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The electrodeposition of a film of reduced graphene oxide (ERGO) on a glassy carbon electrode (GCE) was
achieved using pulse potential method (PPM) in the graphene oxide colloidal solution. For the first time,
the electrodeposition of a film was applied to develop a high-sensitive electrochemical sensor for deter-
mination of matrine using linear sweep adsorptive stripping voltammetry (LSASV). Compared with bare
GCE and ERGO film prepared by potentiostatic method (PM) modified electrode, the resulting electrodes
(PP-ERGO/GCE) exhibited excellent response toward the oxidation of matrine by significantly enhancing
the oxidation peak currents and decreasing the overpotential of matrine. Under the selected conditions,
there exist the linear relation between the oxidation peak currents and matrine concentration in the
range of 2.0 x 10°°-1.2 x 10 *mol L', with detection limit of 5.0 x 10~” mol L!. At the same time,
the method can be successfully applied to the quantitative determination of matrine in injection and
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its result is satisfactory.
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1. Introduction

Matrine, a typical quinolizidine alkaloid, is a main active ingre-
dient of kinds of Sophora plants in traditional Chinese herbal drug.
It has been extensively used in China for the treatment of viral hep-
atitis, cancer, cardiac and skin diseases [ 1-4]. Accordingly, accurate
analytical method for matrine is necessary and some determina-
tion techniques have been developed, such as high performance
liquid chromatography (HPLC) [5-8], liquid chromatography -
mass spectrometer (LC-MS) [9-11], capillary electrophoresis (CE)
[12] and chemiluminescence (CL) [13]. However, some of them
are time-consuming and expensive or involve a tedious extraction
process before detection. In contrast, electrochemical method is
simple, rapid, sensitive and inexpensive. Furthermore, the redox
properties of drugs can provide insight into their metabolic fate,
their redox processes in vivo, and their pharmacological activity.
Recently, some effort has been made to design the electrochemical
sensor of matrine [14,15], but very limited.

Graphene, a perfect two-dimensional carbon material found
in 2004 [16,17], is an ideal electrochemical material because of
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its very large 2D electrical conductivity [18], large surface area
and low cost. Hence graphene-based modified electrodes, which
can be prepared by various methods, have been explored as elec-
trochemical sensors platforms [19-23]. Among these methods,
the way of direct electrodeposition of reduced graphene oxide
(ERGO) on glassy carbon electrode (GCE) has attracted consider-
able interest because it is simple, rapid, green and efficient [24-
27]. Recently, it has been widely used in analytical [28-32] and
industrial electrochemistry [33,34]. The electrochemical methods,
such as cyclic voltammetry (CV) [28-31] and potentiostatic
method (PM) [32-34], have been used. As we know, the pulse
potential method (PPM) [35] is rarely applied in preparing the
ERGO.

In this work, the ERGO film was directly achieved on GCE using
PPM in the graphene oxide colloidal solution. The ERGO film were
characterized by electrochemical methods and scanning electron
microscopy. For the first time, the electrodeposition of a film was
applied to develop a high-sensitive electrochemical sensor for
determination of matrine using linear sweep adsorptive stripping
voltammetry (LSASV). Electrochemical behaviors of matrine at
the modified electrode were investigated by cyclic voltammetry
(CV) and chronocoulometry (CC). At the same time, the method
can be successfully applied to the quantitative determination of
matrine in injection and its result is satisfactory.
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2. Experimental
2.1. Apparatus and Reagents

Model CHI 650A electrochemical system (CHI Instrumental,
Shanghai, China) and RST5000 electrochemical workstation
(Zhengzhou Shiruisi Instrument Co., Ltd., Zhengzhou, China) were
employed for electrochemical techniques. Scanning electron
microscopy (SEM) images were obtained with a Quanta 250 scan-
ning electron microscope (FEI Company, Czech). Atomic Force
Microscopy (AFM) images were obtained with a BenYuan CSPM-
5500 atomic force microscopy (Guangzhou BenYuan nanometer

Instrument Co., Ltd., Guangzhou, China). A standard three-elec-

trode electrochemical cell was used with GCE (d =3 mm) or mod-
ified GCE as a working electrode, platinum (Pt) wire as an auxiliary
electrode and a saturated calomel electrode (SCE) as a reference
electrode (the internal solution was saturated KCl solution). All
the pH measurements were made with a PHS-3C precision pH
meter (Leici Devices Factory of Shanghai, China), which was cali-
brated with standard buffer solution at 25 + 0.1 °C every day.

