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In this work, we prepared an electrochemical sensor to quantify the catalpol, where the glassy carbon
electrode (GCE) was modified by the polyaniline graphene. Compared with the bare GCE, we found
that the GCE modified with polyaniline graphene exhibited a well-defined oxidation of the catalpol.
Moreover, a significant enhancement in the current response was observed during the process.
Especially, the current response of the oxidation peak of the catalpol exhibited a linear relationship
with the concentration of the catalpol in the range of 0.005 to 50 uM, where the limit of the detection
was 0.002 uM. The electrochemical sensor was succeeded to be applied in the determination of the
catalpol in the root of Rehmannia glutinosa the due to the improved voltametric performance.
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1. INTRODUCTION

Rehmannia glutinosa, belonging to the family of Scrophulariaceae, has been widely used to
enrich Yin and tonify the kidney in the traditional Chinese medicine (TCM) as the traditional Chinese
herb, which has exhibited a remarkable medicinal value. During the past decades, a mass of studies on
Rehmannia glutinosa in chemistry and pharmaceutics have been reported. More than 70 compounds
such catalpol, iridoids, amino acid and saccharides have been observed in the herb as well as some
other microelements. It has been demonstrated that Rehmannia glutinosa and its effective constituents
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exhibited a remarkable pharmaceutical effect on the immune system, cardiovascular system, blood
system, endocrine system and nervous system. Especially, catalpol ((2S,3R,4S,5S,6R)-2-
[[(1aS,1bS,2S,5aR,6S,6aS)-6-hydroxy-1a-(hydroxymethyl)-2,5a,6,6a-tetrahydro-1bH-
oxireno[5,6]cyclopenta[1,3-c]pyran-2-ylJoxy]-6-(hydroxymethyl)oxane-3,4,5-triol) has exhibited a
remarkable therapeutic and preventive performance to neurodegenerative disorders.

Moreover, catalpol could prevent the primary cultured cortical neurons from apoptosis caused
by AB1-42 [1] and protect the astrocytes against the oxidative stress induced by hydrogen peroxide
(H20,) in vitro [2]. Besides, catalpol could also hinder dopaminergic neurons from inflammatory
degeneration induced by LPS and prevent the inflammation of the cortical neuron-glia cultures caused
by B-amyloid [3, 4]. On the other side, the cognitive damage of the senescent mice induced by d-
galactose has been decreased as well as the transient global cerebral ischemia in gerbils in vivo [5, 6].
Nevertheless, so far, only one paper has reported the pharmacokinetics of the catalpol by oral
administration with rats [7], where the performance of the catalpol to penetrate the blood-brain barrier
(BBB) is still undefined, which is prerequisite to treat neurodegenerative diseases.

For the determination of the catalpol in the insects and the plants [8-10], gas chromatography-
mass spectrometry (GC-MS), high-performance liquid chromatography (HPLC) [11] and micellar
electrokinetic capillary chromatography-mass spectrometry (MECC-MS) have been employed.
Nevertheless, low sensitivity (35 pg/mL) and long running time (more than 20 min) have commonly
been observed in these techniques. Besides, the complicated procedures to prepare samples are
required, whereas this could not work in the pharmacokinetic study [12]. Hence, a new method is
needed to determine the catalpol in the herb and drug.

Recently, developing the electrochemical sensors to detect molecules has attracted massive
interests as the electrochemical sensors exhibit numberous advantages including short analysis time,
high sensitivity and selectivity, relatively inexpensive instrumental requirements and simple
experimental procedures which are suitable for various physiological samples [13-16]. The liquiritin
could be measured with the common electrodes, but the over-potential electrode contaminants may be
induced by the products. Besides, some biological molecules, which undergo reduction or oxidation
under a similar potential window as the catalpol, could result in the interference. Thus, the
modification of the electrode surface is required to enhance the analytical capacity to detect the
catalpol electrochemically.

Polyaniline, which is one of the most remarkable conducting polymers, has promising
application in the field of biosensors and electrochemical sensors [17, 18]. PANI, which has exhibited
predominant signal amplification and anti-fouling features, could be employed as a proper matrix to
immobilize the biomolecules and mediator in the enzymatic and redox reactions [19, 20], due to its
excellent biocompatibility and intrinsic electroactivity. In recent researches, it is demonstrated that the
electrocatalytic activity and conductivity of the electrode materials generated by integrating carbon
nanotubes (CNTs) with PANI have been improved remarkably[21-24]. However, compared with
CNTs, various advantages have been observed in graphene, such as high conductivity, easy production
and functionalization, massive cheap source materials and excellent biocompatibility [25]. Thus,
exploring graphene-polyaniline (GR-PANI) hybrid is significantly necessary for the application in
biosensors and electrochemical sensors. Nowadays, several groups have reported the use of the in situ
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polymerization approaches to prepare the GR-PANI nanocomposite [26-28]. Moreover, the
mechanical strength and conductivity could be significantly enhanced by doping polyaniline into
graphene, which has exhibited a predominant capacity for supercapacitors as the electrode material.

