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The determination of clenbuterol is crucial for food safety and sport science. In this work, we use
tetraethyl orthosilicate and (3-aminopropyDtriethoxysilane as cross-linking agents and functional
monomers for the electrodeposition of SiO; films with the addition of clenbuterol. After the elution
process, the prepared electrode can be used for the sensitive determination of clenbuterol due to the
molecular imprinting effect. Under optimum conditions, results show that the current of clenbuterol
decreases linearly in the range of 2 uM to 0.1 mM, and the detection limit is 31 nM. The proposed
electrochemical sensor also exhibits excellent stability and reproducibility, showing its high potential
for use in sensing clenbuterol in food samples.

Keywords: Clenbuterol; Sol-gel; SiO2; Electrodeposition; Molecular imprinting

1. INTRODUCTION

[-agonists are phenylethanolamine compounds in veterinary drug residues. At present,
clenbuterol, salbutamol and terbutaline are the most common veterinary drugs. These -agonists can
enhance lipolysis and slow protein catabolism, promote muscle tissue growth and reduce carcass tissue
content [1,2]. Therefore, they are used in large doses in animal husbandry production, which can
significantly improve the feed conversion rate and lean meat rate; furthermore, these [3-agonists are often
used as growth-promoting additives in new drugs. f-agonists have a chemical structure similar to
adrenaline and can bind with receptors on the cell surface to produce obvious physiological effects, such
as palpitations, headaches, dizziness, nausea, vomiting, fevers, muscle tremors, nervousness, blood
expansion, and accelerated heart rates. Moreover, due to the oral activity of these compounds, 3-agonist
residues will concentrate in edible animal tissues [3-5]. If you eat too much, it will produce certain toxic
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side effects on human and animal livers, kidneys and other internal organs. Moreover, if athletes eat
these B-agonists by mistake in their daily diet, it may lead to being banned by testing positive in doping
tests [6]. B-agonist residues in animal-derived food seriously hinder the export trade of animal-derived
food and threaten the safety of people’s lives. Therefore, we should strengthen the detection and control
of B-agonist veterinary drug residues in animal feed and food [7-9].

At present, the detection methods of B-agonist veterinary drugs are mainly divided into two
categories: chromatographic analysis technology and immunoassay technology. High-performance
liquid chromatography (HPLC) [10-12], gas chromatography-mass spectrometry (GC-MS) [13-15] and
capillary zone electrophoresis (CE) [16-18] are the most commonly used techniques for the detection of
veterinary drug residues. HPLC has the characteristics of a low detection limit, simple operation, fast
response, good reproducibility, and accurate and reliable results. GC-MS can be used for the qualitative
and quantitative analysis of certain residues in the presence of multiple residues. Therefore, GC-MS can
effectively detect various veterinary drug residues in food. However, these two methods also have the
characteristics of a cumbersome detection process, long detection time, expensive instruments, difficult
operation and high price. Alternatively, the electrochemical sensing method can be considered a new
technique for the sensing of B-agonists due to its high sensitivity and fast response. Molecularly
imprinted electrochemical sensors can be used for the quantitative detection of target molecules or
analogues by specific selective recognition [19-22]. These sensors have good stability and can be used
in harsh environments, including those consisting of high temperatures, high pressures, organic solvents,
acids, alkali, etc.

Sol-gel technology is a promising material processing method. It has been widely applied in
material science and many related fields. This technology refers to the way that organic or inorganic
compounds are solidified by solution, sol and gel, and then heat treated to produce oxides or other
compounds [23-30]. Especially in the past 20 years, sol-gel technology has shown wide application
prospects in regard to producing thin films, ultrafine powders, composite functional materials, fibres and
glass with high melting points [31,32]. The application value of the sol-gel process is that it has the
advantages of high purity, strong uniformity, low treatment temperature and easy control of reaction
conditions. Compared with other materials, sol-gel materials have better physical rigidity and chemical
inertia, negligible swelling in solvents, and high stability to light, chemicals, heat and biodegradation.