Matrine was purchased from Aladdin Chemistry Co., Ltd (Shang-
hai, China). Stock solution (5.0 x 1072 mol L~!) of matrine was pre-
pared with doubly distilled water and stored at 4 °C in the dark.
Matrine injection was purchased from Jilin Yuhuang Pharma. Co.,
Ltd (Jilin, China). Graphite was purchased from Nanjing Xfnano
Materials Tech Co., Ltd (Nanjing, China). All reagents were of ana-
lytical grade and were used as received. Double distilled water was
used for all preparations.

2.2. Preparation of the modified electrode

Prior to modification, the bare GCE was polished successively
with 0.3 and 0.05 pm Al,03; powder and rinsed thoroughly with
doubly distilled water between each polishing step. After that,
the GCE was sonicated in ethanol and doubly distilled water each
for 2 min, and dried under N, blowing. After that, the cleaned
GCE was immersed in phosphate buffer solutions (PBS, pH 5.0)
containing 0.85 mgmL~! GO, and electrodeposited the GO by
PPM under constant stirring. Graphene oxide (GO) was synthesized
from graphite by the modified Hummers method [36]. The optimal
parameters of electrodeposition were listed as follows: upper limit
potential E,, 0.1V; lower limit potential E., —1.2 V; anodic pulse
duration t,, 0.6 s; cathodic pulse duration t., 0.3 s; experimental
time texp, 150 s. The overall reduction time () can be calculated
from the following equation: tre = texp x tc/(tc + ta). The obtained
electrode was denoted as PP-ERGO/GCE. For comparison, the
ERGO/GCE was also fabricated with the similar procedure by the
PM. The reduction time of two methods is exactly the same.

3. Results and discussion
3.1. Morphologic characterization of the GO

The structure and morphology of the resulting GO deposited on
the mica were characterized by AFM. The results showed that the
GO sheets were almost single-layer, seen in Fig. 1. And the average
thickness of single-layer GO sheets was about 1 nm.

3.2. Pulsed potentiostatic electrodeposition of RGO film on GCE

As applying a positive potential, GO sheets could be deposited
on the electrode surface; because GO colloids exhibit negative
charges in weak acid [37]. According to the literature [38], the
as-deposited GO sheets can be electrochemically reduced at
E=—1.1V vs. SCE. Here we use the PPM to achieve the ERGO films,

in which 0.1V vs. SCE is used to deposit GO sheets on GCE, fol-
lowed by applying —1.2 V vs. SCE to electrochemically reduce the
as-deposited GO sheets to RGO sheets. The voltage profiles for
the electrodeposition modes are schematically shown in the inset
of Fig. 2.

To illustrate the pulse procedure used for the ERGO film, Fig. 2
shows the evolution in time of the E and i for the process of PPM.
After the potential E, is applied, the i increases sharply, reaching
values close to zero. GO sheets were deposited on the electrode
surface during the period. As potential E. is imposed, the GO sheets
close to the electrode surface start to react. The i drops sharply and
then decreases tending to reach a steady value in potentiostatic
mode. And then, when a new pulse starts, GO sheets could be dif-
fused to areas where they have been quickly consumed while
applying E.. The distribution of GO sheets on the electrode surface
is supposed to be more efficient and homogenous [39]. Therefore,
the PPM can gain more uniform thin films.

3.3. Morphological characterization of ERGO film

To get more information on the successful preparation of ERGO
films by PPM and illustrate the difference of electrochemical prop-
erties, morphologies of the ERGO/GCE (Fig. 3A) and PP-ERGO/GCE
(Fig. 3B) were characterized using SEM. As showed in Fig. 3A, prep-
aration of ERGO films by PM showed a loose, disorder and stacked
surface. In contrast, preparation of ERGO films by PPM display clo-
sely associated with each other to form thin and crumpled sheets,
and the edges of individual sheets were distinguishable with
kinked and wrinkled areas, which is highly beneficial in maintain-
ing a high surface area on the electrode and helpful in constructing
an interface for the electrochemical sensors. Moreover, films barely
show aggregation, indicating that the assembly of ERGO films by
PPM on a solid substrate is a good way to achieve well-dispersed
ERGO films and can prevent the aggregation.

