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ABSTRACT: Ractopamine as an important β-agonist is frequently
found in pork to enhance food quality, which is harmful to human
health. Thus, it is extremely important to develop an efficient
analytical method to detect ractopamine for food safety control.
Herein, we develop a kind of electrochemical biosensor using a
biochar-supported Cu2+/Cu+ composite as an electrochemical
sensing interface for detecting ractopamine. The electrochemical
sensor combines the collective advantages of Nafion (enriches
ractopamine and effectively shields the interference of negatively
charged compounds), biochar (unique three-dimensional porous
network structure to increase the contact area), and Cu2+/Cu+

(excellent electrical conductivity to speed up the charge transfer
rate), which are beneficial to the accumulation and electrochemical
sensing of targets on a Nafion-biochar-supported Cu2+/Cu+ electrode (NBC-GCE). The as-prepared sensor shows a good
electrochemical sensing ability, with an ultralow detection limit and high sensitivity (0.041 μM and 416 μA·mM−1·cm−2,
respectively), in the 0.1−1.75 μM range. In addition, the stability, repeatability, and anti-interference performance of the modified
electrode are also satisfying. Last, its practicability is shown for assaying ractopamine in pork sausages. This research provides an
environmentally friendly method to simultaneously treat food waste and achieve ultrasensitive detection of ractopamine in food.
KEYWORDS: ractopamine, eggshell membrane, Cu2+/Cu+ redox couple, food detection, electrochemical sensors

1. INTRODUCTION

Ractopamine, an important β-agonist, is often found in pork as
a residual contaminant that is harmful to human health.1 In the
1980s, some researchers discovered that ractopamine could
increase the lean rate of animals, so it was illegally used in
animal breeding.2,3 Since ractopamine remains in animals for a
long time and has certain toxicity, ingestion of meat products
containing ractopamine may pose a certain threat to human
health.4−6 Therefore, research and development of technolo-
gies and methods for detecting ractopamine in meat products
are of significance for maintaining food safety and human
health.7,8

So far, some different analytical methods have been
developed to detect ractopamine. These methods mainly
include high-performance liquid chromatography (HPLC),9

gas and liquid chromatography (GC and LC, respectively)
GC−MS,10 LC−MS,11 capillary electrophoresis,12 and im-
munoassay.13 Compared with the above analysis methods, the
electrochemical detection of ractopamine has the advantages of
low cost, less time-consuming, simple instrument operation,
high sensitivity, and so on.14 At present, many researchers have
made great progress in this area. But ordinary electrodes have a
low response to ractopamine and poor detection signals, so it is
necessary to modify the electrodes. Although the performance

of the modified electrode had been improved, the sensitivity
and selectivity of electrode detection should still be greatly
improved. Therefore, developing novel technologies and
methods for detecting ractopamine in meat products is of
great importance for maintaining food safety and human
health.
Eggs are a kind of high-quality and inexpensive animal

protein food and one of the most economical sources of animal
protein. It is an important part of the diet of urban and rural
residents.15 Affected by traditional consumption habits, the
consumption of eggs of Chinese residents is mainly composed
of fresh eggs. Therefore, a large amount of eggshell garbage is
generated every year, which puts huge pressure on urban
garbage disposal and environment.16,17 The eggshell mem-
brane (ESM) is in between the egg white and the shell, which
is rich in proteins and fiber.18 It is widely used to adsorb metal
ions in water. For example, in previous work, we used an
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eggshell membrane to adsorb Cu2+ and Zn2+ and obtained
CuO/ZnO-ESM nanocomposites after the water treatment.19

In another work, we used the eggshell membrane and Au3+ to
prepare AuNP/ESM nanocomposites capable of detecting
pesticide residues in oolong tea.20 Zhang et al. deposited gold
nanoparticles on the three-dimensional porous carbonized
eggshell membrane and fabricated a sensitive and noble
ampere horseradish peroxidase biosensor.21 These studies
showed that ESM is an excellent material and is worthy of our
continued exploration.
Metal nanomaterials are considered to be “star products” in

