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Abstract: A simple, effective, and highly sensitive analytical approach was created and applied
in this study for the accurate measurement of three β2-agonist residues (clenbuterol, salbutamol,
and ractopamine) in meat samples. In the course of the experiment, new adsorbent molecular
sieves (ZMS)@nitrogen-doped carbon quantum dots (N-CQDs) composite materials were synthe-
sized with the aid of hydrothermal synthesis. The composite adsorbent materials were prepared
and characterized through scanning electron microscopy, transmission electron microscope, X-ray
photoelectron spectroscopy, fluorescence, and zeta potential. Four determinants affecting the extrac-
tion and elution’s efficiency, such as the amount of adsorbent, the extraction time, desorption time,
and the amount of extraction salt, were substantially optimized. The analytes were quantified by
gas chromatography–mass spectrometry. Final results of the methodological validation reflected
that the ZMS@N-CQDs composite materials were able to adsorb three β2-agonist residues well and
had good reproducibility. In the meantime, all analytes indicated good linearity with coefficient of
determination R2 ≥ 0.9908. The limit of detection was 0.7–2.0 ng·g−1, the limit of quantification
varied from 2.4 to 5.0 ng·g−1, the precision was lower than 11.9%, and the spiked recoveries were
in the range of 79.5–97.8%. To sum up, the proposed approach was quite effective, reliable, and
convenient for the simultaneous analysis of multiple β2-agonist residues. Consequently, this kind of
approach was successfully applied for the analysis of such compounds in meat samples.

Keywords: β2-agonist residues; gas chromatography-mass spectrometry; nitrogen-doped carbon
quantum dots; molecular sieves; meat

1. Introduction

The effects of β2-agonists, namely clenbuterol, salbutamol, and ractopamine (Figure S1),
include the growth of muscular tissue and reduction in body fat, and these kinds of compounds
have also been applied as growth stimulants for cattle, sheep, and pigs, which actually formed
the β2-agonist residues in products of animal origin [1–3]. However, it has been verified that
acute intoxication, including headache, tachycardia nausea, dizziness, and other symptoms,
may occur when people eat meats made from animals fed by β2-agonists; therefore, the
use of these kinds of stimulants was banned by the World Health Organization (WHO) and
many countries [4–6]. Meanwhile, in recent years, the abuse of these compounds has formed
severe food safety risks [7]. Even if the concentration is extremely low in animal products,
β2-agonists will still pose potential and substantial threats to the health of humans. Thus, it will
be particularly necessary to create a rapid and highly-sensitive approach for the detection of
β2-agonist residues.
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So far, various assay approaches, such as high-performance liquid chromatography
(HPLC) [8,9], liquid chromatography-mass spectrometry (LC-MS), liquid chromatography-
tandem mass spectrometry (LC-MS/MS) [10,11], gas chromatography-mass spectrometry
(GC-MS) [12,13], electrochemical detection (EC) [14,15], colorimetric ELISA [16,17], and
other analytical methods [18,19], have been well applied in detecting β2-agonists [1], and it
should be quite evident that GC-MS has the comparative advantages of high sensitivity,
strong separation ability, and fast real-time analysis among these approaches [20].

In the process of pre-treatment, the meat samples were usually dealt with by enzymatic
or strong acid digestion processes in order to extract the residues of β2-agonists, and then
the liquefied samples were further purified by solid phase extraction (SPE), liquid-liquid
extraction (LLE), or solid-phase microextraction (SPME) [7]. This time-consuming process
also needs more reagents and drugs than ever. With increasing interests in the sophisticated
composition of matrices and the trace amounts of analytes, it will be essential for us
to develop an effective extraction/purification approach prior to final analysis, which
acts as an important prerequisite for measurement of β2-agonists [21]. In recent years,
various pretreatment techniques for the extraction have been rapidly developed, and this
fast, simple, economical, effective, rugged, and safe (QuEChERS) approach simplifies the
extraction and purification process and reduces related duration [22]. However, octadecyl-
bonded silica (C18) sorbent, N-propylethylenediamine-bonded silica gel (PSA) sorbent,
enhanced matrix removal-lipid kit, magnesium sulfate (MgSO4), and other reagents are
still needed to eliminate the matrix and are often applied in the purification process,
which will be costly and time-consuming [18]. As is well known, SPE is an effective
method for simultaneous extraction and concentration. SPE is the most frequently used
approach because it has the following advantages: high recovery rate and enrichment
ratio, more effective separation of analytes from interfering components, easy collection
of analytes, high sensitivity, ability to handle small volume samples, high recovery rate,
low consumption of organic reagents, simple operation, strong simplicity of operation,
ruggedness, high safety, easy automation, and use with other analytical instruments [23–25].
The performance of the SPE technology mainly relies on both the adsorption capacity and
adsorption/desorption kinetics, while SPE adsorbent directly affects extracting efficiency
and analytical sensitivity [21]. The non-covalent interaction need to be considered when
changing the interaction between the analyte and the adsorbent material to make the target
component be adsorbed on the surface of the adsorbent material. Thus, a facile and efficient
SPE adsorbent material should be used for adsorption of β2-agonists.