3.4. Electrochemical characterization of PP-ERGO/GCE

The redox probe [Fe(CN)g]* /4~ is sensitive to surface chemistry
of carbon-based electrodes [40], and therefore was used to directly
investigate the charge transfer property of the PP-ERGO/GCE.
Fig. 4A shows the cyclic voltammograms (CVs) of bare GCE (curve
a), ERGO/GCE (curve b) and PP-ERGO/GCE (curve c) in 1.0 x 1073 -
mol L' Ks[Fe(CN)g] +0.1 molL~! KCI solution. It proved the
enhanced current response of the ERGO films toward [Fe(CN)g]>~/
4~ indicating increased electrochemical active sites by ERGO sur-
face modification. Moreover, the largest peak currents and the
smallest AE;, of redox probe [Fe(CN)g]>~/4~ are observed on PP-
ERGO/GCE, suggesting that the properties of the ERGO films pre-
pared by PPM were superior to that of PM in increasing the active
surface area of electrode and accelerating the electron transfer
rate. Besides, Fig. 4B shows the influence of thickness of ERGO films
on the peaks current of the redox probe. It is clear that the redox
peaks current is directly proportional to the t. (see the inset of
Fig. 4B), indicating that PPM is an easily controllable and distinct
advantage over CRGO methods.

At the same time, the average electroactive area of different
electrode can obtain according to Randles-Sevcik formula [41]:
ipa = 2.69 x 10°n32AD}/%c, 12, where i,, refers to the anodic peak
current (A); n is the electron transfer number; A is the surface area
of the electrode (cm?); D, is the diffusion coefficient (cm? s~ 1); ¢, is
the concentration of Ks;[Fe(CN)g] (mol L~!) and v is the scan rate
(Vs~1). By exploring the redox peak current with scan rate, the
average electroactive area of bare GCE, ERGO/GCE and PP-ERGO/
GCE was calculated as 0.049, 0.080 and 0.139 cm?, respectively.
The results further indicated the preparation of the ERGO films
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Fig. 1. AFM image of GO from its dilute aqueous dispersion on freshly cleaned mica.

Fig. 2. Characteristic i-t response registered for pulsed electrodeposition; the inset
in the figure outlines the E-t profile imposed during the electrodeposition of RGO
films.

by PPM could further enhance the effective area of the electrode
surface.

3.5. Voltammetric behavior of matrine at PP-ERGO/GCE

To highlight the particular feature of the proposed electrode, its
voltammetric response was compared with another electrode.
Fig. 5A displays CVs of 1.2 x 10~4 mol L~! matrine in 0.2 mol L™!
PBS (pH 7.5) at bare GCE (curve a), ERGO/GCE (curve b) and PP-
ERGO/GCE (curve c), respectively. As can be seen, matrine showed
electrochemical activation on all electrodes. At bare GCE, the elec-
trochemical response of matrine was very weak and only a very
small bulge was observed at 1.02V. In contrast, on the ERGO/
GCE, the oxidation peak currents (ip,) was increased significantly
and the peak potentials (Ep,) was negatively shifted on about
0.771V, indicating that the ERGO films could accelerate the
electron transfer on the electrode surface to amplify the electro-
chemical signal due to its excellent electric conductivity and large
specific surface area. When the PP-ERGO/GCE was applied, a
distinct well-defined and more sensitive anodic peak appeared
under the same experimental condition, of which the iy, is about
33.2- and 6.4-fold higher than that of bare GCE and ERGO/GCE,

respectively, and the Ej, is the lowest. The above results indicated
that the ERGO films prepared by PPM can provide a more efficient
interface and microenvironment for the electrochemical response
of matrine.