Herein, the in situ polymerization method has been employed to prepare the GR-PANI
nanocomposite. Then the as-prepared GR-PANI nanocomposite is used to modify the glassy carbon
electrode which is fabricated with the electrochemical sensor. The electrochemical performance and
the voltammetric measurement of the catalpol on the electrode modified with GR-PANI are studied in
detail. However, to our best knowledge, it is the first time to determine the catalpol with the
electrochemical method. The results indicate that the GR-PANI composite film is efficient for the
catalpol as the electrochemical sense. Besides, the obtained GR-PANI could also be employed to
determine the catalpol in the practical Rehmannia glutinosa sample.

2. EXPERIMENTS

2.1. Chemicals

Graphite powder (99.95%, 325 mesh), aniline, ammonia solution (28 wt%), ammonium
peroxydisulfate (APS) and hydrazine solution (50 wt%) were commercially available (Shanghai
Chemical Reagent Co., Ltd., Shanghai, China). Acetic acid, boric acid and phosphoric acid were mixed
in the definite weights to prepare the BR buffer solution, where sodium hydroxide (0.2 M) was utilized
to adjust and obtain the desired pH. All the reagents in this paper were analytically pure and used as
obtained without any process. Besides, the deionized water, which was produced by a Milli-Q water
purification system, was used to prepare all the solutions. Noted that the resistivity of the deionized
water was below 18 MQ

2.2. Apparatus

For the electrochemical researches, CHI660A electrochemical workstation (CH Instruments,
USA) was employed. Besides, a standard three-electrode cell was utilized in this system, where the
modified electrode was used as the working electrode, a saturated calomel was employed as the
reference electrode and the platinum wire acted as the auxiliary electrode. Noted that all the potential
values described below were related with SCE.

2.3. Preparation of GR-PANI nanocomposite

The graphite powder was used as the starting material to synthesize graphene oxide through the
improved Hummers approach [29, 30]. In general, a mixture consisting of 5 g P,O0s, 5 g K;S,0g and 15
mL concentrated H,SO, was utilized to pre-oxidize graphite. Then, the mixture was diluted by the
deionized water, filtered and naturally dried. Subsequently, the mixture of KMnO,4 and concentrated
H,SO, was employed to re-oxidize the pre-oxidized graphite via Hummers approach. Here, the GR-
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PANI nanocomposite was produced according to the literature approach [26]. GR-PANI
nanocomposite was prepared by the literature method. In a typical procedure, graphene oxide was
under ultrasonic for 1 h to be dispersed in HCI with a concentration of 1 M in the presence of 0.3 M
aniline. Subsequently, another solution of APS with a concentration of 0.75 M in 1 M HCI was added
into the mixture quickly, where the mixture was stirred vigorously. It was obvious that the colour of
the mixture became green after 5 min, which suggested that the aniline was polymerized. Then, the
resulting mixture was stirred overnight at room temperature. After that, the mixture was diluted with
100 mL water and filtered. Then, hydrazine was used to reduce the obtained GR-PANI oxide
composite at 95 °C in water. At last, the reduced composite was dispersed in the mixture of 1 M HCI
and APS and stirred overnight at room temperature. After filtration, the resultant GR-PANI
nanocomposite was collected and dried in vacuum.

2.4. Preparation of modified electrode

The resultant GR-PANI described above was dispersed in DMF under ultrasonic for 1 h to
generate homogenous suspension with a concentration of 1 mg/mL. Subsequently, 5 uL of the obtained
suspension was taken out and deposited on the surface of the GCE which was freshly polished. Then it
was dried at room temperature to obtain the GCE modified with GR-PANI (GR-PANI/GCE). Besides,
the homogenous suspensions (5 uL) of graphene and PANI in DMF (1 mg/mL) were deposited on the
bare GCE to prepare the GCE modified with GR and PANI (GR/GCE and PANI/GCE), respectively.

2.5. Real sample analysis

First, the purchased liquorice Rehmannia glutinosa was grinded into powder. Then, around 1g
powder was dispersed in 70% ethanol solution (50 mL) and refluxed for 1 h at 80 °C. After that, the
mixture was cooled and filtered by a paper filter. Then the obtained solution was evaporated to 50 mL
under vacuum. At last, 2.0 mL of the above solution was diluted to 50 mL with the BR buffer.