At present, the molecularly imprinted film formed by a silica sol-gel is nano- to microscale and
porous. The material diffusion rate in the film is relatively fast, and the preparation method is simple.
The formed film has the advantages of physical rigidity and chemical and thermal stability [33-36]. The
sol-gel films prepared on the electrode surface are mostly made by drop coating, spin coating or physical
adsorption. Although this method is fast and simple, it is difficult to control the thickness of molecularly
imprinted films and avoid cracking caused by surface tension. Therefore, in the process of
electrodeposition, silanes are hydrolysed, condensed and dealcoholized to form a dense silica-like
network structure. Compared with a traditional silica gel molecularly imprinted film prepared by the
traditional method, the gelatinization process and evaporation process are separated from each other in
the above preparation process so that silane is fully hydrolysed and dried and is more conducive to the
diffusion of substances in the film; this method effectively avoids film cracking. In this work, we
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fabricate a SiO.-clenbuterol molecularly imprinted electrochemical sensor. The sensor has the
advantages of high stability, a long service life and fast response.

2. MATERIALS AND METHOD

All reagents were analytical grade and used without purification. Tetraethyl orthosilicate
(TEOS), 3-aminopropyl)triethoxysilane (APTES), and clenbuterol were purchased from Aladdin Co.,
Ltd. A gold electrode (Au), Pt wires and Ag/AgCl (3 M) were used as the working, counter and reference
electrodes, respectively. The morphology was observed by scanning electron microscopy (SEM, Apreo,
FEI). The surface functional groups were characterized by Fourier transform infrared (FTIR)
spectroscopy (Nicolet iS5, Thermo Scientific).

The Au was first polished using an Al>Os slurry and washed with water and ethanol. Then, the
Au was added to the electrodeposited sol-gel solution. The sol-gel solution was prepared with 0.5 mL of
TEOS, 0.2 mL of APTES, 0.02 g of clenbuterol, and 4 mL of KCI (0.4 M) with 2 mL of ethanol. The
deposition process (molecular imprinting) was conducted at -0.8 V for 30 min. The electrodeposited Au
was then washed using water and naturally dried. The prepared sensor was denoted as CI/MIP/Au. The
electrochemical sensor without the target molecule was prepared using a similar method without adding
clenbuterol and denoted as MIP/Au. During sensing, the prepared CI/MIP/Au was first immersed in 50%
HNO3 for half an hour to remove clenbuterol molecules (elution process). Then, CI/MIP/Au was used
for the detection of different concentrations of clenbuterol using potassium ferricyanide as a probe.

3. RESULTS AND DISCUSSION

SEM was used to characterize the surface morphology of the film. Fig. 1a is the SEM image of
the molecularly imprinted film before elution. It can be seen from the figure that the surface of the film
IS smooth before the template molecules are eluted. Fig. 1b is the SEM image of the molecularly
imprinted film after elution. It can be seen from the figure that dense molecularly imprinted holes appear
on the surface of the film after the elution of template molecules, and the surface becomes rough. These
results show that the SiO> molecularly imprinted film can imprint clenbuterol with high stability.

Figure 1. SEM image of CI/MIP/Au (A) before and (B) after the elution process.
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The structure and composition of the molecularly imprinted film were studied by FTIR
spectroscopy. As shown in Fig. 2, both the molecularly imprinted polymer and nonmolecularly imprinted
polymer have a stretching vibration peak of -N-H at 3425 cm™. Additionally, they all have a strong
absorption peak of -Si-O at 1083 cm™, which indicates that the main component of the molecularly
imprinted film and nonmolecularly imprinted film is SiO.. The molecular imprinted polymer shows a
skeleton vibration peak of -Cg-Hs at 1590 cm™ and a fingerprint absorption peak of -Cs-Hg at 693-868
cmt. These results show that the target molecule clenbuterol is successfully imprinted in the SiO2 film
[37-39].
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Figure 2. FTIR of CI/MIP and MIP/Au.