chemically modified electrodes due to their many excellent
properties.22 At present, great progress has been made in the
field of electrochemical sensing using metal nanomaterials.
Compared with the noble metal nanomaterials, copper (Cu)
has the advantages of low cost, high catalysis, strong
conductivity, and antibacterial properties.23 However, the
storage activity is very low due to its easy oxidation at room
temperature. To solve this problem, fabricating Cu2+/Cu+

redox couples might become a smart strategy.24 This is
because many experiments have proved that the Cu2+/Cu+

redox couple has similar properties to Cu nanomaterials, but it
is more stable than the latter.25 To make the Cu2+/Cu+ redox
couple fully play its role on the electrode surface, carbon-based
materials (i.e., activated carbon, graphene oxide, and carbon
nanotubes) are often used as support materials.26 In this work,
the calcined ESM was used as the support material of the
Cu2+/Cu+ redox couple. Its high surface area and hierarchical
porous architecture provide more reaction sites for the Cu2+/
Cu+ redox couple, which helps the subsequent electrochemical
catalysis system. Nafion, a perfluorinated sulfonated cation
exchanger with high chemical and thermal stability and
mechanical strength, is also often used as a cation exchange
membrane.27 Moreover, since Nafion is negatively charged, it
can suppress interference caused by negatively charged
impurities.28 In previous studies, it has been demonstrated
that Nafion-modified electrodes can be used to detect organic
compounds and metal cations well.29,30

In this study, the ESM was used to absorb Cu2+ ions in an
aqueous solution and calcined to form a biochar-Cu2+/Cu+

composite (abbreviated as BC) in air. It was then adsorbed on
the glass carbon electrode (GCE) surface and combined with
Nafion to fabricate a novel sensing interface Nafion-biochar-
Cu2+/Cu+ (abbreviated as NBC). Such prepared sensing
interface not only has the extremely large specific surface area
and synergistic catalytic performance exerted by biochar and
the Cu2+/Cu+ redox couple but also has the effect of enriching
targets due to the charge interaction between Nafion and
ractopamine. As a result, it was found that the composite could
increase the protonation degree of the electrochemical group
(hydroxyl) of ractopamine, with a larger electrode current and
higher sensitivity. In addition, the analytical performance of the
electrochemical sensor was evaluated by measuring ractop-
amine in sausages.

2. EXPERIMENTAL SECTION
2.1. Reagents. Ractopamine hydrochloride (C18H22NO3·HCl,

Rac) was obtained from Manhag Biotechnology Co. (Beijing, China).
Nafion was purchased from Alfa Aesar Chemical Co. CuCl2 was
ordered from Sinopharm Chemical Reagent Co. (China). NaH2PO4
and Na2HPO4 were bought from Maclean Biotechnology Co.
(China). Glucose (Glu), uric acid (UA), glycine (Gly), ascorbic
acid (AA), and dopamine (DA) were purchased from Xilong

Chemical Co. All initial materials were of analytical grade. The
eggshell membrane was from the faculty dining room.

2.2. Apparatus. The morphologies of the biochar-Cu2+/Cu+

composites were analyzed using a Zeiss field emission scanning
electron microscope (FESEM) coupled with X-ray energy dispersive
spectroscopy (EDS). The X-ray diffraction (XRD) spectrum of the
sample was obtained by a Bruker (D8 Advanced) X-ray
diffractometer. The Raman spectra were recorded using an instrument
manufactured by Renishaw Via (U.K.). X-ray photoelectron spec-
troscopy (XPS) was performed using a Kratos Axis Ultra DLD
instrument. The electrochemical experiments were carried out using a
CHI660E setup containing the working, reference, and counter
electrodes (GCE, Ag/AgCl/KCl, and Pt-wire, respectively).

2.3. Material Synthesis. The synthesis of the biochar-Cu2+/Cu+

composite was carried out following the method reported elsewhere.31

Briefly, we peeled the ESM from the eggshell with tweezers, and then
washed it with hydrochloric acid and water several times and dried it.
The dried ESM was ground into a powder and stored for later use.
One gram of the ESM powder was mixed with 50 mL of a 0.01 M
CuCl2 solution and allowed to react for 24 h, after which 50 mL of
0.01 M VC was added. After another 24 h, the mixture was filtered,
rinsed, dried, and calcined at 250 °C for 2 h. The resulting material
was a biochar-Cu2+/Cu+ composite (BC).