For further highlighting the redox properties of matrine at PP-
ERGO/GCE, successive CVs were performed. Fig. 5B shows CVs of
the background (curve a) and successive CVs of 1.2 x 10~ mol L™!
matrine in 0.2 mol L~! PBS (pH 7.5) at PP-ERGO/GCE (curve b). It is
clear that the anodic peak current decreased obviously in the sec-
ond scan compared with that of the first one, and gradually
reduced with successive cyclic sweep. The reason might be that
the oxidation product of matrine adhered to the electrode surface
and hindered the access of matrine. Besides, we also found that if
the electrodes were kept in PBS (pH=7.5) in the absence of
matrine for 3 min under constant stirring, and then CV was carried
out in the solution with scan potential window of between 0.0 V
and 1.0 V (vs. SCE), until the peaks of matrine disappeared. Finally,
the PP-ERGO/GCE surface will be restored to the initial state so that
a new voltammogram then exhibits the same characteristics as
those of the first cycle in Fig. 5B. Therefore, in the following discus-
sion, the peak current is taken from the first cycle.

To further illustrate electrode reaction of matrine at PP-ERGO/
GCE, the influence of potential scan rate (2) on i, of 1.2 x 107*-
mol L~! matrine was studied by CV in different sweep rates from
50 to 300 mV s~ (see Fig. 6). It is clear that the ipa grow with the
increasing of v and there are good linear relationships between
log v and log i,,. The dependence of iy, on the v can be represented
as log iy, = —3.367 + 0.902log v, R = 0.999. The slope of 0.902 proves
that the oxidation process of matrine on the PP-ERGO/GCE is
adsorption-controlled [42]. Furthermore, the E,, shift positively
with the increasing of . According to Laviron’s theory [43], for
an irreversible anodic reaction, the relationship between Ep, and
v is described as follows:

RTk; RT

_ R +—Inv
onF — anF  anF

Epa(V) =E°

where E° is the formal standard potential; « is the charge transfer
coefficient; ks is the apparent electron transfer rate constant; and
others have their usual meaning. The inserted calibration plot in
Fig. 6 highlighted a linear relationship between the variation of
Ep, with the In » from 50 to 300 mV s™' and a good linear equation
was represented as E, (V) =0.879 + 0.031 In v (mV s 1) (R=10.999).
From the slope of the straight line of E,, against In , on = 0.83 could
be obtained. As for a totally irreversible electrode process, the value
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Fig. 3. The SEM images obtained from the ERGO/GCE (A) and PP-ERGO/GCE (B).

of o is assumed as 0.5 [43], thus, the value of n is calculated to be 2
as a reasonable conjecture. In return, o was 0.42. Meanwhile, value
of ks of 0.366 s~! was calculated from the intercept of the straight
line of E,,, vs. Inv. The value of E® was determined to be 0.740 V from
intercept of E,, versus v plot on the ordinate by extrapolating the
line to be v=0.

3.6. Chronocoulometry investigations

For an adsorption driven electrode process, it is necessary to
investigate its saturated absorption capacity (I'max) at the elec-
trode surface. The chronocoulometry (CC) was used to perform this
work in a blank solution (Fig. 7, curve a) and a 5.0 x 10~# mol L™
matrine solution (Fig. 7, curve b), respectively. The step potential
from 0.0V to 1.0V was applied. The corresponding Q ~ t'/? plots
were also performed and shown as inset in Fig. 7. According to
the formula given by Anson [44]:

2nFAc(Dt)'?

Q= 7 + Qar + Quads

Fig. 4. (A) CVs of a bare GCE (curve a), ERGO/GCE (curve b) and PP-ERGO/GCE
(curve ¢) in 1.0x103molL™" Ks[Fe(CN)s]+0.1 molL™" KCl solution,
v=0.05Vs'; (B) CVs of 1.0 x 107> mol L' K3[Fe(CN)g] + 0.1 mol L~! KCl solution
on ERGO film prepared by PPM modified GCE under various texp, (1) texp =50, (2)
texp =100, (3) texp = 150, (4) texp = 200 s; the inset is the dependence of oxidation
peaks current on fexp.

where Qg is the double-layer charge and Q.qs is the Faradaic charge
due to the oxidation of adsorbed matrine. The inset in Fig. 7 shows
the linearized plot for Q-t'/2. The value of Q,4s was obtained by the
difference of two intercepts of the plot of Q-t'/? for curves a and b.
According to the equation: Q.gs = NFAI max, a value of 1.41 x 1078 -
mol cm~2 was obtained for I'max.