Molecular sieves are often referred to as zeolite or zeolite molecular sieve (ZMS), which
is a synthetic aluminosilicate with a microporous cubic lattice, and its spatial network
structure is formed by staggered arrangement of silicon oxide tetrahedral units [SiO4]
and aluminum oxide tetrahedral units [AlO4]. The pore size in molecular sieves is very
small, allowing only certain sized molecules to pass through, while other molecules are
prevented from entering. Its structure and properties are influenced by various factors,
such as its manufacturing method, material type, and pore size. In addition, due to the
continuous pores inside occupying half of the material volume, the ZMS texture is not
firm [26]. For adsorption materials, the pore size of their surface limits the shape and size
of the molecules that can be adsorbed [27]. Recently, research interest in these porous
materials has significantly increased due to their potential as adsorption materials, catalyst
carriers, energy-saving materials, separation materials, energy storage materials, and their
application prospects and market demand in SPE adsorption, drugs, sensing, and other
fields [27]. According to Liu’s group [28], a novel composite material based on graphene
oxide/molecular sieve 4A (GO/4A) are promising for the dye wastewater that is difficult
to remove/degrade by molecular sieving. As is well known, doping carbon quantum dots
with heteroatoms can effectively improve their fluorescence quantum yield, fluorescence
emission wavelength, and intensity properties. Nitrogen-doped carbon quantum dots (N-
CQDs) have attracted great attention due to their unique optical properties and excellent
biocompatibility, which combines the organic properties of carbon nanomaterials (low
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toxicity and low cost) with the unique optical properties of quantum dots (strong and
intense luminescence) [29]. In this way, Ahmad’ group showed that the N-CQDs using a
plant as a carbon source can treat efficiently domestic wastewater and has great prospects
in biosensing applications [30]. Meanwhile, it can strongly interact with the benzene ring
in β2-agonists in π-π stacking for its large off-domain π-electron system. Apparently, the
ZMS@N-CQDs with nanoporous structures were demonstrated to be an ideal adsorbent
for specific adsorption of β2-agonists. Meanwhile, it has been found that the selection of
the ZMS@N-CQDs as adsorbent can achieve a fast and sensitive adsorption of β2-agonists.

In this work, the ZMS@N-CQD compound materials were prepared through a hy-
drothermal synthesis method and exploited as novel adsorbents for the SPE of β2-agonist
residues in meat samples. With the high adsorption capacity and adsorption rate of the
ZMS@N-CQDs, prior to GC-MS analysis, three β2-agonist residues in practical meat sam-
ples were confidently identified by using the prepared adsorbent for the SPE processing.

2. Materials and Methods
2.1. Reagents and Materials

Molecular sieve 4A (MS 4A), ethylenediamine, trimethylchlorosilane (TMCS), bis
(trimethylsilyl) trifluoroacetamide (BSTFA) were bought from Shanghai Macklin Biochemi-
cal Technology Co., Ltd. (Shanghai, China). L-Glutamic acid was purchased from Shanghai
Zhengxiang Chemical Reagent Research Co., Ltd. (Shanghai, China). Anhydrous mag-
nesium sulfate (MgSO4) and sodium chloride (NaCl) were obtained from Sinopharm
Chemical Reagents Co., Ltd. (Shanghai, China). Acetonitrile (≥99.9%) was bought from
Sigma Co. (Berlin, Germany). PSA and C18 was obtained from Shimadzu Company
(Kyoto, Japan).

β2-agonist standards were purchased from Beijing Tanmo Quality Inspection Technol-
ogy Co., Ltd. (Beijing, China) and 3 β2-agonists were dissolved in methanol at 1 mg·mL−1,
respectively. The original β2-agonist solution was prepared in acetonitrile (0.1 mg·mL−1,
stored at 4 ◦C). The working solution was diluted in acetonitrile.