2.4. Preparation of NBC-GCE. First, we polished the electrode
and prepared a 2 mg mL−1 biochar-Cu2+/Cu+ dispersion. Second, 6
μL of the CB suspension was dropped onto the electrode and allowed
to dry naturally. Finally, 6 μL of Nafion was dropped on the CB-GCE
surface and dried to obtain the Nafion-biochar-Cu2+/Cu+-GCE
(NCB-GCE).

2.5. Sample Preparation. The pork sausage sample was crushed
at first, and 2.0 g of the crushed sample was taken out, 4 mL (0.1 M)
of HClO4 was added to it, and then ultrasonicated for 30 min. The
above materials were reacted in water at 80 °C for 30 min. A
supernatant was collected by centrifuging the cooled (to ambient
temperature) mixture at 10 000 rpm for 15 min. The pH of the
collected supernatant was adjusted to 10 using 10% Na2CO3. NaCl
(1.5 g) was also added. The solution was extracted with 5 mL of ethyl
acetate, and then Rac was back-extracted into a HCl solution, and the
operation was repeated several times. Finally, the solution was diluted
to 10 mL with pH 7 phosphate-buffered saline (PBS).

3. RESULTS AND DISCUSSION
3.1. Characterization Results. Scanning electron micros-

copy (SEM) analysis confirmed that the natural ESM was
composed of protein and an interwoven three-dimensional
network (see Figure 1A). These intertwined networks mainly
contain collagen and glycoproteins and look very smooth,
revealing the inherent and dense structure of the inner surface
of the original ESM. The surface morphology of biochar-Cu2+/
Cu+ (Figure 1B,C) is similar to that of the natural ESM, but its
subtle surface texture is not as smooth as the natural ESM,
which also provides more contact area for Cu2+/Cu+. At the
same time, we also did the Brunauer−Emmett−Teller (BET)
analysis of both biochar-Cu2+/Cu+ and the natural ESM and
compared the surface areas, pore volumes, and sizes of the two
materials (see Figure S1 and Table S1). The EDS element
mapping image further illustrates the element composition and
distribution of biochar-Cu2+/Cu+, confirming the existence and
uniform distribution of Cu, C, N, and O elements (see Figure
1D).
The molecular structures of both the natural ESM and

biochar-Cu2+/Cu+ were characterized spectroscopically. Four-
ier transform infrared (FTIR) of the ESM (Figure 2A(b))
revealed a broad peak at 3461 cm−1, which corresponded to
the stretching vibrations of N−H and O−H groups. The peaks
at 1715 and 1653 cm−1 corresponded to the stretching of C−O
and CO groups, respectively. A band at 1521 cm−1 was
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ascribed to the tensile vibration of the C−N−H group. The
peaks at 1395 and 1189 cm−1 belonged to C−O stretching
vibrations.
FTIR of the composite material showed two broad peaks at

3462 and 1373 cm−1 (see Figure 2A(a)), belonging to the
stretching of O−H and C−O bonds, respectively. The peak at
1611 cm−1 belonged to the CO vibration.32 The Raman
spectrum of the biochar-Cu2+/Cu+ composite showed the D
and G bands (see Figure 2B), which were similar to those
observed for graphene.33 Thus, the composite has a similar
structure to graphene.
The composition and metal valence of biochar-Cu2+/Cu+

composites have been systematically studied by XPS. The XPS
spectrum of biochar-Cu2+/Cu+ showed four peaks at 932,
284.5, 399.7, and 531.5 eV, belonging Cu 2p, C 1s, N 1s, and
O 1s, respectively. Cu 2p1/2 and Cu 2p3/2 peaks were at 954.4
and 934.5 eV (see Figure 3A) and corresponded to Cu2+ and
Cu+, respectively. A peak at 943.1 eV further confirmed the
presence of Cu2+ because the oscillation peak would not
appear without the Cu2+ species.34 Peaks corresponding to C−
C and CO positioned at 284.7 and 287.9 eV were also
detected (see Figure 3B), while the N 1s peak was visible at
400.0 eV and attributed to N−C (Figure 3C). The O 1s
spectrum showed one peak at 532.5 eV; the BC nano-
composite has only one peak corresponding to CO (Figure
3D).35