3.7. Analytical applications and methods validation

3.7.1. Influence of supporting electrolyte and pH

The types of supporting electrolytes played a key role in the vol-
tammetric responses of matrine. Various buffers such as acetarte,
borate, citrate, phosphate and Britton-Robinson buffer were used.
The best results with excellent sensitivity and sharper response
were obtained with phosphate buffer (PBS). Therefore, studies
were made in PBS, whose pH is ranging from 5.0 to 8.5 at a target
concentration of 1.0 x 10~* mol L~! matrine solution. The results
showed that the Ep, shifted to lower values as the pH increased.
The relationship between the E,, and pH could be fitted into the
regression equation: E,, (V)=1.212-0.054 pH (R =0.998), whose
slope indicates that the same amounts of electrons and protons
took part in the electrode reaction. Therefore, the oxidation mech-
anism for matrine can be written as Scheme 1, which is in
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Fig. 7. Chronocoulometric curves of the background (curve a) and matrine
(5.0 x 107*mol L) (curve b) in 0.2 mol L~! PBS (pH = 7.5) at the PP-ERGO/GCE;
the inset is the corresponding Q ~ t'/? plots.

+20H"

+H,0 + 26"

I

Fig. 5. (A) CVs of 1.2 x 10~*mol L' matrine at a bare GCE (curve a), ERGO/GCE Scheme 1. Oxidation mechanism of matrine at PP-ERGO/GCE.
(curve b) and PP-ERGO/GCE (curve c) in 0.2 mol L~! PBS (pH =7.5), v=0.05Vs;

(B) CVs of the background (curve a) and successive CVs of 1.2 x 10~*mol L™!

matrine (curve b) at the PP-ERGO/GCE.

Fig. 8. Linear sweep adsorptive stripping voltammograms and their associated

calibration plot (insert) for increasing concentrations of matrine at the PP-ERGO/

GCE under optimum conditions; matrine concentration: (1) 0.0molL™!, (2)
Fig. 6. CVs of 1.2 x 10~* mol L~! matrine at the PP-ERGO/GCE at different scan rate 2.0x10%mol L7}, (3) 1.0 x 10> mol L™}, (4) 1.5 x 10> mol L™}, (5) 2.5 x 107> -
(from 1 to 6: 0.05, 0.10, 0.15, 0.20, 0.25, 0.30 V s~!); the insets show the relationship mol L%, (6) 3.5 x 107> mol L', (7) 4.0 x 10> mol L}, (8) 5.0 x 10> mol L™ !, (9)
of the peak potential Ep, against In v. 8.0 x 10 °mol L1, (10) 1.2 x 10~*mol L.
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Table 1

Comparison of determination of matrine by different methods reported.
Electrode Methods Linear range (mol L") Detection limit (mol L) Refs.
1-Cysteine/GO-Chitosan/GCE SWASV 40x10°~1.0x10* 2.0x10° [14]
L-Cysteine/Au oY 20x104~50x1073 - [15]
PP-ERGO/GCE LSASV 20x10°~12x10* 5.0 x 1077 This work

SWASV: square wave anodic stripping voltammetry.

CV: cyclic voltammetry.

LSASV: linear sweep adsorptive stripping voltammetry.

Table 2

Determination results of matrine in injection samples by LSASV and UV.
LSASV (n=5) UV (n=3)
Declared content Amount found RSD Standard added Total found Recovery Amount found RSD
(molL™1) (mol L") (%) (mol L™1) (mol L) (%) (molL™1) (%)
4.00 x 1072 431x1072 2.9 2.00 x 1072 6.17 x 1072 93.0 4.40 x 1072 1.2

accordance with the report [14,15]. Besides, the i, vary very little
in the range of 7.0-7.5; so solution pH of 7.5 were chosen in fol-
lowing experiments, which was close to human physiological pH.

3.7.2. Analytical conditions

In order to decrease the background current, LSASV was
employed in the determination of matrine. Besides, to obtain a
much more sensitive detection, 50 mV s~! was chosen as a most
suitable scan rate for the further experiments.

