electrons are effectively available on
the surface which makes its electronic
structure very sensitive to the local chemi-
cal environment [12]. Thus, graphene pro-
vides an ideal platform to prepare electro-
chemical sensors and biosensors [12, 13].

VBg is a compound of great biomedical
interest due to its significant role among
the B vitamins. It is involved in many
human metabolic reactions such as protein
digestion, fat absorption. The lack of VBg
would lead to diseases such as anemia, ar-
thritis. As a common drug, VBg can be used
to treat diseases such as arteriosclerosis,
mental retardation, leukopenia. Therefore,
it is very important to study the possibili-
ties of VBg determination. At present, the
means to determinate VBg are mainly spec-
trophotometry [14], fluorescence [15], high
efficiency liquid chromatography [16], etc.
The electrochemical method, as an alterna-
tive to the traditional detection techniques,
has been recognized as a promising method
for on-site tracking and analysis of VBg due
to its portability, high sensitivity, low cost,
and availability.

VBg has electrochemical activity, which
can be determined by the electrochemical
method. However, due to the large overpo-
tential of VBg on the solid electrodes, the
sensitivity of unmodified solid electrodes to
VBg was low. The chemical modification can
effectively reduce the overpotential, in-
crease the mass transfer rate of the elec-
trode reaction, and can effectively adsorb
and concentrate the analyte selectively at
the expense of the electrode surface. At pre-
sent, there are still few domestic and for-
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eign reports on the electrochemical behavior
of VBg studied by the method of chemically
modified electrode [17—21]. Therefore, there
is great interest in this area, and for this
purpose various modified electrodes have
been designed. Various modified electrodes
have been used to quickly determine VBg,
including polymer, nanoparticles, self-as-
sembled monolayers, and metal oxides. To
create a biosensor based on a nanocomposite
film, an appropriate support material is re-
quired. However, the one-component mate-
rial has inherent disadvantages such as
cracking and less biocompatibility. The hy-
brid materials can effectively eliminate the
brittleness of pure inorganic materials and
the swelling property of some pure hydrogel
polymers. Meanwhile, cellulose ether com-
posite materials have undergone extensive
research [22]. Among them, silica/CMC has
generated wide interest due to its exciting
properties such as controlled porosity and
hydrophobicity, and mechanical stability
[23]. Here, we have developed an environ-
mentally friendly, simple and inexpensive
approach to making a modified GN and sil-
ica/CMC electrode for LA determination,
which combines the advantages of sil-
ica/CMC (good adhesion and biocompatibil-
ity) and GN (huge surface area, high elec-
tron transfer rate and good biocompatibil-
ity). The proposed electrochemical sensor
exhibited good selectivity and acceptable re-
producibility and could be used for the de-
tection of VBg in real samples.

2. Experimental

2.1 Chemicals and materials

Graphite powder and H,SO, (98 %) were
obtained from Tianjin Kaixin Chemical In-
dustrial Co. Ammonia solution (25 wt. %)
was obtained from Tianjin Yongda Chemical
Reagent Co. NaOH, H,O0, (30 %) and KCI
were purchased from Tianjin Damao Chemi-
cal Reagent Factory. Polydiallyldimethylam-
monium chloride (PDDA) was purchased
from Aladdin Industrial Corporation.
KMnO, was obtained from Tianjin Beifang
Tianyi Chemical Reagent Factory. Isopropyl
alcohol was obtained from its group chemi-
cal reagent Co., LTD. Tetraethyl orthosili-
cate (TEOS) was obtained from Tianjin
Beilian Fine chemicals development Co.,
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LTD. NaNOj, lactic acid, potassium hexacy-
anoferrate were purchased from Tianjin Re-
gent Chemicals Co., LTD. Dialysis tube with
molecular weight of 3500 was purchased
from Beijing Dingguo Changsheng Biotech-
nology LLC. Glassy carbon electrodes with
3 mm diameter glassy carbon core were pur-
chased from Audin, USA. CMC was home-
made [22].

All reagents were of analytical-grade and
used without any further purification. All
solutions were prepared with distilled
water. VBg solutions were freshly prepared
before measurements.

2.2 Apparatus

Electrochemical characteristics were in-
vestigated on a CHI 660E Electrochemical
Workstation (Shanghai Chenhua Instru-
ments, China). A conventional three-elec-
trode system was used. The working elec-
trode with a diameter of 6 mm was a bare,
pretreated or GO-SiO,-CMC modified GCE;
the auxiliary electrode was a platinum wire
and a calomel electrode saturated with KCI
as the reference. All potentials in this paper
refer to this reference electrode.

