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A B S T R A C T

In this study, a fluorescence detection method combining aptamer-modified up-conversion nanoparticles 
(UCNPs) and magnetic nanoparticles (MNPs) was developed for detection of Clenbuterol (CLB). The aptamer- 
modified magnetic NPs captured CLB, which reacted with the aptamer-modified UCNPs and generated a sand-
wich complex. The aptamer-modified UCNPs acted as a fluorescence source. The MNP-CLB-UCNP complex was 
retrieved from the solution using an magnetic field, and the fluorescence intensity was detected by fluorescence 
spectrophotometry with excitation and emission spectra at 980 nm and in the 400–800 nm region, respectively. 
The results showed that the fluorescence intensity gradually increased with increasing concentrations of CLB 
with a good specify. The method was highly sensitive for the quantification of CLB, with a limit of detection of 
0.304 ng mL− 1. The recovery rate of CLB from pork samples ranged from 84 % to 94.87 %. This fluorescence 
method enables the sensitive, precise, and accurate quantification of CLB residues in pork samples.

1. Introduction

Clenbuterol (CLB) is a β-receptor agonist used clinically to treat 
bronchial spasms caused by respiratory diseases, such as bronchial 
asthma, asthmatic bronchitis, and emphysema. In the early 1980s, 
Cyanamid, an American chemical company, accidentally found that 
clenbuterol clearly promoted growth, increased the lean meat rate, and 
reduced fat; therefore, it was used in animal husbandry (Rubio et al., 
2020). CLB acts on β2 adrenergic receptors and increases adenosine 
cyclophosphate levels by activating adenylate cyclase, thereby 
enhancing lipolysis, promoting protein synthesis, and stimulating mus-
cle growth, hence greatly increasing the percentage of lean meat (Py 
et al., 2015). Therefore, CLB was widely used in animal husbandry. The 
dose of CLB applied was strictly controlled to avoid any significant harm 
to humans. In contrast, when used illegally, the dose is 5–10 times of 
that used as a drug; hence large amounts of clenbuterol remains in meat 
products, especially in the organs. CLB begins to decompose upon 
heating at 172 ◦C; hence conventional cooking methods cannot elimi-
nate residual CLB. Post consumption of meat products containing CLB 

residues, the compound immediately circulates through the human 
body, causing acute or chronic poisoning, including flushed complexion, 
headache, dizziness, fatigue, chest tightness, palpitations, skeletal 
muscle tremors, and limb numbness. In 1997, the Chinese government 
banned the use of β-adrenergic hormones, including CLB hydrochloride, 
in feed and animal husbandry production by the Notice on the Prohi-
bition of Illegal Use of Veterinary Drugs (Zhang, Wang, & Su, 2016).

CLB continues to be sold illegally and used in animal husbandry, 
even though it violates relevant laws and regulations. This is driven by 
the huge profits that can be achieved with its use (Midkiff, 2004). Long- 
term CLB consumption may cause chromosomal aberrations that can 
induce the development of malignant tumors. Because CLB pose a 
serious threat to human health, its detection and supervision have 
become important issues in food safety (Liu et al., 2017). Rapid and 
accurate detection of CLB is particularly important. The available 
detection methods of CLB include mass spectrometry (MS) (Xiao et al., 
2016), liquid chromatography–tandem mass spectrometry (LC-MS/MS) 
(Zhang, Lu, Zhang, & Wang, 2023), high performance liquid chroma-
tography (HPLC) (Li et al., 2018), gas chromatography tandem mass 
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spectrometry (GC–MS/MS) (Song et al., 2019), liquid chromatography- 
mass spectrometry (LC-MS) (Yikilmaz et al., 2020), supercritical fluid 
chromatography (SFC) (Herpin, Bichon, Rambaud, Monteau, & Le Bizec, 
2018), capillary electrophoresis (Wang et al., 2015), enzyme-linked 
immunosorbent assay (Li et al., 2023; Ma, Nilghaz, Choi, Liu, & Lu, 
2018), surface enhanced Raman spectroscopy (Su et al., 2021; Guo et al., 
2023;), molecular imprinting (Jin et al., 2018), and electrochemical 
sensor methods (Jing, Ouyang, Li, & &Long, 2022; Ma, Li, Li, Feng, & 
Ye, 2022).