3.2. Electrochemical Performance of the NBC-GCE
Modified Electrode. The surface conductivity of our
electrodes was assessed using electrochemical impedance
spectroscopy (EIS). Our EIS spectra were typical and
contained semicircular and linear parts. As shown in Figure
4A, the Randles circuit is used to fit the acquired impedance
data. In Figure 4A, we can see that the redox reactions of
[Fe(CN)6]

3−/4− on the bare GCE (curve a) exhibited a larger
semicircle. In addition, the EIS diagram of the BC-GCE is
presented in Figure S2. The semicircle diameter of the NBC-
GCE (curve b) is somewhere in between, which indicates that
Nafion can exist as an inert layer and prevent the diffusion of
ferricyanide on the electrode. Our cyclic voltammetry (CV)
results (shown in Figure S3) confirmed these conclusions.
Next, we used CV to prove that the NBC-modified electrode

could detect ractopamine in the mixed solution. The current
change was measured at a scan rate of 100 mV·s−1 in 0.2 M
PBS with pH = 7.0. The CV curve of 2.0 × 10−6 M
ractopamine on the bare GCE (curve c) did not show any
obvious redox peaks (see Figure 4B). The CV data (curve d)
of ractopamine on the NBC-GCE only showed a small
oxidation peak near −0.29 V, while the corresponding
reduction peak was not observed in the reverse scan. The
results showed that ractopamine was irreversible on the NBC-
GCE. Curves a and b showed that when there was no
ractopamine in the solution, the bare GCE and the NBC-GCE
did not show corresponding oxidation peaks. By modifying the
BC on the GCE, the contact area could be improved, and the
detection efficiency of the electrode could also be enhanced. In
addition, the Nafion membrane is negatively charged and easily
adsorbs the positively charged ractopamine in the solution,
which can enrich the analyte in electrochemical detection. This
enrichment demonstrated an excellent selectivity to ractop-
amine. The sensitivity of ractopamine detection was also
improved. Therefore, we believe that the presence of NBC-
modified GCE is advantageous for ractopamine oxidation.

3.3. Effect of pH on the Oxidation of Ractopamine on
the NBC-GCE. The solution pH affects ractopamine oxidation
on the NBC-GCE. The effects of different pH values (5.5−8.0)
on the oxidation of ractopamine in the presence of 2.0 × 10−6

M ractopamine in 0.2 M PBS were studied by CV (Figure 5A).
The peak current increased as the pH was increased from 5.5
to 7.0 (see Figure 5B). However, as the pH was increased to
8.0, the peak current decreased. Therefore, pH = 7.0 was
chosen for all further tests. Simultaneously, the anode peak
potential of ractopamine shifted negatively as the pH was
increased because of the deprotonation effect that promotes
the oxidation of Rac at higher pH values. In addition, the
change in peak potential with pH follows the linear equation

Figure 1. FESEM micrographs of (A) ESM and (B, C) biochar-Cu2+/
Cu+. (D) Elemental mapping obtained by EDS for the biochar-Cu2+/
Cu+ composite.

Figure 2. (A) FTIR spectrum of the ESM (b) and the biochar-Cu2+/Cu+ composite (a). (B) Raman spectrum of the biochar-Cu2+/Cu+ material.
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Epa = 0.071−0.055 pH (R2 = 0.9942) (Figure 5C). The slope
of the equation (−55 mV/pH) was close to the theoretical
value (−59 mV/pH). Therefore, the number of protons
transferred during the ractopamine oxidation on the NBC-
GCE surface was equal to the number of electrons.
3.4. Scan Rate Effect on the Ractopamine Oxidation

on the NBC-GCE Surface. At the same time, we studied how
the scanning rate affected the ractopamine oxidation peak
current and used the obtained data to explain the oxidation
mechanism on the NBC-GCE surface. The CV tests were
performed using 2.0 × 10−6 M ractopamine dissolved in 0.2 M
PBS with pH = 7.0 (see Figure 6A). The oxidation peak

current was linearly dependent on the scan rate (see Figure
6B) and was fitted by the equation Ipa = 1.302 + 0.0075ν (R2 =
0.9993). Thus, ractopamine oxidation on the NBC-GCE
surface was an adsorption-controlled process. Laviron’s
theory36 defines the Epa/lg v relationship as follows

α α

α ν

= ′ +

+

E E RT n F RTk n F

RT n F

(2.303 / ) lg ( / )

(2.303 / ) lg

pa
0

a
0

a

a (1)

From Figure 6C, we can see that the linear relationship
between the values of Epa and lg ν in this experiment is as
follows2

Figure 3. (A) Cu, (B) C, (C) N, and (D) O XPS spectra for the BC composites prepared in this work.