2.2. Apparatus

The following were utilized in the research: Analytical balance (BS 210S, Beijing Saiduoli
Balance Co., Ltd. (Beijing, China)), Natural agate mortar (Inner diameter 30 mm, Shanghai
Lichen Instrument Technology Co., Ltd. (Shanghai, China)), muffle furnace (SSXF-12-10,
Hangzhou Lantian Laboratory Instrument Co. (Hangzhou, China)), lyophilizer (FD-250101
GT, Hangzhou Furuijie Technology Co., Ltd. (Hangzhou, China)), Vortex mixer (VORTEX
GENIUS 3, IKA Group (Staufen, Germany)), oscillator (VIBRAX VXR basic, IKA Group
(Staufen, Germany)), Centrifuge (3K15, SIGMA (Duesseldorf, Germany)), masher (Jiuyang
Co., Ltd. (Jinan China)), scanning electron microscopy (SEM, Sigma 300, ZEISS (Oberkochen,
Germany)), X-ray photoelectron spectroscopy (XPS) with a Scientifific K-Alpha (Thermo (New
York, NY, USA)).

For the GC-MS system (QP 2010 SE, Shimadzu (Kyoto, Japan)) with autosampler, high
purity helium (≥99.999%) was used as the carrier gas, and the flow rate was 5 mL·min−1.
The ion source temperature was 230 ◦C, the interface temperature was 300 ◦C, and the
sample inlet temperature was 300 ◦C. The chromatographic column was a capillary column
(30 m× 0.25 mm× 0.25µm, DB-5ms). The solvent delay time was 3 min (bypassing the solvent
peak). The initial column temperature was 70 ◦C, maintained for 2 min, then 25 ◦C min−1 to
200 ◦C, and then 20 ◦C min−1 to 280 ◦C, and finally 10 ◦C min−1 to 300 ◦C; after each program
heating step, conditions were maintained for 6 min, 5 min, and 2 min, respectively.

The β2-agonist standard solutions and sample solutions were then quantified by
selective ion detection mode (SIM). The setting parameters for the three β2-agonists are
shown in Table S1.
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2.3. Preparation of the ZMS@N-CQDs

The ZMS@N-CQDs composite was synthesized via a principle of hydrothermal synthe-
sis [31]. Briefly, 2 g of grinded solid powder of molecular sieves and 1 g of L-glutamic acid
was added to 100 mL of water. After sonication for 5 min, then 2 mL of ethylenediamine
was added to the reaction liquid conducted above, with subsequent heating at 220 ◦C for
8 h. Finally, the synthetic composite materials were washed three times with water and
then dried under freezing for 12 h to obtain the ZMS@N-CQDs.

2.4. Sample Preparation Procedure

As shown in Figure 1, three meat samples (pork, beef, and mutton) were stirred into
mud; weighed to 5 g; added with 10 mL of acetonitrile, 2 g of MgSO4, and 4 g of NaCl; and
extracted by vortex for 1 min, then the extracts were centrifuged at 5000 rpm for 5 min at
room temperature, and then the supernatant was collected.
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Figure 1. The experimental schematic diagram of the ZMS@N-CQDs as SPE adsorption material.

2.5. Extraction and Elution Procedures

Briefly, 2 mL of supernatant is taken as prepared above; 300 mg of the ZMS@N-CQDs
were added, extracted by vortex for 3 min, and then centrifuged at 13,000 rpm for 5 min
at room temperature, and then the supernatant was removed; 1 mL of acetonitrile was
added to elute the β2-agonists adsorbed on the ZMS@N-CQDs by vortex for 3 min, and the
supernatant was collected by centrifuge. The elution step was repeated once, and 200 µL
of derivatization reagent (0.25 g of TMCS in 25 mL of BSTFA) was added to the eluent
prepared above, and then the reaction system prepared above was put in an oven at 60 ◦C
for 1 h, and then the resulting elution solution was filtered with a 0.22 µm PTFE membrane
syringe filter after cooling and analyzed by GC-MS.

2.6. Adsorption Experiment

The adsorption kinetics were determined by adding 100 mg the ZMS@N-CQDs to
the acetonitrile (10 mL) and adding 10 µg/mL clenbuterol (50 µL) to obtain clenbuterol
concentrations of 50 ng/mL, and the measurement time was 0.5–30 min. After solid-liquid
separation by centrifugation, the liquid supernatant was collected and measured by GC-MS
after derivation.

To measure the adsorption isotherm, 100 mg the ZMS@N-CQDs were added to 10 mL
of a clenbuterol standard solution with concentrations of 5, 10, 20, 50, 100, 1000, 4000, and
9000 ng/mL, respectively. Solid-liquid separation by centrifugation was performed after
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adsorption experiments, and the liquid supernatant was collected and measured by GC-MS
after derivation.

