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A highly sensitive electrochemical sensor for the simultaneous determination of clenbuterol (CLB) and
salbutamol (SAL) was fabricated by the modification of graphene-Nafion (GN-Nafion) composite film
on a glassy carbon electrode (GCE). Both CLB and SAL caused a pair of redox peaks at the GN-
Nafion/GCE in 0.04 M Britton-Robinson buffer solution. Obvious anodic peak currents for the
oxidation of both CLB and SAL were observed under the optimal condition. The difference of
oxidation peak potentials for CLB and SAL was about 200 mV, which made it possible for
simultaneous determination of these compounds using the GN-Nafion/GCE. The detection limit for
CLB and SAL was 0.13 uM and 0.11 uM (S/N=3), respectively. The proposed method was applied to
simultaneously detect CLB and SAL in pork meat with satisfactory results. Otherwise, the excellent
reproducibility, stability and selectivity were obtained at the proposed electrode.
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1. INTRODUCTION

[B.-agonists are phenylethanolamines, which have different substituent groups on the terminal
amino group and the aromatic ring [1]. According to the different substituent on the phenyl ring, B.-
agonists are divided into two types of aniline-type and phenol-type. B,-agonists have been utilized in
the symptomatic treatment of asthma and chronic bronchitis, as well as the prevention of exercise-
induced asthma [2]. In the livestock industry, ,-agonists have been used as growth promoter. When
animals being fed, B.-agonists can improve growth rate and reduce carcass fat [3]. However, the
accumulation of B,-agonists in the body can enter the body through food, which may cause poisoning
and be harmful to human health. There are some toxic symptoms, such as: vomiting, nervousness and
cardiac palpitations [4]. The use of such drugs as animal feed additives has been banned in order to
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ensure food safety. Nonetheless, driven by economic interests, the addition of illegal abuse of -
agonists never stops. Among them, clenbuterol (CLB, IUPAC name: 4-amino-3,5-dichloro-a-[[[1,1-
di(methyl-d3)ethyl-2,2,2-d3]amino]methyl] Benzenemethanol) and salbutamol (SAL, IUPAC name:
2-(tert-butylamino)-1-(4-hydroxy-3-hydroxymethylphenyl)ethanol) are two important types and they
exist simultaneously. Therefore, sensitive and simultaneous determination of CLB and SAL in various
matrices are required to eliminate the abuse of the two B,-agonists.

At present, different analytical approaches have been developed for the By-agonists detection
in animal feeds and animal tissues. These methods mainly include liquid chromatography, GC-MS
capillary electrophoresis, enzyme-linked immunoassay and spectroscopy [5-11]. There methods have
been developed to detect of B,-agonists in meat products. However, these methods are time-consuming
and require complicated and expensive instruments. It is very important to develop a rapid simple and
sensitive method for determination of B,-agonists. Among them, electrochemical method has unique
advantages, such as high sensitivity, good selectivity, low instrument and fast analysis [12-15]. Boron-
doped diamond electrode modified with pyrrole-DNA has been utilized as voltammetric sensor for
CLB detection [16]. Huang et al. also have fabricated the polyaniline/poly (acrylic acid) and Au-hybrid
graphene nanocomposites -modified electrode for the determination of SAL [17]. However, to date,
there has been little simultaneous determination of CLB and SAL in the design of an electrochemical
sensor.

On the other hand, graphene, a nano-carbon material with a two-dimensional monoatomic thick
and a honeycomb lattice structure, has stimulated a vast amount of research in recent years [18].
Graphene is fairly stable at room temperature and has unique characteristics including high surface
area (2630 m*g™), remarkable electrical conductivity [19] (200,000 cm*V™ ), and high thermal
conductivity (~5000W-m™K™). The electronic properties enable graphene to be a promising
electrochemical material [20,21], which provides a new strategy to design electrochemical sensors and
biosensors with high performances.

In this work, the simultaneous determination of CLB and SAL was reported at graphene-
Nafion composite film modified GCE. The electrochemical responses of the fabricated electrode to
simultaneous detection of CLB and SAL such as, sensitivity, linear range, selectivity, and stability
were evaluated. The applicability of the electrode was demonstrated through determining CLB and
SAL in real samples.