The SEM images were obtained at an in-
strument EVOMA 10 (Carl Zeiss, Germany).
The FT-IR spectra of the samples were ob-
tained at an apparatus Nicolet IS10 (USA).
The XRD patterns were obtained using a
DX-2700 (China). The AFM images were ob-
tained on a CPM5000 (China).

2.3 Preparation of GO, SiO, nanoparticles
and SiO,/CMC composite material

GO was prepared in a typical process.
11.5 mL H,S0O, (98 %) was cooled in an
ice-water bath. 0.5 g graphite powder and
0.5 g NaNOj were slowly added into the so-
lution until the temperature was 0°C. The
necessary step was stirring. Then KMnO,
(3.75 g) was slowly added in the above mix-
ture and controlled so that the reaction
temperature did not exceed 20°C. To com-
plete the reaction, the mixture was stirred
in an ice-water bath for 2—-4 h. After stir-
ring, the mixture became viscous and dark
green. Then the mixture was stirred at 35°C
for 1 h. During the stirring process, the
viscosity of the mixture gradually de-
creased. Then the slurry was poured into
230 ml of deionized water, and checked that
the reaction temperature was below 98°C.
After that, the slurry turned dark brown.
Then the slurry was poured into 480 mL of
deionized water. 15 mL H,0, was added
dropwise into it and the mixture turned
golden yellow. The golden yellow suspension
was stirred for 2 h. After 12 h of settling,
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the upper clear liquid was decanted, and the
precipitate was poured into a dialysis tube.
To get GO, the dialyses was carried out for
7 days until the pH of the suspension was
close to neutralization. The final GO prod-
uct was collected and stored for further use.

Si0, nanoparticles were prepared by a
typical method. Briefly, isopropanol, ammo-
nium hydroxide and deionized water were
mixed well at a certain ratio. The mixture
was sonicated and condensate water passed
through. After the temperature was stabi-
lized, TEOS was added in the mixture. The
solution reacted continuously for an addi-
tional 30 min until the reaction was com-
plete. Then, the mixture was centrifuged and
washed alternately with deionized water and
absolute ethyl alcohol until the pH becomes
neutral. After drying, the powder was col-
lected and stored for further use.

To get a CMC solution, 1.25 g of CMC
was dissolved in 100 mL of distilled water.
The SiO, solution was prepared by dissolv-
ing 0.25 g of SiO, nanoparticles in 50 mL
of distilled water. The pH of the mixture
was adjusted with NaOH. After the pH
reached 10, the mixture was sonicated.
10 mL of PDDA was added to 8 mL of dis-
tilled water. Similarly, the pH of the solu-
tion was adjusted to 10. Thereafter, the
mixture was dispersed with ultrasound for
15 min. PDDA was added to the SiO, sys-
tem slowly, and the system was sonicated
for another 15 min. After separation in a
centrifuge, the precipitate was collected and
30 mL of distilled water was poured in.
After stirring, SiO, was dispersed well, and
the solution was sonicated for 15 min.
25 mL of distilled water was poured in the
well-dispersed SiO, solution. The mixture
was stirred and ultrasonically dispersed.
After the pH of the mixture was adjusted to
10, the mixture was added slowly in the
CMC solution above. To get the SiO,/CMC
composite material, the obtained solution
was centrifugated, and upper clear liquid
was poured out. The typical procedure of
constructing the SiO,/CMC composite mate-
rial is schematically shown in Scheme 1.

2.4 Fabrication of the modified electrodes

1 mg GO and 1 mg SiO,/CMC were dis-
persed in 10 mL distilled water and the
mixture was sonicated for 30 min to obtain
a homogeneous suspension. Before the start
of the electrochemical experiments and
modification procedures, GCE was polished
to a mirror-like surface with 0.8 ym o-alu-
mina slurries and sonicated for 2—3 min in
ethanol and water separately. Then, 10 uL
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Fig. 1. SEM and AFM images of GO (a) and GO-SiO,-CMC (b).

of the mixture was dropped onto the surface
of GCE with a microinfector. Finally, the
electrode was air dried to form GCE-modi-
fied GO-SiO,-CMC, designated as GO-SiO,-
CMC/GCE.