For an adsorbed-driven electrode reaction, it is good way for
enhancing the detection sensitivity by preconcentration. In the
experiments, the influence of the accumulation time (t,.) on
response currents of 5.0 x 107" mol L™! matrine was estimated.
The results showed that the i,, increased greatly within 240 s
and then enhanced slowly. For all we know, a longer t,.. will result
in a better detection limit, but would also lead to a narrower linear
range. For comprehensive consideration, 240 s was chosen as accu-
mulation time. At the same time, the accumulation potential had
little effect on the iy,. So the accumulation was carried out under
an open circuit.

3.7.3. Calibration curve, detection limit, stability, reproducibility and
repeatability

Series concentrations of matrine standard solutions were
detected under the optimized working conditions, as described
above. Fig. 8 displayed the response of different concentration of
matrine by LSASV. A linear relationship could be established
between i,, and the concentration of matrine in the range of
2.0 x 1075~ 1.2 x 10~* mol L', seen the inset of Fig. 8. The linear
regression equation and correlation coefficient are:

I,a =10.82 +1.37c (R=0.999)

where ip, was the oxidation peak current in pA and c was the con-
centration of matrine in pmol L=, Standard deviations (SD) for the
slope and intercept of the calibration curve were 0.00182 and
0.0997, respectively. Based on the signal-to-noise ratio of 3 (S/N)
[45], the detection limit was obtained as 5.0 x 10~7 mol L~ These
values confirmed the sensitivity of the proposed method for the
determination of matrine.

The stability, reproducibility and repeatability of PP-ERGO/GCE
are also estimated. It is seen that the modified electrode remain
93.7% of its initial current response to matrine after 14 days’ stor-
age, indicating the electrochemical sensor has the good stability.
The reproducibility was examined from the response to
1.0 x 10~* mol L™! matrine at five modified electrodes prepared
in the same conditions and a relative standard deviation (RSD) of

4.3% was obtained. The RSD of the response to 1.0 x 10~4 mol L™!
matrine was 4.1% for 5 successive measurements, indicating the
electrochemical sensor has the good repeatability. All these obser-
vations indicate that PP-ERGO/GCE exhibit excellent stability,
reproducibility and repeatability for detection of matrine.

The proposed PP-ERGO/GCE for matrine determination was
compared with other reported method and the results were
showed in Table 1. It is obvious that the proposed electrodes can
achieve wider linear concentration ranges and lower detection lim-
its. Besides, this research suggests that the preparation of ERGO
film by PPM as voltammetric sensors might be a very promising
direction in trace analysis of electrochemistry.

3.7.4. Interference studies

The influence of various potentially interfering substances for
determination of 1.0 x 10~* mol L~! matrine was studied by LSV.
The results indicated that 100-fold of Ca?*, Zn?*, Cu?*, CI-, SO%™,
NOs3, Ac™, glucose, sucrose and amylum, 10-fold of hypoxanthine,
glycine, glutamic acid, ascorbic acid, uric acid, epinephrine, ade-
nine had almost no influence on the determination and the toler-
ance limit was estimated to be less than 5% of the relative error,
indicating the present method was adequate for the determination
of matrine in real samples.

3.8. Determination of matrine in injection samples

In order to evaluate the validity of the proposed method, it was
employed to determine matrine in injection samples. The sample
was diluted with the supporting electrolyte to operate in the linear
range of the method and to reduce the matrix effect. After the con-
tent of matrine was evaluated, a standard matrine solution was
added into the sample and the total content of matrine was deter-
mined to calculate the recovery (see Table 2). For testing the accu-
racy of the proposed method, the same sample was analyzed using
UV-vis method and the result was listed in Table 2 too. The con-
tents obtained from the proposed method and UV-vis method
were compared using t-test under 95% confidence levels. The
results showed no significant difference between them. The results
showed that the method was reliable for the quantitative determi-
nation of matrine in injection samples.

4. Conclusions

We have demonstrated PPM to prepare ERGO films for the sen-
sitive detection of matrine. The ERGO films at the modified elec-
trode exhibited excellent response toward the oxidation of
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matrine by significantly enhancing the oxidation peak currents and
decreasing the overpotential of matrine, superior to that of poten-
tiostatic method. Wide linear concentration ranges, low detection
limits, and excellent reproducibility and stability were made on
the modified electrode, indicating the ERGO films prepared by
PPM might be a very promising platform for analytical sensing.
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