2. EXPERIMENTAL PART

2.1. Reagents and apparatus

CLB and salbutamol were purchased from aladdin and used as reserve liquid. Nafion (wt, 5%)
was purchased from the Shanghai HeSen Electric CO, Ltd. Graphite powder. H,SO4, NaNO3z KMnQ,4
H.0,, HCI were purchased from Chinese Medicine Group chemical reagent CO, Ltd. All other
chemicals were analytical grade without further purification and the water was doubly distilled.
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All electrochemical measurements were carried out on a CHI 660D electrochemical
workstation (Chen-Hua, Shanghai, China) with a conventional three-electrode system. A bare or
modified glassy carbon electrode (GCE), a platinum electrode, and a saturated calomel electrode
(SCE) were used as working electrode, counter electrode, and reference electrode, respectively. The
scanning electron microscope (SEM) image was performed with a Quanta 200 microscope (FEI
Company, Netherlands). All experiments were performed at room temperature.

The high-performance liquid chromatography (HPLC) analyses were carried using an Agilent
1260 HPLC system. Chromatographic separation was perfomed on Agilent Eclipse C18 analytical
columns (250 mm x 4.5 mm i.d, 5.0 um). The mobile phase was acetonitrile + phosphate solution (pH
3.0) and the volume ratio was 30:70 at a flow rate of 1.0 mL min™. The injection volume was 20 pL,
and the detection wavelength of the detector was set at 202 nm. The external standard method was
used to determine the accuracy of the modified electrode.

2.2. Synthesis of graphene oxide and graphene

Graphene oxide (GO) was prepared from the natural graphite powder according to Hummer’s
method [22]. In brief, graphite powder, NaNOj3, H,SO,4 were added into the ice bath and stirred for 30
min, and then KMnO, was added into the solution. After 60 min, the reaction temperature was 98 °C.
Then being stirred for 5 min, H,O, were used until no bubbles. Finally, the mixture was filtered,
washed, centrifuged, and dissolved.

Graphene (GN) used in this work was prepared by electrochemical reduction of GO [23].
GO/GCE was reduced by cyclic voltammetry in phosphate buffer solutions. Thus, the GN modified
electrode (GN/GCE) was constructed.

2.3. Preparation of GO-Nafion/GCE[24]

10 pL 5% Nafion solution and 200 pL prepared graphene oxide solution were diluted to 1 ml,
followed by ultrasonication for 30 min to form a stable and homogenous solution, which was used as
modified electrode material. Before modification, the bare GCE (3 mm in diameter) was polished with
0.3 pm and 0.05 pm alumina powder, and then sonicated with ethanol and ultrapure water in turn. The
GO-Nafion/GCE was prepared by casting 5 uL. of GO-Nafion complex solution onto GCE surface and
dried under infrared lamp. Before using, the modified electrode is immersed in the buffer system for a
few minutes, and the water is washed repeatedly to remove the loose nanocomposite material.

2.4. Sample preparation

Different pork samples purchased from local supermarkets. At first, 5 g of crushed pork was
added into 10 mL 0.1 M HCIO, solution, then sonicated for 20 min and heated at 80 °C for 30 min
[25]. After cooling for 15 min and centrifugation at 12,000 rpm, the supernatant was obtained. Then,
the pH value of the above collected liquid was adjusted to 10 using 10% Na,COsz and 4 g NaCl.
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Finally, washed repeatedly with ethanol and 0.1 M HCI in turn, the actual sample can be obtained with
BR buffer (pH 5).

3. RESULTS AND DISCUSSION

3.1. Characterization of GN-Nafion composites

The GN-Nafion composites, formed by ultrasonic, have good dispersion and stability. The
composites were used as modified electrode material. Among them, graphene is expected to improve
sensitivity, while Nafion plays a role in recognition due to the negatively charged surface. The
composite was characterized by scanning electron microscopy (SEM). The result was shown in Fig. 1.
It was clear that Nafion dispersed graphene show wrinkled flake-like shapes. This kind of sheet
structure of graphene made it uneasy to split back to the graphite structure [26-28], which was good
for keeping a large surface area of the electrode surface. This was further evidence that the GN-Nafion
layer could provide a larger surface area and electrochemical surface area for the GCE. The results
showed that the surface effective area of the electrode could be significantly improved after
modification with composite materials.