3. Results and discussion

3.1 Characterization of GO and GO-SIO,CMC

The surface morphology of GO and GO-
Si0,-CMC was characterized by SEM as
shown in Fig. 1. Fig. 1la and 1c show that
GO nanosheets with a thickness of 20—
30 nm are transparent and look like flakes
with folds, which can facilitate immobi-
lization of more SiO,/CMC. Fig. 1b demon-
strates that the GO nanosheets are uni-
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formly distributed in the polymer
(Si0,/CMC). It was shown that the GO was
attached to the GO-SiO,-CMC composite.
From Fig. 1 we also notice that there are
many small holes in the GO-SiO,-CMC film,
which can be caused by the formation of gas
bubbles [24] during the reduction treatment
of GO-SiO,-CMC.

The XRD patterns of the pristine graph-
ite, GO, and GO-SiO,-CMC are shown in
Fig. 2. Pristine graphite exhibits a sharp
diffraction peak at 20 = 26.5° (curve a) cor-
responding to an interplanar spacing d =
0.3836 nm according to Bragg’s law. Com-
pared with the pristine graphite, the char-
acteristic diffraction peak of GO (curve b)

Functional materials, 28, 3, 2021
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Fig. 2. The XRD patterns of pristine graphite
(a), GO (b) and GO-SiO,-CMC (c).

appears at 10.01° since the AB... stacking
order is still observed in graphite oxide
with an interplanar spacing d = 0.892 nm.
This value is larger than the d-spacing
(0.336 nm) of pristine graphite (20 = 26.5°)
(curve a) due to the introduction of oxygen-
ated functional groups into carbon sheets.
After electrochemical reduction of the GO
composite in SiO,/CMC, the peak located at
9.9° (curve c¢) disappeared, confirming the
reduction of GO.

Fig. 3 shows FT-IR spectra of CMC, GO,
Si0,/CMC and GO-SiO,-CMC. In Fig. 3b,
there are peaks which belong to oxidizing
funectional groups. This illustrates that dur-
ing the oxidation reaction, a large number
of oxidizing functional groups were trapped
in graphite. As can be seen from Fig. 3D,
peaks at 1052, 1728, 3400 em ! correspond
to the presence of C-0O, C=0, O-H. In Fig.
3c, the peaks appeared at 383485.35 and
1427.81 cm~1 belong to O-H, and the peaks
appeared at 2924.67 and 1587.04 em™! be-
long to —CH,. In addition, the characteristic
peaks at 1005.87 and 1637.72 em™1 corre-
spond to C-O-C and —-COO, respectively.
We also have found peaks at 1089 and
473 em™!, which belong to the Si-O group
in Fig. 8c. After introduction of GO into
the GO-SiO,-CMC, the peaks of GO and
Si0,/CMC were observed in curve d, con-
firming that the GO was effectively immobi-
lized by SiO,/CMC film.

3.2 Electron paramagnetic
(EPR) analysis

EPR spectra of SiO,/CMC and GO-SiO,-
CMC are shown in Fig. 4 (¢ and b). In Fig.
4, the characteristic peaks at 1700 G belong
to the Fe3* which exists in the sample cells.
And the strong peak at 3500 G is from sol-
vent water. In SiO,/CMC, there are no char-
acteristic EPR resonances at room tempera-

resonance

Functional materials, 28, 3, 2021

120 b
100 k
80
60
40 |
20F

0OF
-20
40 F
-60

Intensity(a.u.)

-80 1 " 1 . I 1 1 N L
4000 3500 3000 2500 2000 1500 1000 500
wavements (cm'1)

Fig. 8. FTIR spectra of CMC (a), GO (b),
§i0,/CMC (c), GO-SiO,-CMC (d).

EPR intensity (a.u.)

0 1000 2000 3000 4000 5000 6000 7000
magnetic/G

Fig. 4. Room temperature EPR spectra of GO
(a) and GO-SiO,-CMC (b).

ture. This means SiO,/CMC cannot generate
the EPR signal observed in the sample.
However, after combining with GO, a
paramagnetic spin S = 5/2 with isotropic
g-value at 2.002 is observed with linewidth
of 3500 G. The six distinguished multiplets
(sextet) are assigned to the presence of
manganese [Mn(ll), S = 5/2] ions in GO sam-
ple, which are encapsulated in the GO
sheets during the synthesis process. The
easy spin software was used to simulate the
experimental EPR spectrum of GO using the
effective spin-Hamiltonian with Zeeman and
hyperfine interaction terms. This result was
similar to that of FT-IR.
3.3 Electrochemical
electrochemical sensor
The electron transfer properties of elec-
trodes after various surface modifications
were characterized by EIS which was used
to monitor the electrode modification proc-
ess. The impedance spectra include a semi-
circle portion and a linear portion. The
semicircle diameter at higher frequencies
corresponds to the electron-transfer resis-

characteristics of
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Fig. 5. Electronic transfer properties of GO
(a) and GO-SiO,-CMC (b).