3. Results and Discussion
3.1. Characterization

In order to evaluate the modified molecular sieves, the synthesized adsorbents were
characterized by SEM, TEM, XPS, zeta potential, and fluorescence. The morphological
structure and characteristics of the prepared adsorbents were observed with SEM and
TEM. The SEM and TEM images of molecular sieves and the ZMS@N-CQDs are shown
in Figure 2. As shown in Figure 2a, the molecular sieves exhibit smooth surfaces with an
average particle size of approximately 2–3 µm. The molecular sieves are evenly assembled
on the surface of N-CQDs (Figure 2b). It can be seen that there is a filamentous structure
embedded on its surface, which is because many carbon quantum dots are embedded in the
pores on its surface. The TEM image shows that there is almost no significant change in the
particle size of the modified molecular sieve, but N-CQDs with a diameter of about 2 nm
can be observed on the molecular sieve surface (Figure 2c,d), indicating that N-CQDs have
been successfully coupled with molecular sieves at the nanoscale.
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Figure 2. Characterization of the adsorption material. The SEM representation plots of ZMS at
1 µm (a); the ZMS@N-CQDs at 1 µm (b); TEM representation plots of the ZMS@N-CQDs at 2 µm (c);
the ZMS@N-CQDs at 0.5 µm (d).

As shown in Figure 3a,b, the elemental and chemical valence states of the molecular
sieves and the ZMS@N-CQDs were analyzed by XPS. After the modification of molecular
sieves, there were significant changes in element combination and content. The most
prominent one is that the peaks in the N 1s spectrum appear at 400.21 eV for the ZMS@N-
CQDs composites.
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Figure 3. The XPS elemental analysis of ZMS (a) and the ZMS@N-CQDs (b); the zeta potentials
diagram of the ZMS@N-CQDs (c); fluorescence spectra of the ZMS@N-CQDs combined with three β2-
agonists (d). The concentration of ractopamine, clenbuterol, and salbutamol was 50 ng·g−1. Numbers
1–8 are the zeta potentials of the ZMS, the ZMS@N-CQDs, ractopamine, clenbuterol, salbutamol,
the ZMS@N-CQDs mixed with ractopamine, the ZMS@N-CQDs mixed with clenbuterol, and the
ZMS@N-CQDs mixed with salbutamol, respectively.

Zeta potentials for ZMS and the ZMS@N-CQDs were determined by phase analysis
light scattering instrument (Figure 3c). The suspensions of both materials exhibited sig-
nificantly different zeta potentials. the ZMS@N-CQDs composites resulted in a positively
charged species and confirmed that quantum dots bear a strong positive zeta potential.
However, with the addition of negatively charged targets (clenbuterol, salbutamol, and
ractopamine), the potential of the suspension decreased. Changes in potential confirmed
adsorption between the ZMS@N-CQDs composites and the targets.

In the fluorescence spectrum of the ZMS@N-CQDs containing the three β2-agonists at
50 ng·g−1 (Figure 3d) compared with the ZMS and the ZMS@N-CQDs showed a strong
fluorescence signal. The results show the successful synthesis of the ZMS@N-CQD compos-
ites. The fluorescence spectrum of the ZMS@N-CQDs containing analytes demonstrates
the fluorescence intensity of the ZMS@N-CQDs was partly quenched by combining the
target analytes. Therefore, the three β2-agonists can be adsorbed with the ZMS@N-CQDs,
inhibiting the fluorescence intensity of the ZMS@N-CQDs.

The above characteristics results clearly proves the successful preparation of the
ZMS@N-CQD composites.

3.2. Optimization of Extraction and Elution Conditions

To explore the impact on its detection efficiency in the extraction and elution conditions,
the experiment optimized four conditions: the amount of sorbent, the extraction time, the
elution time, and the amount of extraction salt. The recovery rate was used to represent the
experimental efficiency, and the optimized experiments were all conducted on a spiked
sample of 50 ng·g−1.
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To evaluate its impact on extraction efficiency, 50 mg to 1000 mg of the ZMS@N-CQDs
were selected. As the amount of adsorbent increased, the recovery rate of the targets
changed significantly (Figure 4a). 300 mg of adsorbent was sufficient to completely adsorb
the β2-agonists, and adequate and sufficient adsorbent could reduce the experimental costs.
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The effect of extracting and eluting time is shown in Figure 4b,c, respectively. It can be
seen that the maximum recovery rate was achieved at 3 min for extraction time, in Figure 4b,
and the maximum recovery rate was achieved at 6 min (3 min each time, 2 times in total)
for elution time, in Figure 4c. It was shown that 3 min was sufficient for the ZMS@N-CQDs
to adsorb the β2-agonists; however, 6 min was needed for the ZMS@N-CQDs to elute the
β2-agonists from the system. Therefore, the extraction time of 3 min and the elution time of
6 min were chosen.