Figure 1. The SEM image of graphene (left) and graphene-Nafion composite (right).

Fig. 2A shows the cyclic voltammetry curves of GCE (a), GN/GCE (b), Nafion/GCE (c), GN-
Nafion/GCE (d) in 5 mM [Fe(CN)s]*’* 0.1 M KCI. The GCE showed a reversible redox process by
diffusion controlled with peak-to-peak separation (AE,) of 80 mV. When the electrode was modified
with Nafion, the redox peak disappeared completely, which could be owing to the negatively charged
Nafion, blocking the electron transfer from solution to the electrode surface. However, when the
electrode coated with GN-Nafion composites, the redox peak current was significantly enhanced
compared with Nafion/GCE, which shows that the [Fe(CN)6]3"4' electron transfer rate can be
effectively improved by good electrical conductivity of graphene.

Electrochemical impedance spectroscopy (EIS) is further used for the evaluation of the
modified electrode. The electrode-transfer resistance (Re;) value depends on the dielectric and
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insulating properties of the electrode/electrolyte interface. Fig. 2B shows the impedance diagrams of
GCE (a), GO/GCE (b), Nafion/GCE (c), GN-Nafion/GCE (d). It can be seen, that the R value of
about 220 Q at high frequency was obtained at the bare GCE. After coated with graphene, the
electrode shows a small semicircle with a Re; of about 200 Q, indicating that graphene is excellent
conductive material and accelerates the electron transfer. When Nafion is modified, the impedance
value is obviously increased. This phenomenon may be caused by the Nafion film itself, blocking
electronic conduction. However, the Re decreases to about 360 Q after the GN-Nafion modified
electrode, suggesting good conductivity of graphene. This phenomenon also shows that the GN-Nafion

composite material was successfully immobilized on the electrode.
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Figure 2. (A) Cyclic voltammograms of 5 mM [Fe(CN)g]* in 0.01 M KCI with scan rate 100 mV s™
and (B) Nyquist plots of different electrodes from 107 to 10° Hz in 5 mM [Fe(CN)¢]*™*
solution containing 0.01 M KCI. GCE (a); GN/GCE(b); Nafion/GCE (c); GN-Nafion/GCE (d).
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Figure 3. Cyclic voltammograms of 0.01 mM CLB and 0.01 mM SAL obtained at GCE(a);
GlN/GCE(b); Nafion/GCE(c) ; GN-Nafion/GCE (d) in 0.4 M BR (pH 5) at scan rate of 100 mV
s

3.2. Electrochemical behavior of CLB and SAL

The electrochemical behaviors of CLB and SAL in 0.04 M BR buffer solution (pH 5) were
studied by using cyclic voltammetry at different electrodes (Fig. 3). When CLB and SAL were added
into BR, a weak oxidation peak was observed at the GCE (a) and GN/GCE (c). However the
Nafion/GCE (b) gives redox peaks at 0.920 V and 0.285 V and oxidation peaks at 0.670 V for CLB
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and SAL, respectively. The peak-to-peak separation (AEp) was 150 mV. The phenomenon could be
attributed to the negatively charged Nafion, absorbing the positively charged CLB to enhance the
signal. Compared to the electrochemical performances at the Nafion/GCE, the oxidation peak currents
of CLB and SAL obtained at GN-Nafion/GCE(c) increased significantly and the AE, value broadened
to 200 mV. The phenomenon indicated that graphene had excellent electrocatalytic activity and could
improve the sensitivity of the experiment. This also further indicated that the composites could
simultaneously determinate of CLB and SAL. This is mainly attributed to the negatively charged
Nafion and the electrochemical properties of graphene.

3.3. Optimization of experimental conditions

Different experimental conditions (supporting electrolyte, pH, scanning speed), the GN-
Nafion/GCE has different effects on electrochemical determination. Firstly, the effect of supporting
electrolyte on the simultaneous determination of SAL and CLB has been performed. The experiment
was examined in the HAc-NaAc, PBS, and BR buffer solutions, respectively. As showed in Fig. 4A,
the maximum response occurred in the BR buffer solution. Thus, BR buffer solution was selected as
the optimum supporting electrolyte in this study.