The polymerization conditions of the molecularly imprinted film were optimized. We set the
amount of template molecules, changed the mass ratio of the functional monomer to crosslinker, and
finally determined the differential pulse voltammetry (DPV) peak height of each sensor after elution
under the same conditions. As shown in Fig. 3, after repeated tests on the ratio of the template molecule,
functional monomer and crosslinking agent, it is found that the optimum ratio of the crosslinker,
functional monomer and template molecule is 25:10:1, respectively.
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Figure 3. DPV peak current of different ratios of APETS/TEOS (0.1 M PBS, pH 7.0, at a scan rate of
10 mV/s).
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Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used to
characterize the properties of the films. Since clenbuterol has no electrochemical activity, the
molecularly imprinted membrane was characterized by an indirect method. We used potassium
hexacyanoferrate as the probe between the imprinted electrode and the bottom solution, and the
electrochemical signal changed accordingly when holes in the membrane were blocked. The imprinted
holes in the membrane provide a mass transfer channel for the redox reaction between the probe
molecules and electrode surface. After the imprinted hole readsorbs the template molecule, the hole is
blocked, which hinders the process of potassium ferricyanide probe molecules entering the hole and
contacting the electrode surface; therefore, the decreased amount of potassium ferricyanide reaching the
electrode surface changes the current value accordingly. These current values reflect the change in the
molecular weight of the template in solution. As shown in Fig. 4, curves a to b show the process of
obtaining a molecularly imprinted polymer film on a bare gold electrode. The formation of a
nonconductive molecularly imprinted film on the electrode surface hinders the redox reaction process of
potassium ferricyanide probe molecules arriving at the electrode surface. The redox peak current of
potassium ferricyanide decreases sharply from the bare gold electrode to CI/MIP/Au. Curves b to c are
the elution process of template molecules. Because the template molecules are eluted and the imprinted
holes are exposed, the potassium ferricyanide probe molecules can contact the electrode surface through
the imprinted holes and undergo a redox reaction, which makes the peak current value of potassium
ferricyanide sharply increase from curve b (after modifying the molecularly imprinted membrane) to
curve c (after eluting the template molecules). Curves c to d are the process of readsorption of template
molecules. When the template molecules re-enter the imprinted hole, the redox of potassium ferricyanide
probe molecules on the electrode surface becomes more difficult, so the peak current value sharply
decreases. These changes indicate that the molecularly imprinted membrane is specific and efficient for
the recognition of clenbuterol [40-43].
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Figure 4. CVs (5 mM Kaz[Fe(CN)s]/Ks[Fe(CN)s, at a scan rate of 50 mV/s) of bare Au (a), CI/MIP/Au
before elution (b), CI/MIP/Au after elution (c) and adding clenbuterol into CI/MIP/Au (d).
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Figure 5 shows the CV curves of Au and MIP/Au. The formation of a polymer film on the
electrode surface makes the redox reaction between the electrode surface and the bottom solution more
difficult, which makes the current value of potassium ferricyanide sharply decrease from that with just
Au. In the subsequent elution process, due to the lack of template molecules, molecularly imprinted
holes will no longer appear on the polymer film, so the current will hardly increase.

200 4 T T T T

150 +

-

o o
o o o
1 1 1

Current (pA)

-100 +

-150 4

T T T T T T T
-0.2 0.0 02 0.4 06

Potential (V)

Figure 5. CVs (5 mM Ks[Fe(CN)s]/K4[Fe(CN)s, at a scan rate of 50 mV/s) of bare Au (a) and MIP/Au.
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Figure 6. EIS (5 mM Kj[Fe(CN)e]/Ks[Fe(CN)e¢]) of bare Au (a), CI/MIP/Au before elution (b),
CI/MIP/Au after elution (c) and adding clenbuterol into CI/MIP/Au (d).

Figure 6 shows the EIS spectra. During the formation of a molecularly imprinted film, the
electron mass transfer between the bottom solution and electrode surface becomes more difficult due to
the formation of a molecularly imprinted film on the electrode surface. Therefore, after each step of
assembly, we can see an increase in impedance. However, after the elution process, the impedance of
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the electrode recovers somewhat [44-47] due to the disappearance of clenbuterol on the electrode
surface.