Additionally, the amount of extraction salt during pre-processing for the extraction
efficiency was evaluated (Figure 4d). It was shown that 2 g of MgSO4 and 4 g of NaCl
provided the highest extraction efficiency towards the β2-agonists. Therefore, the amount
of extraction salt of 2 g of MgSO4 and 4 g of NaCl was selected to obtain the optimal
extraction efficiency of the analytes for further experiments.
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As shown in Figure 4e, experimental temperature has no effect on extraction efficiency.
Therefore, the optimal extraction and elution conditions were as follows: the amount of the
ZMS@N-CQDs was 300 mg, the extraction time was 3 min, the elution time was 6 min, and
the amount of extraction salt was 2 g of MgSO4 and 4 g of NaCl.

We conducted the reproducibility experiments of the adsorption and elution efficiency
of three different batches of the ZMS@N-CQDs to evaluate the adsorption stability of the
ZMS@N-CQDs under the optimal conditions. From Figure 4f, there was no significant
difference in the recovery rate of the three different batches of 3 β2-agonists by using the
ZMS@N-CQDs, and the deviations were between 1.88% and 6.42%, indicating that the
ZMS@N-CQDs had good stability.

3.3. Comparison of Adsorption Capacity

To verify the adsorption mechanism of materials, the adsorption capacities of ZMS
and the ZMS@N-CQDs for three β2-agonists were compared in this work. Briefly, 300 mg
of the adsorbent materials were dispersed in a spiked (50 ng·g−1 β2-agonists) solution,
and after sufficient extraction, elution and derivation, then 1 mL of the derived solvent
was injected into GC-MS. The results are shown in Figure 5a, and it can be seen that the
ZMS@N-CQDs has significantly stronger adsorption capacity for β2-agonists. As shown
in Figure 3b, the molecular sieves exhibited neutral charges, while the ZMS@N-CQDs
showed positive charges. This may be due to the a lot of -NH2 groups on the surface of
the ZMS@N-CQDs, which can be hydrolyzed to -NH3+ groups. Therefore, they exist in
a positively charged form in a neutral pH environment. Moreover, all three β2-agonists
exhibited negative charges. As a result, the positively charged ZMS@N-CQDs can attract
the negatively charged β2-agonists by electrostatic forces. The above factors can contribute
to the stronger adsorption ability of the ZMS@N-CQDs towards the three β2-agonists
(Figure 5b).
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3.4. The kinetic and Isothermal Adsorption
3.4.1. Adsorption Kinetics

The study of adsorption kinetics is used to describe the rate of adsorption of analytes
by adsorbents, and the data are fitted using kinetic models to explore the adsorption
mechanism. To further research the adsorption kinetics of the ZMS@N-CQDs, the effect of
contact time on the adsorption of clenbuterol was investigated at the initial concentration
of 50 ng·mL−1. From Figure 6a, the adsorption quantity increases rapidly within a short
contact time and reaches equilibrium at 3 min and indicates that the material with high
adsorption capacity and efficiency is suitable for β2-agonists. The relevant data were fitted
by pseudo-first-order and pseudo-second-order Equations (1) and (2) [32].
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Pseudo-first-order kinetic:

ln(qe − qt) = ln qe − k1 (1)

Pseudo-second-order kinetic:

t/qt = 1/(k2 × qe
2) + t/qe (2)

where qe and qt represent the amounts of clenbuterol adsorbed at equilibrium and at
time t, respectively; k1 represents the pseudo-first-order kinetic constant; k2 represents the
pseudo-second order kinetic; and t represents the adsorption time.

By calculation, the correlation coefficient of pseudo-first-order kinetics (R2 = 0.9909) for
the ZMS@N-CQDs adsorption of clenbuterol is greater than that of pseudo-second-order
kinetics (R2 = 0.9863), and theoretical equilibrium adsorption quantity calculated by pseudo-
first-order kinetics (12.9 µg·mg−1) is closer to the experimental value (13.3 µg·mg−1)
(Table S2). Therefore, the adsorption of clenbuterol with the ZMS@N-CQDs is more likely
match with pseudo-first-order kinetics equation. It indicates that the attachment of clen-
buterol to the adsorbent surface is controlled by diffusion steps, and the interaction between
the adsorbent and clenbuterol is a physical force. The adsorption sites on the adsorbent
surface are limited, and there is only one binding site.