3. RESULTS AND DISCUSSION

The in situ polymerization was used to prepare the GR-PANI nanocomposite. For this method,
the exfoliated graphene oxide sheets were first mixed with the aniline monomer to generate a
homogenous suspension. The APS was added to initiate the in situ polymerization to prepare the
homogenous polyaniline-graphene oxide. Subsequently, the obtained composite was reduced by
hydrazine and then re-oxidized and re-protonated to prepare the GR-PANI nanocomposite. The mass
ratio of graphene oxide to aniline monomer in the original materials was kept at 4:1 to make graphene
as the prime constituent. Scanning electron microscopy (SEM) was used to characterize the
morphology of the obtained GR-PANI composite and graphene. In Figure 1, it was obvious that the
layered and wrinkled form was obtained in GR-PANI, where the PANI nanofibers distributed among
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and on the surface of the graphene sheets. Figure 2 showed the Nyquist plots recorded at the bare
GCE, GR/GCE and GR-PANI/GCE. It was obvious that GR-PANI exhibited slightly higher interfacial
charge-transfer resistance than GR. Nevertheless, they were both relatively low because of the
excellent conductivity of GR. Besides, the Warburg region in the Nyquist plot of GR-PANI was
negligible, which indicated that the length of the diffusion path of the ions in the electrolyte was short
and equal. This might be ascribed to that the morphology of the GR-PANI composite was homogenous
so that the ions in the electrolyte could only access to the surface of the nanocomposite.

Figure 1. SEM images of GR (A) and GR-PANI nanocomposite (B).
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Figure 2. The Nyquist plots of bare GCE (A), GR/GCE (B) and GR-PANI/GCE (C) in Fe(CN)¢> "
with a concentration of 5 mM in the presence of 0.1 M KCI. The frequency range is 0.01 Hz to
100 kHz.

Furthermore, cyclic voltammetry was employed to evaluate the electrochemical performance of
the GR/GCE and GR-PANI/GCE. Figure 3A, 3B and 3C illustrated the cyclic voltammograms of
catalpol with a concentration of 0.01 mM dissolved in 0.1 M BR buffer solution with a pH of 7.0 at the
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bare GCE, GR/GCE and GR-PANI/GCE, respectively. For all the electrodes described above in BR
buffer solution with a concentration of 0.1 M when pH was 7.0, no responses were observed without
adding catalpol. However, it was obvious in the cyclic voltammograms that the background current at
GR/GCE and GR-PANI/GCE was larger than that of GCE, which indicated that both GR and GR-
PANI had been coated on the bare GCE efficiently. Besides, the electroactive surface area of these two
materials were more effective compared with the bare GCE. After adding catalpol, the oxidation peak
observed at the bare GCE and GR/GCE in 0.1 M BR buffer solution with a pH of 7.0 was around 0.70
V and 0.61 V, respectively. However, for the GR-PANI/GCE in 0.1 M BR buffer with a pH of 7.0, a
pair of definite redox peaks was obtained after adding catalpol, where the potentials of the reduction
and oxidation peak were 0.34 and 0.54 V, respectively. Especially, the oxidation peak current observed
at the GR-PANI/GCE was 80 times higher than that of the bare GCE, which indicated that the
electroactive surface area and the electrocatalytic capacity of the GR-PANI to catalpol were relatively
higher. However, compared with the bare GCE and GR/GCE, the oxidation peak potential of catalpol
at the GR-PANI/GCE was relatively lower, which indicated that the GR-PANI/GCE exhibited an
efficiently electrocatalysis performance for the redox reaction of catalpol. The observed enhancement
in the anodic peak current as well as lowering of the overpotential can be attributed not only to the
enlargement of microscopic surface area of the electrode, but also to the contribution of GR as electron
conductor that promoted the conductivity of the modifier film [31]. In order to testify these
assumptions, the microscopic surface areas of GR-PANI/GCE was calculated by CV method using
KsFe(CN)g as a redox probe at different potential scan rates. Randles-Sevick equation is used to obtain
the microscopic electrode surface area [32]. The electrode surface area of the bare and modified GCE
was 0.23 and 0.67 cm?, respectively. This indicates that the microscopic area of the 3 GR-PANI/GCE
increased significantly and is almost 3 times larger than the microscopic area of the bare GCE.

Bare GCE GR/GCE GR-PANI/GCE

IZ i I 20 pA “’;‘,a"/\“"u.x

Current (pA)
Current (pA)
Current (pA)

0.0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.0 0102 03 04 0506 07 0.8 00 0102 03 04 05 06 07 0.8
Potential (V) Potential (V) Potential (V)

Figure 3. Cyclic voltammograms at the bare GCE, GR/GCE and GR-PANI/GCE in BR buffer solution
with a concentration of 0.01 mM (pH 7.0) in the absence and presence of 0.01 mM catalpol.
Scan rate: 50 mV/s.