Therefore, the resistance of the electrode increases and the conductivity decreases. During the
process of elution, almost all template molecules are removed, so the potassium ferricyanide probe
molecules can reach the electrode surface through the molecularly imprinted holes and undergo a redox
reaction; this mechanism leads to another increase in conductivity [48-51]. After the imprinted
molecules are adsorbed again, the mass transfer channel of the potassium ferricyanide probe molecule
is again blocked; thus, the resistance increases again, and the conductivity sharply decreases. The above
changes also indicate that the molecularly imprinted film is specific and efficient for the recognition of
the template molecule clenbuterol. The advantage of this approach is that expensive biological reagents
can be avoided.

DPV can be used to detect the response of clenbuterol in imprinted films. As shown in Fig. 7,
with the addition of 2 uM clenbuterol to a 10 mL PBS solution with potassium ferricyanide, the oxidation
peak current of potassium ferricyanide gradually decreases. In the range of 2 uM to 0.1 mM, the peak
current of potassium ferricyanide decreases linearly with an increasing clenbuterol concentration. The
linear equation is 1=-0.829 + 0. 9711c (r = 0. 9979). According to S/N=3, the detection limit of
clenbuterol is 31 nM. Compared with other sensors listed in Table 1 for the detection of clenbuterol, the
detection performance of CI/MIP/Au in this work is superior to that of the majority of materials in the
previous reports.
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Figure 7. (A) DPV (0.1 M PBS, pH 7.0, at a scan rate of 10 mV/s) responses of CI/MIP/Au towards
clenbuterol from 2 uM to 0.1 mM. (B) Calibration curve for electrochemical response.

The reproducibility of the response was achieved by measuring the response current of 0.05 mM
clenbuterol with the same imprinted electrode, and the results are -130.7 pA, -137.9 pA, -131.3 pA, -
139.1 pA and -133.4 pA, respectively. The relative standard deviation is 4.1%, indicating that the
imprinted electrode has good reproducibility. To ensure the reproducibility of the electrode, the electrode
was immersed in a 1:1 nitric acid/ethanol system for 10 min after each measurement. The results show
that there is reversible binding between clenbuterol and the recognition sites in the imprinted membrane.
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The background response can be completely recovered, suggesting excellent reversibility and
reproducibility.

Table 1. The detection performance of clenbuterol by various electrochemical sensor.

Sensor Detection limit Linear range (uM)  Ref

(uM)
Nafion—Au/GCE 0.1 0.8-10 [52]
MoS2-Au-PEI-hemin 1.92 10-2000 [53]
Poly(3,4- 0.15 1-40 [54]
ethylenedioxythiophene)/graphene
oxide
BDD 0.066 0.1-100 [55]
CI/MIP/Au 0.031 2- 100 This work

In addition, the current response of the sensor can reach equilibrium after 120 s in 0.05 mM
clenbuterol. Compared with a conventional polymer film electrochemical sensor, the equilibrium time
of CI/MIP/Au is reduced, and the sensor response is faster.

The validation of the developed clenbuterol electrochemical sensor in real samples was
investigated using spiked milk. The sensing performance results were compared with ELISA tests (Table
2), and the standard addition method was applied. The recovery of CI/MIP/Au is in the range of 97.90
to 103.57%, suggesting good reliability.

Table 2. Real sample analysis using CI/MIP/Au and ELISA test.

CI/MIP/Au ELISA
Sample Added Detected Recovery  RSD Detected Recovery  RSD
Milk 1 10.00 yM  9.79 UM 97.90% 3.3% 10.17 M 101.70% 4.1%
Milk 2 30.00 uyM  31.07uM 103.57% 2.7% 32.06 M 106.87% 5.2%

4. CONCLUSIONS

A nanosized silica molecularly imprinted film of clenbuterol was synthesized on the surface of
Au by electrochemical deposition using APTES as the functional monomer and TEOS as the cross-
linking agent. The molecularly imprinted film could be used as an electrochemical sensor of clenbuterol
by using potassium ferricyanide as an ion probe. The results showed that the current of clenbuterol
decreased linearly in the range of 2 uM to 0.1 mM, and the detection limit was 31 nM. The experimental
results show that the SiO2 molecularly imprinted film formed by the simple electrochemical sol-gel
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deposition is porous and the film has a high molecular diffusion rate. Furthermore, the formed film has
the advantages of physical rigidity and chemical and thermal stability.
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