3.4.2. Adsorption Isotherms

Isothermal adsorption research can determine the performance of adsorbents, and
important parameters such as adsorption capacity, saturation time, and adsorption rate can
be determined through experiments. These parameters can further analyze the adsorption
mechanism and properties of the adsorbent. Adsorption properties were demonstrated
by using 100 mg of the ZMS@N-CQDs as the adsorbent and clenbuterol as model analyte.
Figure 6b shows the adsorption isotherms of clenbuterol, the adsorption quantity of clen-
buterol increased with increasing concentrations from 5 to 9000 ng·mL−1. The initial sharp
increase indicates that as more active sites become available, a large amount of analytes are
adsorbed at lower concentration. As the analytes concentration increases, it is difficult for
β2-agonists to find adsorption vacant sites, with saturated adsorption achieved [21]. The
analysis results were fitted to the Langmuir and Freundlich isothermal adsorption models
according to Equations (3) and (4), respectively [33].

Langmuir:
Ce/qe = 1/(kL × qm) + Ce/qm (3)
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Freundlich:
ln qe = ln kF + ln Ce/n (4)

Among them, kL represents the Langmuir constant; qe and qm represent the equilibrium
adsorption amount and maximum adsorption amount, respectively; Ce represents the
equilibrium concentration; and n and kF represent the Freundlich constants.

By calculation, theoretical maximum adsorption quantities and the correlation coef-
ficients were obtained by fitting to the above two models. The results indicated that the
adsorption of clenbuterol tended to the Langmuir adsorption curve with a correlation coef-
ficient of 0.9999, which is higher than that fitted to the Freundlich adsorption curve (0.9642).
The theoretical maximum adsorption value (29.83 ng·mg−1) is closer to the experimental
value (30.00 ng·mg−1) (Table S3).

In the isothermal adsorption experiment, only Langmuir and Freundlich models were
used for fitting. As is well known, commonly used isothermal adsorption models include
Langmuir, Freundlich, and Temkin. The Langmuir model is one of the most basic isother-
mal adsorption models, which describes the monolayer adsorption process of substances
on the surface of adsorbent. The Freundlich model is suitable for situations where the
adsorption process does not fully satisfy the Langmuir model, describing the multi-layer
adsorption process of substances on the surface. The Temkin model is an improved isother-
mal adsorption model based on the Freundlich model, which also describes the multi-layer
adsorption process of substances on the surface. Through calculation, the adsorption model
of clenbuterol is more compatible with the Langmuir model, indicating that it belongs to
single-layer adsorption. Therefore, the experiment only uses the Langmuir and Freundlich
models for fitting.

3.5. Method Validation

A series of experiments were conducted to verify the linear range and correlation
coefficient of determination, limit of detection (LOD), limit of quantification (LOQ), and
relative standard deviation (RSDs) of the method. The working curves were plotted by
spiking (5–1000 ng·g−1 of clenbuterol, 2–1000 ng·g−1 of salbutamol and ractopamine) into
pork samples and using the ZMS@N-CQDs as the SPE adsorbent. There was a good linear
response for the three β2-agonists, with R values ranging from 0.9908 to 0.9936 for LODs
of 0.7 to 2.0 ng·g−1 and LOQs of 2.4 to 5.0 ng·g−1, indicating that the method has high
sensitivity (Table 1). The RSDs were 2.7–11.9%, with good precision, indicating that this
method has good reproducibility.

Table 1. The characterizations for the detection of the β2-agonist residues in pork.

Targets Calibration Curve Linear Range R LOD a LOQ a RSD
(%, n = 5)

Clenbuterol Y = 64.735X + 484.37 5–1000 0.9925 2.0 5.0 2.7
Salbutamol Y = 213.32X + 1950.7 2–1000 0.9908 0.7 2.4 11.9

Ractopamine Y = 202.70X + 2458.5 2–1000 0.9936 0.8 2.7 5.9
a the units for LODs and LOQs are ng·g−1.

3.6. Comparison with Other Methods

The method was compared with other methods in the literature, comparing the
parameters (Table 2). Considering enzymatic hydrolysis methods SPE-UHPLC-MS/MS [7],
MCXSPE-LC-MS/MS [34], micro-extraction-UHPLC-Q ExactiveTM Plus Orbitrap MS [35],
and MMIPSPE-HPLC [36], the LOD and recovery of the current SPE-GC-MS method based
on the ZMS@N-CQDs are comparable, but the pre-treatment procedure of other methods is
relatively complex and the linear range is relatively narrow, which is not suitable for rapid,
wide spectrum detection. Therefore, the current developed method is a simple, sensitive,
and wide-spectrum method for the analysis of β2-agonist residues in meat.
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Table 2. Comparison of other methods with this work.

Method Adsorbent Pre-Treatment
Procedure

Linear Range
(ng·g−1)

LOD
(ng·g−1) RSD (%) Recoveries (%) Ref.