The pH is another important parameter for simultaneous determination of SAL and CLB. The
effect of solution pH on electrochemical response at GN-Nafion/GCE towards the simultaneous
determination of 0.01 mM SAL and 0.01 mM CLB was studied in the pH range from 2 to 8. From Fig.
4B, it appeared that the peak potential difference increased with the increasing pH. However,
considering both the peak-to-peak separation and peak current value, pH 5 was chosen as the detection
solution.
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Figure 4. (A) Cyclic voltammograms of 0.01 mM CLB and 0.01 mM SAL obtained in PBS (black
line); BR (red line); HAc-NaAc (green line) buffer solution with scan rate 100 mV s at GN-
Nafion/GCE. (B) Plots of the peak potential difference of CLB and SAL vs. pH at GN-
Nafion/GCE.

The influence of the scan rate on oxidation of 0.01 mM CLB and 0.01 mM SAL respectively at
the GN-Nafion/GCE was investigated by cyclic voltammetry. As can be seen in Fig. 5A, for CLB, the



Int. J. Electrochem. Sci., Vol. 11, 2016 5160

peak currents I, was proportional to the square roots of the scan rate, and the linear regression equation
can be expressed as I, = 2.23 - 30.05 v? (R=0.992), indicating that the oxidation process is typical
adsorption controlled process in the scan rate from 10 to 150 mV s™. For SAL, only an oxidation peak
was observed, which proved once again that the oxidation process is a totally irreversible electrode
process (Fig. 5B). The oxidation current followed the linear regression equations of 1, = -0.42-25.35
v2 (R=0.993). The result indicated that the oxidation process of SAL is adsorption-controlled in the

selected scan rate range.
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Figure 5. Effect of scan rate on the oxidation behavior of 0.01 mM CLB (A) and 0.01 mM SAL(B).
Scan rate increased from inner to outer (10~150 mV sY). Inset: linear relationship of the
oxidation peak current against v
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Figure 6. (A) DPV graphs of different concentration CLB in the presence of 40 mM SAL in BR (pH
5). CLB concentrations (from a to g): 2, 4, 8, 12, 20, 30, 40 uM; (B) DPV graphs of of different
concentration SAL in the presence of 40 mM CLB in BR (pH 5). SAL concentrations (from a
tof):2,4,8, 12,30, 50 uM. The amplitude was 0.005 V and the pulse width was 0.1 s.

3.4. Individual determination of CLB and SAL

The individual determination of CLB and SAL in their mixtures was first performed at the GN-
Nafion/GCE when the concentration of one specie changes while the other is constant. Considering the
sensitivity, the experiment was carried out by differential pulse voltammetry (DPV). Fig. 6A shows
DPV curves of different concentration of SAL with a constant CLB concentration of 40 mM. The
results showed that the oxidation peak current of CLB was proportional to the concentration (c) in the
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range of 2-40 uM with the linear regression equation of |1 = 0.032 - 0.100 ¢ (R=0.990). Similarly, as
shown in Fig. 6B, the oxidative peak current increased linearly with increasing the concentration of
SAL with the linear regression equation of I = 0.027 - 0.074 ¢ (R=0.994). Therefore, the proposed
method allowed the simultaneous determination of CLB and SAL without interference with each other.