Fluorescent detection methods offer advantages such as high 
analytical sensitivity, strong selectivity, and simplicity (Sargazi et al., 
2022). Upconversion nanoparticles (UCNPs) are novel fluorescent ma-
terials that can be used to develop new detection methods (Himmelstoß 
& Hirsch, 2019; Zhao, 2019). UCNPs have broad biomedical application 
prospects owing to their significant advantages, including light-stability, 
high chemical stability, low potential toxicity, deep light penetration, 
depth of penetration, absence of background light interference, and 
almost no damage to biological tissues (Bastos et al., 2022; Du, Feng, 
Gao, & Zhang, 2022; Liu et al., 2018; Rafique, Kailasa, & Park, 2019). 
UCNPs have also been used for fluorescence detection (Jin et al., 2023; 
Zeng et al., 2024; Zhao et al., 2024). Fluorescence analysis can be 
combined with immunoassays. However, the cost of antibody prepara-
tion is high; besides, antibodies have complex structures and large mo-
lecular volumes (Mason et al., 2021). In recent years, with the 
development of screening technologies, an increasing number of mole-
cules with high affinities and specificities have been identified. An 
aptamer involves the systematic evolution of ligands using exponential 
enrichment (SELEX) in vitro screening. The obtained structured oligo-
nucleotide sequence (RNA or DNA) has strict recognition properties and 
high affinity for the corresponding target molecules (proteins, viruses, 
bacteria, cells, heavy metal ions, etc.) (Bayat et al., 2018; Zon, 2022). 
Aptamers have a stronger specificity than antibodies. They have a 
comparable or even higher affinity for the target molecule than an 
antibody. Their synthesis and preparation are simple and inexpensive 
and their stability is better than that of antibodies, making them 
convenient for storage.

In this study, the CLB aptamer was modified on the surface of amino- 
modified UCNPs and amino-modified ferro-ferric oxide. The diluted CLB 
was then combined with the clenbuterol aptamer- and amino-modified 
ferro-ferric oxide. This was then combined with the aptamer-modified 
UCNPs. Finally, the preparation was dispersed in phosphate-buffered 

saline (PBS), and the fluorescence intensity was measured using exci-
tation and emission wavelengths of 548 and 980 nm, respectively, to 
detect the CLB concentration (Fig. 1). (See Tables 1 and 2.)

2. Materials

2.1. Reagents and instruments

Ferric chloride hexahydrate, 1,6-hexamethylenediamine was pur-
chased from Shanghai McLean Biochemical Technology Co., Ltd.; 
ethylene glycol, absolute ethanol, methanol, sodium hydroxide were 
ordered from Shanghai Ling-feng Chemical Reagents Co., Ltd., yttrium 
chloride, ytterbium chloride, erbium chloride, 1-octadecene (ODE), 
ammonium fluoride, isopropanol, clenbuterol, estradiol, enrofloxacin 
were ordered from Aladdin Reagents Co., Ltd., sodium acetate was or-
dered from Shantou Xi-long Chemical Plant Co., Ltd., 0.01 mol L− 1 pH 
7.4 phosphate buffer (PBS), oleic acid (OA), 3-aminopropyltriethoxysi-
lane (APTES), tetraethyl orthosilicate, tetracycline, salbutamol, Potas-
sium Sorbate, tetraethyl orthosilicate, CLB aptamer was ordered from 
Shanghai Bioengineering Co., Ltd. The aptamer sequence was 5′-NH2- 
AGCAGCACAGGTCAGATGTCATCTGAAGTGAATGAAGGTAAA-
CATTATTTCATTAACCTATGCGTGCTACCGTGAA-3′. The morphology 
of the particles was determined by transmission electron microscope 
(TEM)using a JEM-2100F microscope (JEOL Ltd.) and by scanning 
electron microscope (SEM) using an SU1510 microscope (Hitachi Ltd.). 
X-ray diffraction (XRD) was performed using an Ultima IV X-ray 
diffractometer (Rigaku). Infrared spectra were recorded by BRKER 
Fourier- transform infrared spectrometry (FTIR) using a Bruker appa-
ratus. The fluorescence signals were measured using an F-4500 fluo-
rescence spectrophotometer (from Hitachi)., Japan. The laser emitter 

Fig. 1. Schematic of illustration the principle of detection of clenbuterol.