Enzymatic
hydrolysis,

SPE-UHPLC-
MS/MS

SCR a
Enzymatic
hydrolysis,

SPE
0.2–5.0 0.1 4.3–10.2 83.0–98.0 [7]

SPE-LC-MS/MS MCX solid phase
extraction cartridge SPE 0.2–25.0 0.2 lower than

15% 95.3–117.7 [34]

micro-extraction,
UHPLC-Q

ExactiveTM
Plus Orbitrap MS

a mixed mode
monolithic material µ-SPE 0.8–200 0.19 2.36–4.64 96–106 [35]

SPE-HPLC MMIP b SPE 50–250 4.27 3.48–7.14 94.4–102.3 [36]
SPE-GC-MS ZMS@N-CQDs SPE 2–1000 0.7 2.7–11.9 79.5–97.8 This work

a SCR: a polymer-based strong cation resin cartridge containing sulfonic resin; b MMIP: magnetic molecularly
imprinted polymer.

Furthermore, there are many current standards for the detection of β2-agonists
residues in meat samples; GB/T 22286-2008 is the standard designated by the national
food safety supervision and sampling implementation rules. In this standard method, the
sample was enzymatically digested, cleaned up by cation exchange column, quantified by
internal standard method, and finally determined by LC-MS/MS with a detection limit
of 0.5 µg·kg−1. Compared with this standard method, the time required for this work
is shorter with an acceptable sensitivity. Overall, this method is an effective method for
detecting β2-agonist residues in meat.

3.7. Matrix Effects

Matrix is a component in a sample other than the analyte, which often significantly
interferes with the analysis process of the analyte and affects the accuracy of the analysis
results. For example, the ionic strength in the solution will affect the activity coefficient of
analyte, and these effects and interferences can be called matrix effects (ME). An important
feature of the SPE method is the reduction in matrix effects by specific adsorption of targets
in complex matrices. To investigate the ability of the ZMS@N-CQDs to reduce matrix
impact, six sets of calibration curves were constructed (Table 3). The ME can be calculated
by using Equation (5) [37].

ME = (1 − A
B
)× 100% (5)

where A represents the slope of the calibration curve in matrix, and B represents the slope
of the calibration curve in solvent.

Table 3. Linear equation, coefficient of determination, and matrix effect (ME) for β2-agonists.

No. Targets
Pure Solvent Sample Extract without Treatment Extract Treated with the ZMS@N-CQDs

Y = k1X + b1 R Y = k2X + b2 R ME (%) Y = k3X + b3 R ME (%)

1 Clenbuterol Y = 117.73X + 3161.4 0.9992 Y = 62.152X + 43611 0.9043 47.2 Y = 90.029X + 1565.4 0.9963 23.5
2 Salbutamol Y = 612.26X + 2600.3 0.9987 Y = 147.26X + 27239 0.9638 75.9 Y = 451.06X + 1547.1 0.9981 26.3
3 Ractopamine Y = 456.28X + 7932.4 0.9975 Y = 95.626X + 26784 0.8829 79.1 Y = 368.75X + 8075.7 0.9924 19.2

No. Targets
Extract Treated with PSA Extract Treated with C18 Extract Treated with NCD a

Y = k4X + b4 R ME (%) Y = k5X + b5 R ME (%) Y = k6X + b6 R ME (%)

1 Clenbuterol Y = 74.274X + 1185.8 0.9980 36.9 Y = 78.523X − 122.89 0.9963 33.3 Y = 83.907X + 1453.7 0.9969 28.7
2 Salbutamol Y = 308.71X + 3945.8 0.9916 49.6 Y = 363.03X + 6014 0.9905 40.7 Y = 415.55X + 6610.2 0.9912 32.1
3 RactopamineY = 211.57X + 1787.6 0.9983 53.6 Y = 253.29X + 3709.7 0.9921 44.5 Y = 296.98X + 4637 0.9937 34.9

a NCD: nitrogen doped carbon dots using L-glutamic acid and ethylenediamine as nitrogen sources.

The ME of the three β2-agonists were relatively high (47.2–79.1%) in the untreated
samples. After pre-treatment with the ZMS@N-CQDs, the ME ranged from 19.2% to 26.3%,
and compared with other adsorption materials (C18 from 33.3% to 44.5%, PSA from 36.9% to
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53.6%, NCD from 28.7–34.9%), the ZMS@N-CQDs reduced the ME in the detection of three
β2-agonists more. From Table 3, it can be seen that with the use of N-CQDs as the adsorption
material, matrix effects were relatively low, which may be due to the π-π stacking effect of
N-CQDs on the target substance. However, the recovery rate of the material has not yet
met the requirements; thus, a composite material is made by combining porous materials
(zeolite molecular sieves) with N-CQDs, which not only has the physical adsorption of porous
materials but also has the selective adsorption of N-CQDs. Therefore, the ZMS@N-CQDs is a
promising adsorbent for SPE and the pre-treatment of complex samples.