Figure 4. (A) EIS of the GCE (a) and the NBC-GCE (b). (B) CV spectra of the bare GCE and the NBC-GCE without (a, b) and with (c, d) of 2.0
× 10−6 M ractopamine. Spectra were recorded at 100 mV·s−1 using PBS with pH = 7.

Figure 5. (A) CV spectra (on the NBC-GCE surface) collected at a scan rate of 100 mV·s−1. (B) Peak current and (C) peak potential of 2.0 × 10−6

M ractopamine as a function of pH.
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ν− = + =E R0.2179 0.0394 lg , ( 0.9930)pa
2

(2)

The value of αn calculated by combining eqs 1 and 2 was
equal to 0.7742. The na value of completely irreversible
electrode processes is typically in the 0.4−0.6 range. By
calculation, the value of na is approximately equal to 2. Thus,
the ractopamine oxidation reaction on the NBC-GCE surface
involved one pair of protons and one pair of electrons (see
Scheme 1).

3.5. Ractopamine Detection as a Function of Its
Suspension Volume, Accumulation Potential, and
Detection Time. The ractopamine peak current changed
with the volume of the NBC suspension according to the
differential pulse voltammetry (DPV) tests (see Figure 7A). It
was found that when the amount of the suspension was 0−6
μL, the peak current of ractopamine increased significantly.
This is because NBC can increase the effective area of the GCE
surface, thereby enhancing the cumulative efficiency and peak
current. When the volume of the NBC suspension was
increased from 6 to 10 μL, the peak current increased
insignificantly, indicating that the NBC was saturated on the
GCE surface. Due to comprehensive considerations, we use 6
μL of the NBC suspension to modify the electrode surface.
The ractopamine oxidation peak currents accumulated at

−0.9 to −0.4 V for 3 min were measured to understand the

effect of the accumulated potential (see Figure 7B). The results
showed that when the cumulative potential changed from −0.9
to −0.6 V, the oxidation peak current slightly increased. At
−0.4 V, the peak value of ractopamine oxidation decreased
significantly. Therefore, the −0.6 V accumulation potential was
used for all further tests. All DPV scans were recorded starting
from −0.6 V.
We also examined how the accumulation time affected the

peak current of ractopamine oxidation (see Figure 7C). The
results showed that as the accumulation time increased from 0
to 3 min, the peak oxidation current also increased. Thus, the
accumulation approach is an effective method to enhance
sensitivity. At an accumulation time of 5 min, the ractopamine
oxidation peak current increased slightly because the ractop-
amine content on the NBC surface was approaching its limit.
Considering the detection sensitivity and analysis speed, an
accumulation time of 3 min is used.

3.6. Linear Range, Repeatability, and Stability of
Ractopamine Detection. Differential pulse voltammetry
(DPV) can register changes occurring during reactions with
low ractopamine concentrations. Therefore, we used the DPV
method to study the electrocatalytic behavior of ractopamine
(Figure 8A). The ractopamine concentration on the NBC-
GCE increased from 0.1 to 1.75 μM, and its peak current
linearly increased (see Figure 8B) following the Ipa = 1.733 +
0.146C equation with the correlation coefficient R2 = 0.997.
The electrode detection limit (LOD) is calculated according

to the following formula

δ= kLOD 3 /

where δ is the relative standard deviation of the NBC-GCE
electrode measured 5 times in PBS solution, which was equal
to 0.041 μM. The sensitivity was 416 μA·mM−1·cm−2. Thus,
the sensitivity and LOD of the NBC-GCE were significantly
better than ractopamine electrochemical sensors reported in
the literature (Table 1).