Table 1 
Determination of CLB in pork samples with developed method.

Added (ng mL− 1) Amount found (ng mL− 1) R.S⋅D(%) Recovery(%)

0.1 0.08936 0.2426 89.36
1 0.9487 0.3623 94.87
10 9.001 0.9819 90.01
100 87.84 0.242 87.84
1000 840.02 1.139 84
10,000 8799.03 0.6159 87.99
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used was a 980 nm laser from Beijing Hong-Lan Optoelectronics Tech-
nology Co., Ltd.

2.2. Preparation of amino ferro-ferric oxide

The preparation method was based on an established one-step syn-
thesis (Dou, Xiang, Liang, & Liu, 2021). A mixture of 2.0 g sodium ac-
etate, 1.0 g ferric chloride hexahydrate, and 6.5 g 1,6-ethylenediamine 
dissolved in 30 mL ethylene glycol was heated, stirred, transferred to 
a 100 mL reactor, and placed in a vacuum drying oven at 190 ◦C for 10 h. 
After the reaction was complete, the reaction kettle was cooled and the 
supernatant was removed by magnetic separation with an external 
magnetic field to retain the black solid. The black product was washed 
several times with deionized water and absolute ethanol, and then dried 
in a vacuum drying oven at 60 ◦C overnight to obtain aminated ferric 
oxide.

2.3. Preparation of UCNPs

UCNPs were synthesized as previously described, with slight modi-
fications (Amouroux, Roux, Micheau, Gauffre, & Coudret, 2019). A 
mixture of 0.78 mmol yttrium chloride, 0.2 mmol ytterbium chloride, 
and 0.02 mmol erbium chloride, along with oleic acid and 1-octadecene, 
were added to a 100-mL three-necked flask. The mixture was stirred at 
160 ◦C for 30 min and subsequently allowed to cool. Then, a 10-mL 
methanol solution containing 2.5 mmol NaOH and 3.9 mmol NH4F 
was added. After stirring for 30 min, the mixture was heated to 100 ◦C 
for 1 h under an argon atmosphere. The sample was then heated to 
300 ◦C for 1 h under argon protection, and finally cooled to room 
temperature. The product was collected, precipitated using anhydrous 
ethanol, and centrifuged at 10,000 rpm for 10 min. The precipitated 
product was collected, washed several times with cyclohexane, and 
dried at 60 ◦C in a vacuum drying oven.

2.4. Surface amino modification of UCNPs

Owing to the hydrophobicity of unmodified UCNPs, their surface 
modification is usually performed to improve surface activity and realize 
biological applications. First, 20 mg of UCNPs were added to 60 mL of 
isopropanol and ultrasonicated for 30 min (Liu et al., 2023). Subse-
quently, 20 mL distilled water and 2.5 mL 25 % ammonia were added, 
and the mixture was stirred for 15 min. Then, 20 mL isopropanol and 60 
μL tetraethyl orthosilicate were added, and the reaction was performed 
for 3 h. Following this, 30 mL isopropanol and 200 μL APTES were 
added, and the reaction was performed for 1 h. The mixture was then 
incubated at room temperature for 2 h. After centrifugation, the su-
pernatant was discarded and the final product was obtained. The 
product was washed several times with deionized water and dried in a 
vacuum oven at 60 ◦C to obtain amino-modified UCNPs.