3.8. Practical Sample Analysis

The established method was used to detect the three β2-agonists in pork, beef, and
mutton samples to verify the detection significance of this method in actual samples. It
involved a series of steps: pre-extraction, adsorbent adsorption, analyte elution, derivati-
zation, and final GC-MS for detection. The results are listed in Table 4. Clenbuterol and
salbutamol were detected only in the pork sample. Therefore, it is necessary to conduct
recovery rate tests. The accuracy of the method was verified by the recovery rate tests of
two different spiked concentration levels. The recoveries were 80.8–97.8%, 80.5–96.7%, and
79.5–92.3% for spiked pork, beef, and mutton, respectively, which confirmed the satisfactory
extraction effect and certain selectivity of the method. The chromatogram and mass spectra
of the pork samples spiked with 50 ng·g−1 were detected on the GC-MS, as shown in
Figures 7 and S2. From Figure 7, many interfering peaks (curve (a)) in the untreated meat
samples were observed, and the peaks of impurity were very high, which can adversely
impact the accuracy of β2-agonist detection. This result justifies the necessity of sample
pre-treatment. The accuracy of β2-agonist detection was significantly higher (curve (b)),
indicating a higher recovery rate of the analytes. In contrast, most of the interference
was effectively removed by the ZMS@N-CQDs, indicating the ZMS@N-CQDs as an SPE
material that has strong specific adsorption ability and anti-interference ability.
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Table 4. Determination of clenbuterol, salbutamol, and ractopamine in practical samples.

Targets Spiked a
Pork Sample 1 Pork Sample 2

Spiked a
Beef Sample 1 Beef Sample 2

Found a Recovery% RSDs
(%, n = 5) Found a Recovery% RSDs

(%, n = 5) Found a Recovery% RSDs
(%, n = 5) Found a Recovery% RSDs

(%, n = 5)

Clenbuterol
0 ND b - - 3.85 - 5.2 0 ND b - - ND b - -
5 4.89 97.8 4.7 8.09 84.8 6.4 5 4.81 96.2 3.2 4.63 92.6 2.5
10 9.56 95.6 1.4 13.32 94.7 9.7 10 9.67 96.7 4.6 9.54 95.4 3.1

Salbutamol
0 ND b - - 4.44 - 6.3 0 ND b - - ND b - -
2 1.63 81.5 1.6 6.15 85.5 5.6 2 1.74 87.0 9.3 1.65 82.5 1.9
5 4.16 83.2 2.3 8.48 80.8 6.4 5 4.37 87.4 8.2 4.22 84.4 2.3

Ractopamine 0 ND b - - ND b - - 0 ND b - - ND b - -
2 1.67 83.5 1.3 1.65 82.5 7.8 2 1.69 84.5 5.7 1.61 80.5 3.7
5 4.36 87.2 0.8 4.41 88.2 4.3 5 4.52 90.4 11.4 4.17 83.4 2.0

Targets Spiked a Mutton Sample 1 Mutton Sample 2

Found a Recovery% RSDs (%, n = 5) Found a Recovery% RSDs (%, n = 5)

Clenbuterol
0 ND b - - ND b - -
5 4.57 91.4 5.7 4.61 92.2 1.2
10 9.23 92.3 6.1 9.14 91.4 0.8

Salbutamol
0 ND b - - ND b - -
2 1.60 80.0 4.8 1.59 79.5 2.4
5 4.08 81.6 4.5 4.13 82.6 1.7

Ractopamine
0 ND b - - ND b - -
2 1.63 81.5 3.3 1.62 81.0 3.1
5 4.12 82.4 3.9 4.15 83.0 1.5

a the units for Spiked and Found are ng·g−1; b ND is not detected.

4. Conclusions

In the experiment, a molecular-sieves-modified N-CQDs adsorbent (ZMS@N-CQDs)
was prepared by hydrothermal synthesis with high adsorption efficiency and selectivity
and used for SPE adsorption material of three β2-agonists in meat samples. The results
indicated that the ZMS@N-CQDs have the advantages of strong adsorption efficiency, good
reproducibility, and high stability. The method of SPE combined with GC-MS has a wide
linear range, fast analysis, high accuracy and precision, and high sensitivity, which can
be used for the practical meat samples. Furthermore, it is of practical significance for the
analysis and detection of β2-agonists in other samples.
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