In theory, the pH of the solution should influence the redox system as catalpol may involve in
the protons during the whole of the electrode reaction. Thus, the effect of the solution pH ranging from
3 to 11 on the redox reaction of catalpol at the GR-PANI/GCE was investigated through measuring the
cyclic voltammetry of catalpol with a concentration of 0.01 mM in BR buffer solution with a
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concentration of 0.1 M with various pH at the GR-PANI/GCE. The negative shift was observed in the
potentials of both the oxidation and reduction peak of the GR-PANI/GCE when the solution pH
increased. In Figure 4A, a linear variation with a slope of —=59.6 mV/pH, which was approximate to the
theoretical value of =58 mV/pH, was observed in the oxidation peak potential (Eps) When varying pH
from 3 to 11. Besides, this result was in accordance with the Nernst equation of the two-proton and
two-electron reaction. In Figure 4B, the anodic peak currents of the liquiritin was enhanced when the
pH values of the solution were increased from 3 to 11. However, a decreased response was obtained
with the sensor when the pH value of the solution was increased to beyond 8. Thus, the pH employed
in this work was determined to be 8. On the other hand, it was observed that buffer solution
composition had no significant influence on stripping current [33].
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Figure 4. The relationship between Ep, and the pH value of the solution (A); The relationship between
the anodic peak current response and the pH value of the solution collected in cyclic
voltammograms at the GR-PANI/GCE in 0.1 M BR buffer solution with 0.01 mM catalpol (B).

In addition, to improve the sensitivity and reduce the limitation of the catalpol detection, the
square-wave voltammetry of catalpol was carried out, where catalpol was dispersed in BR buffer
solution with a concentration of 0.1 M, of which the pH is 8.0. Figure 5 illustrated the responses of the
square-wave voltammetry at GR-PANI/GCE during the successive addition of catapol. In Figure 5, a
positive relationship was observed between the anodic peak current and the concentration of catapol in
the range of 0.005 to 50 uM. The equation of the linear regression for the GR-PANI/GCE was lp, (A) =
23.4Ccataipol (MM) + 1.47 x 102 (mA) (r = 0.998), where the limit of detection was calculated to be 2
nM. Thus, it indicated that the GR-PANI/GCE was suitable for the potential detection of catalpol in
the practical samples as the proposed electrochemical sensor exhibited a high sensitivity. Electrode
modification is a modern and versatile concept, attracting much attention in the field of
electrochemistry. Modified electrodes can exhibit high selectivity and sensitivity toward catapol
determination. A number of studies are reported in the literature. Some of them are summarized in the
Table 1.
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Figure 5. Square-wave voltammetric responses to the successive additions of catalpol with a
concentration ranging from 0.005 to 50 pM in 0.1 M BR buffer solution (pH 7.0) at the GR—
PANI/GCE. The inset is the corresponding calibration curve.

Four extracting samples of Rehmannia glutinosa were investigated to evaluate the applicability
of the proposed GR-PANI/GCE for the determination of catalpol. Besides, the Spike and recovery
process was employed to confirm the validation of the proposed approach. Table 2 illustrated the
results of the proposed electrochemical sensor. It was obvious that the proposed GR-PANI/GCE
exhibited a remarkable capacity to the detection of catalpol in the extracting samples of Rehmannia
glutinosa root, which indicated that the proposed approach was effective in the detection of catalpol in
the practical herb samples.

Table 1. Comparison of analytic performance for catalpol determination..

Method Detection range  Limit of detection Reference
HPLC-APCI-MS/MS 10-50 000 ng/mL — [34]
HPLC 0.5to 7 uM — [35]
Sidiming Capsules by HPLC 0.03to550uM  0.01 uM [36]
GR-PANI/GCE 0.005 to 50 uM 2 nM This work

Table 2. The determination of the catalpol content in the extracting samples of Rehmannia glutinosa
root with GR-PANI/GCE.

Sample Addition (uM) Found  Recovery

(M) (%)
1 0 12.31 —

5 17.56 101.44
2 0 13.65 —

20 34.51 99.60
3 0 12.54 —

30 41.12 99.01
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4. CONCLUSION

In conclusion, GR-PANI was used to modify the surface of the electrode. A selective, sensitive
and reliable method to determine the catalpol in the extracts of the Rehmannia glutinosa root was
firstly elaborated by the obtained GR-PANI/GCE. The results indicated that the GR-PANI/GCE
exhibited a remarkable capacity to the electrochemical oxidation and reduction of the catalpol.
Moreover, a linear relationship was observed between the response and the concentration in the range
of 0.002 to 50 uM.
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