2.5. Surface aptamer modification of amino ferro-ferric oxide

Amino-Fe3O4 (2 mg) was ultrasonically treated in 1 mL PBS (0.01 
mol L− 1 pH 7.4) for 30 min, followed by the addition of 250 μL 25 % 
glutaraldehyde solution. The preparation was shaken at 25 ◦C at 100 
rpm for 2 h. The amino-Fe3O4 was separated using a magnetic force, 
washed with PBS, and dispersed in 1 mL of PBS. After ultrasonic treat-
ment for 5 min, 20 μL of 25 μM CLB aptamer solution was added and 

reacted overnight at 37 ◦C at 100 rpm. After the reaction, functionalized 
magnetic NPs were obtained by magnetic separation. After washing with 
PBS multiple times, the NPs were dispersed in 1 mL PBS (0.01 mol L− 1 

pH 7.4) and stored in a refrigerator at 4 ◦C.

2.6. Surface aptamer modification of UCNPs

After surface-modified UCNPs (6 mg) were ultrasonically treated in 
1 mL PBS (0.01 mol L− 1 pH 7.4) for 30 min, 250 μL of 25 % glutaral-
dehyde solution was added to it, and the reactant was oscillated at room 
temperature for 2 h. Then, the reactant was separated by centrifugation 
at 12,000 rpm for 10 min. The separation was washed with PBS and 
dispersed in 1 mL of PBS by a 10-min ultrasonic treatment. After that, 40 
μL of 25 μM CLB aptamer solution was added to the UNCPs dispersion 
and reacted overnight at 37 ◦C under oscillating condition. At the end of 
the reaction, the aptamer-modified UCNPs were separated by centrifu-
gation at 12,000 rpm for 10 min. The aptamer-modified UCNPs were 
washed and dispersed in 1 mL PBS (0.01 mol L− 1 pH 7.4), and stored in a 
refrigerator at 4 ◦C.

2.7. Sample pre-treatment and detection procedure of clenbuterol

Standard CLB solutions of 1, 10, 100, and 1000 ng mL− 1 were used. 
Methanol was used as the blank control as the CLB was dispersed in it. 
The CLB solution was mixed with 100 μL of aptamer-modified Fe3O4 and 
reacted at 37 ◦C and 100 rpm for 1 h under shaking. After the reaction, 
CLB-apt-Fe3O4 was separated by magnetic separation and washed three 
times with PBS. Then, 100 μL of aptamer-modified UCNPs were added 
and reacted at 37 ◦C for 1 h under shaking, next, the mixture was 
centrifuged at 12,000 rpm for 10 min, washed three times with PBS, and 
finally dispersed in 1 mL PBS. The fluorescent intensity was measured 
using the excitation and emission wavelengths of 980 and 548 nm, 
respectively.

2.8. Real pork sample analysis

The developed method was also confirmed using spiked real pork 
samples, and sample pretreatment was performed as previously 
described (Duan et al., 2020). The spiked samples were analyzed using 
the developed method and the National Standard of China GBT 
5009.192-2003.

2.9. Statistical analysis

The detection limit was calculated according to the International 
Union of Pure and Applied Chemistry (IUPAC) method (Allegrini, Oli-
vieri, & C., 2014; Amouroux et al., 2019), All experiments and results 
were analyzed in at least three trials to achieve reliable and reproducible 
data.

3. Results and discussion

3.1. Detection principle

The aptamer had a high degree of specific recognition; CLB aptamer- 
modified Fe3O4 was used as the capture probe, and CLB aptamer- 
modified UCNPs were used as the signal probe. In the presence of 
CLB, CLB aptamer-modified Fe3O4, CLB, and CLB aptamer-modified 
UCNPs formed a sandwich complex with Fe3O4− apt-UNCPs. The sand-
wich complex was separated using a magnetic field. The fluorescence 
signal was measured using the excitation and emission wavelengths of 
980 and 548 nm, respectively.

3.2. Characterization of NH2-Fe3O4

The synthesized NH2-Fe3O4 was characterized by SEM, XRD, and 

Table 2 
Determination of CLB in pork samples with GC–MS.