Figure 6. (A) CV curves for 2.0 × 10−6 M ractopamine oxidation on the NBC-GCE surface recorded at 25−150 mV·s−1 rates in PBS with pH =
7.0. Scan rate as a function of the peak current (B) and its logarithm (C) and the corresponding fitting curves (red straight lines).

Scheme 1. Ractopamine Oxidation Mechanism on the NBC-
GCE Surface

Figure 7. Influence of NBC suspension volume (A), accumulation potential (B), and time (C) on the oxidation peak current of 2.0 × 10−6 M
ractopamine. Measurements were performed at a scan rate of 100 mV·s−1 in 0.2 M PBS with pH = 7.0.
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We prepared five different modified electrodes using
identical conditions to detect 2.0 × 10−6 M ractopamine.
The relative standard deviation (RDS) is equal to 3.3%,
indicating that the NBC-GCE has good repeatability in
detecting ractopamine. In the same solution, we repeat the
modified electrode six times. The RSD obtained after the
measurement is 2.6%, indicating that the surface of the NBC-
GCE is not contaminated. In addition, Figure 8C shows the
stability of the sensor. The results show that the stability of the
electrode is satisfied. When stored at 4 °C for 25 days, its
sensitivity remains around 95.25%.
3.7. Interference for Detecting Ractopamine. To

establish the sensor selectivity, 2.0 × 10−6 M ractopamine
and various interfering substances were analyzed using CV and
the NBC-GCE surface (Figure 9), and the influences of

electroactive species salbutamol (STL), brombuterol (BTL),
and phenylethanolamine (PEA) on the response of ractop-
amine were carried out (Figure S4). It was found that at least 5
mM glucose (Glu), 1.5 mM uric acid, 1.0 mM glycine, 0.5 mM
ascorbic acid, 0.2 mM dopamine, 0.5 mM salbutamol,
brombuterol, and phenylethanolamine had a little bit effect
on the response of 2.0 × 10−6 M ractopamine. The results
show that the NBC-GCE has good selectivity in the
electrochemical detection of ractopamine.

3.8. Practical Application. To confirm the practicality of
our method, it was applied for ractopamine detection in pork
sausages. The pork sausage sample is processed first, and then
the DPV method is used for detection. Since ractopamine was
not detectable in these samples, we prepared several different
concentrations of standard ractopamine and added them into
the sample solution. Each sample was subjected to three
parallel tests, and the RSD difference was less than 5%,
indicating that the results obtained by the NBC-GCE were
accurate and feasible (see Table 2). It was found that the
recovery rate of ractopamine was between 97.83 and 100.43%,
indicating that the method could be used in practical
applications.

4. CONCLUSIONS

In summary, we adopted a green and environmentally friendly
method to prepare the Nafion-biochar-Cu2+/Cu+ material and
used it for electrochemical detection of ractopamine in pork
products. The obtained NBC-GCE showed great sensitivity
and selectivity, low detection limit, and excellent reproduci-
bility and stability. In addition, it has been proven that the
sensor can be used in practical applications. Our work provides
a novel way to treat food waste and detect ractopamine
simultaneously.
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Figure 8. (A) DPV curves at different ractopamine concentrations at the NBC-GCE surface. (B) Calibration curve of ractopamine concentration
and peak current. (C) Stability of NBC-modified GCE after tests for 25 consecutive days.

Table 1. Linear Ranges and LOD of Different Modified
Electrodes Fused for Ractopamine Detection

electrodes linear range (μM) LOD (μM) ref

PCit/GCEa 0.14−5.41 0.001 37
G/GNR/GCEb 0.001−2.7 0.00051 38
OMC/GCEc 0.085−8.0 0.06 39
GO/GCEd 0.074−2.96 0.056 40
NBC/GCE 0.1−1.75 0.041 this work

aPolycitrulline-modified GCE. bGraphene/gold nanorod-modified
GCE. cOrdered mesoporous carbon-modified GCE. dGO-modified
GCE.

Figure 9. Influence of Glu, UA, Gly, AA, and DA on the NBC-
modified GCE on the response of ractopamine.

Table 2. Ractopamine Detection in Real Samples

sample ID μM of added Rac detected (μM) recovery (%)

A 0
1.0 0.9783 97.83

B 0
1.5 1.5064 100.43

C 0
2.0 1.9957 99.79
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