tance (R,;), and the linear part at lower
frequencies corresponds to the diffusion
process. Fig. 5 shows the impedance spectra
corresponding to the bare glassy carbon
electrode (GCE) (a) and GO-SiO,-CMC modi-
fied electrode (b). It can be seen from Fig. 5
that the EIS of bare GCE displays a small
well defined semicircle at higher frequencies,
indicating low interface impedance. However,
after immobilization of GO-SiO,-CMC on the
GCE, a smaller R,; is observed. Based on the
results, it was suggested that GO-SiO,-CMC
is an excellent electrically conductive mate-
rial that can accelerate electron transfer
and lead to a decrease in R,,.

Fig. 6 shows the voltammetric responses
of the bare GCE (a), SiO,/CMC/GCE (b),
GO-Si0,-CMC/GCE (c) of 0.01 M PBS to-
wards VBg. With the bare GCE (a), VBg
shows no apparent peaks. However, when
using SiO,/CMC/GCE, a pair of redox peaks
was observed. It indicates excellent catalytic
ability of SiO,/CMC in the oxidation of
VBg. With GO-SiO,-CMC/GCE (c¢), the cur-
rent of the VBg oxidation peaks increases
obviously compared to uncoated GCE. A
pair of symmetrical redox peaks with sig-
nificantly increased peak currents and less
peak separation for VBg strongly indicate
excellent catalytic ability of GO-SiO,-CMC
in the oxidation of VBg.

3.4 The performance of the GO-SiO,-CMC
modified electrochemical sensor towards dif-
ferent concentration of VB6

To accurately determine VBg with GO-
Si0,-CMC/GCE, DPV (Differential Pulse
Voltammetry) analysis was carried out in
the potential range of —0.1 to 0.5 V in PBS
(PH = 7.0) for VBg of various concentra-
tions. As shown in Fig. 7, the electrochemi-
cal response of VBg increases linearly with
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Fig. 7. DPV profiles at GO-SiO,-CMC/GCE in
PBS (PH = 7.0) with different concentrations
of VBg from 0.5 to 200 uM.

an increase in the VBg concentration. The
linear range for the determination of VBy is
0.5-200 uM. The linear equation is with a
statistically significant correlation coefficient
of 0.9938 and a slop of 81.5 pAnM lem™2;
the limit of detection is as low as 1077 M
(S/N = 3), which is obviously better than
that of RGO-AuNPs-CSHMs/GCE (0.05-
0.08 uM) [25].

3.5 Interference, reproducibility and sta-
bility

Selectivity and anti-interference proper-
ties were also investigated by the chronoam-
perometric method. As shown in Fig. 8, the
additions of 0.1 mM lactic acid (LA) and
0.1 mM wuric acid (UA) resulted in very
weak responses, compared to the large in-
crease in current following the addition of
2 mM VBg. It was evident that the influence
of the tested interfering particles on the
VBg response was negligible, indicating a
high selectivity of the GO-SiO,-CMC electro-
chemical sensor. Ten repetitive measure-
ments were carried out in 1 mM VBg and a

Functional materials, 28, 3, 2021
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Fig. 8. Time-dependent current responses at
GO-SiO,-CMC modified electrode to additions
of 2 mM VBg, 0.1 mM LA and 0.1 mM UA in
PBS (pH = 7.0).

relative standard deviation of 6.8 % for the
current was observed indicating acceptable
reproducibility of the electrochemical
sensor.

4. Conclusions

In this work, we developed an environ-
mentally friendly, simple, and inexpensive
approach to fabricating a new composite
that was obtained by alloying GO into a
Si0,/CMC composite. The as-synthesized
composite film was used as a model to con-
struct biosensors for VBg detection. The
modified electrode exhibited a higher sensi-
bility (81.5 pAnM~lem=2), a wider linear
range (0.5—-200 uM), a lower detection limit
(10-7 M) and better reproducibility and sta-
bility. The proposed strategy and electro-
chemical reduction may be potentially use-
ful for the preparation of other biomolecu-
lar sensors.
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