Added(ng⋅mL− 1) Measured %RSD Recovry(%)

Low 200 184 6.124 92
Medium 400 402.4 8.65 100.6
High 800 812.4 4.206 101.55
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FTIR. As shown in Fig. 2a, the characteristic absorption peak of Fe–O at 
582 cm− 1, stretching vibration of the C–H bond at 1036 cm− 1, bending 
of the N–H bond at 1640 cm− 1. A wide peak at 3430 cm− 1 were evident, 
which may have been caused by the water content due to insufficient 
drying during the preparation of potassium bromide tablets. The XRD 
results presented in Fig. 2b were consistent with the XRD standard card 
for NH2-Fe3O4. SEM revealed that the prepared samples were spherical 
(Fig. 2c). These collective findings indicated the successful synthesis of 
NH2-Fe3O4.

3.3. Characterization of UCNPs and NH2-UCNPs

The UCNPs and surface-amino-modified UCNPs were characterized 
by SEM, TEM, XRD and FTIR. TEM revealed a nearly hexagonal struc-
ture. The XRD results showed that the position of the diffraction peak of 
the product was consistent with that of the NaYF4 standard. The FTIR 
results showed nitrogen hydrogen stretching vibration at a wavenumber 
of approximately 3414 cm− 1. At 2927 cm− 1, stretching of the car-
bon‑hydrogen bonds occurred at 2927 cm-1. At approximately 1630 
cm− 1, the bending of nitrogen hydrogen bonds was evident. At 1466 
cm− 1, bending of carbon hydrogen bonds was indicated. The TEM im-
ages of the surface-modified UCNPs revealed a coating layer around the 
NPs (Fig. 2e). The FT-IR spectra are shown in Fig. 2f. The surface- 
modified UCNPs exhibited a stretching vibration of the Si–O bond at 
1092 cm− 1 and a bending vibration peak of the nitrogen hydrogen bond 
at 1630 cm− 1, indicating that the UCNPs were successfully modified.

3.4. Aptamer modification of NH2-Fe3O4 and UCNPs

The aptamer exhibited a strong characteristic absorption peak at 
260 nm, resulting in absorption peaks at 260 nm for both the aptamer- 

modified apt-UCNPs and aptamer-modified Fe3O4. As shown in Fig. 3, 
the nanomaterials without an aptamer had no characteristic absorption 
peak at 260 nm, whereas the modified nanomaterials showed strong 
absorption at 260 nm, which indicated that the aptamer was successfully 
coupled to the surface of UCNPs and Fe3O4.

3.5. Optimization of the method

The synthesis procedure for UCNPs was optimized (Supplementary 
Material Fig. S1 and S2). The optimization of the detection method is 
presented in the Supplementary Material (Fig. S3, S4).

3.6. Analytical performance

According to this detection principle, the CLB aptamer-modified 
amino ferric oxide specifically recognized and captured CLB. In the 
presence of CLB aptamer-modified UCNPs, a sandwich complex was 
formed between the CLB aptamer-modified amino ferric oxide and CLB. 
The complex was removed by magnetic separation, and the fluorescence 
signal intensity was detected. As shown in Fig. 4a, the fluorescence 
signal of the blank control group was the weakest and the fluorescence 
signal intensity gradually increased with increasing CLB concentration. 
As shown in Fig. 4b, linear fitting analysis of the data revealed that the 
linear regression coefficient between the fluorescence intensity and 
concentration was 0.9924, and the linear regression equation was y =
285.49x + 262.58 at the concentrations ranging from 0 to 10,000 ng 
mL− 1 (here the data are the fluorescence signal intensities at any con-
centration minus the fluorescence signal intensity of the blank sample). 
These findings indicate that this method can detect CLB. As shown in 
Fig. 4c, the fluorescence intensity gradually increased with an increasing 
concentration of CLB added to the pork loin. The recovery rate of CLB in 

Fig. 2. (a) FTIR spectra of amino-Fe3O4; (b) XRD spectra of amino-Fe3O4; (c) SEM images of amino ferro-ferric oxide; (d) SEM images of up-conversion nanoparticles; 
(e) TEM images of surface modified up-conversion nanoparticles; (f) Infrared spectra of up-conversion nanoparticles and surface modified up-conversion 
nanoparticles.
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the samples was 84 % to 94.87 % (Table 1), indicating that this method 
is also applicable for actual sample detection. From Table S1, it is 
evident that when compared to other reported detection methods, the 
developed fluorescent probe detection method exhibits a lower detec-
tion limit and does not require complex derivatization processes, making 
it simpler to operate.