3.5. Simultaneous determination of CLB and SAL

In order to further evaluate the feasibility of the method, the simultaneous and quantitative
determination of the two compounds at GN-Nafion/GCE was carried out by differential pulse
voltammetry. As shown in Fig. 7, two well-defined oxidation peaks were observed at 0.920 V and
0.670 V, corresponding to the oxidation of CLB and SAL, respectively. The oxidation peak currents of
CLB and SAL increased linearly with their concentration in the range of 0.4 uM~ 30 uM (I = -3.958-
0.286 c) for CLB, and (I = -3.064-0.169 c) for SAL, with the correlation coefficients of 0.993 and
0.988, with the detection limit of 0.13 puM and 0.11 uM (S/N=3), respectively. Therefore, the
simultaneously selective and sensitive determination of CLB and SAL was achieved at GN-
Nafion/GCE. Compared with the recently reported methods including HPLC, LC-MC, CE, and
molecularly imprinted electrode [3, 29-32], the GN-Nafion/GCE exhibited higher and comparative
sensitivity. This behavior indicated the graphene modified on the electrode improved the electron
transfer between the and the electrode. The above analysis of CLB and SAL in food samples require
additional solid phase extraction to purify sample, making the operation complex. However, the
sensitivity of proposed electrode was lower than the antibody or aptamer-modified electrode [33-35].
Note that the bioactive molecules is easy to lose activity, which reduce the low long-term stability.
Thus, the sensitive and simple detection of CLB and SAL on the presented electrode is practical for the
analysis for the real samples.

I/uA
%

10k

2k

0 10 20
< CluM

I
-14 1 1 1 pq’ | L |

1.2 1.1 10 09 08 07 06
C/luM

Figure 7. (A) DPV for simultaneous determination of CLB and SAL with increasing concentration
(fromatoj: 0.4,0.8,1.6,2,4,8, 12,16, 20, and 30 uM) in pH 5 BR. The amplitude was 0.005
V and the pulse width was 0.1 s. Insert: calibration plots of the oxidation peak current versus
different concentration of CLB (red line) and SAL (black line).
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3.6. Reproducibility, stability and interference

The reproducibility was estimated by determining CLB and SAL in BR buffer solution using
eight modified electrodes made independently. The relative standard deviation (RSD) of CLB and
SAL were 3.11% and 4.09%, respectively. The low RSD value demonstrated that the modified
electrode had excellent reproducibility. When the modified electrode was stored at 4 °C for 48 h, only
a small decrease of the oxidation peak current was observed with the signal change of 2.21% for CLB
and 3.01% for SAL. The experiments indicated that the modified electrode had good stability for the
simultaneous determination of CLB and SAL.

In addition, some common inorganic ions or organic compounds may affect on the
simultaneous determination of CLB and SAL. It is found that 100-fold Ca**, Zn**, Mg?*, SO.*, NO3/,
glucose, starch, uric acid and ascorbic acid do not interfere with the determination, but 50-fold L-
cysteine has certain influence on experimental determination.

3.7. Analytical applications

To investigate the applicability of the proposed method for the simultaneous determination of
CLB and SAL, pork meat samples were used as quantitative analysis. The treated sample was diluted
200 times with BR buffer solution, and the sample was determined by the above method. No CLB and
SAL was detected in food samples. So the standard solution with different concentrations were spiked
into the sample, and then the samples were analyzed under same conditions. Table 1 listed the results.
The recoveries were 98.2%~103.5% and 98.6%~102.2% for CLB and SAL, respectively, which
indicated the applicability and reliability of the modified electrode. Samples were also analysed by
HPLC method, and the results are also showed in Table 1. These results suggest that the proposed
method have the similar accuracy to HPLC method, and importantly the sample pretreatment and the
operation by the proposed method are simpler than those by HPLC method.

Table 1. Determination of CLB and SAL in pork meat.

Sample  Sample Added (uM) This method HPLC

no. Found (uM) Recovery(%) Found (uM) Recovery(%)

1 CLB 6 5.89 98.2 6.03 100.5
SAL 6 5.92 98.6 5.91 98.5

2 CLB 14 145 103.5 14.6 104.3
SAL 14 14.2 101.4 14.2 1014

3 CLB 18 17.8 98.9 18.3 101.7
SAL 18 18.4 102.2 17.6 103.4

4. CONCLUSIONS

In the study, the simultaneous determination of CLB and SAL was investigated at the GN-
Nafion/GCE by cyclic voltammetry and differential pulse voltammetry. The results showed that the
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composite of graphene and Nafion can effectively enhance the oxidation peak current and increase the
peak potential difference. The difference between the peak potentials of CLB and SAL in at the
modified GCE showed that the simultaneous determination of them was possible. The fabricated
electrode showed excellent sensitivity, high selectivity, reproducibility and good stability. The method
was applied to determine CLB and SAL in pork meat with satisfactory results, which indicated that the
sensor has very good prospects application in the food safety.
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