3.7. Specificity verification

To test the specificity of this method, enrofloxacin, estradiol, tetra-
cycline, salbutamol, and potassium sorbate were selected for further 
studies. Both NPs were diluted with a concentration gradient of CLB to l, 
10, 100, and 1000 ng ml− 1. A blank control containing methanol was 
used. To eliminate unstable factors, CLB, enrofloxacin, estradiol, 

tetracycline, salbutamol, and potassium sorbate were added together, 
and fluorescence detection was then performed. In each group, at the 
same concentration, the fluorescence intensity of CLB was the highest, 
and the blank control had a weak fluorescence signal. The fluorescence 
signals of the five groups treated with enrofloxacin, estradiol tetracy-
cline, salbutamol, and potassium sorbate were found to be only slightly 
higher than that of the blank control group. The fluorescence intensities 
of these five groups did not change significantly with increasing con-
centrations, with only a weak fluorescence signal being evident, whereas 
the fluorescence intensity of CLB changed significantly with increasing 
concentration. (Fig. 5c). Therefore, it can be concluded that the detec-
tion method is specific for CLB and that specific recognition does not 
occur for other substances.

Fig. 3. The UV absorption spectra of (a)Aptamer, Apt-UCNPs and amino-UCNPs (b)Aptamer, Apt-NH2-Fe3O4 and NH2-Fe3O4.

Fig. 4. (a)Fluorescence detection results of clenbuterol at different concentrations; (b) Linear relationship between clenbuterol concentration and fluorescence 
intensity; (c) The fluorescence intensity of each concentration of CLB was added to the actual pork sample.
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3.8. Comparison of the developed method and classical method

The spiked samples with CLB concentration of 200, 400, 800 ng 
mL− 1 were analyzed by GC–MS method according to the National 
Standard of China, Determination of Clenbuterol Residues in Animal- 
Derived Foods - National Standard of the People’s Republic of China 
GB/T 5009.192-2003. The characteristic peaks of CLB were screened 
from the mass spectra at m/z 86, 187, 243, and 262, as shown in Fig.S5 
and S7. Characteristic peaks of metoprolol were observed at m/z 72 and 
223, as shown in Fig. S6 and S8. The standard curve of the peak area 
ratio versus concentration ratio was y = 7.5553x + 0.2062 with R2 =

0.9929 (Fig. 6). The limit of detection (LOD) and quantification (LOQ) 
were 0.105 and 0.35 ng mL− 1. (LOD = 3 Noise/RF, LOQ = 10 Noise/RF, 
where Noise is the peak area of the background noise and RF is the 
response factor of the internal standard). The recovery rates of CLB in 
the pork samples were studied with concentrations of 200, 400, and 800 
ng mL− 1. As shown in Table 2, the recovery rates ranged from 92 to 
101.55 %. When compared with the developed fluorescence method, the 
GC–MS method had a better recovery rate, but it was more complex, 
especially the derivatization process, which was not only cumbersome 
but also required high operational skills and involved various hazardous 
chemicals. Compared with the GC–MS method, the developed fluores-
cence method is simple and easy to handle, not only in the sample 
preparation steps but also in the analysis.

4. Conclusion

A method based on magnetic separation of UCNPs fluorescent probes 
was developed to detect CLB in pork products. The limits of detection 
(LOD) and quantification (LOQ) were 0.304 and 1.013 ng mL− 1， 
respectively (LOD = 3 SD/slope and LOQ = 10 SD/slope). This method 
benefits from the high specificity of the aptamer for specifically recog-
nizing CLB and effective magnetic separation, while the UCNPs provide 
good fluorescence intensity. Compared with the complex operation of 
GC–MS, this method is relatively simple, and the prepared materials can 
be stored for a long time, making their use more convenient.
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