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Abstract
Organic/inorganic hybrid nanoflowers were synthesized from calcium phosphate and protein modified fluorescent gold
nanoclusters and antigens. These nanoflowers are shown to be well suited labels for bioassay because they fulfill the functions
of biological recognition and signal output. A fluorometric immunoassay was developed that was combined with
immunomagnetic separation. In the detection system, the red fluorescence of the supernatant (measured at excitation/emission
wavelengths of 360/640 nm) is found to be proportional to the clenbuterol (Clen) concentration after two immunomagnetic
separations. The assay has a linear response in the 0.5 μg L−1 to 40 μg L−1 Clen concentration range, and 0.167 μg L−1 limit of
detection. This makes it well suited for food safety monitoring. The average recoveries from spiked samples range from 92.7 to
109.1% (intra-assay) and 101.2 to 125.7% (inter-assay) with relative standard deviations of <11.6%. Spiked swine urine samples
were analyzed by this method, and the results correlated well with data obtained by LC-MS/MS.
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Introduction

The consumption of animal-derived foods has been increasing
rapidly, thereby promoting the development of livestock

breeding and the application of veterinary drugs. However,
the abuse and misuse of veterinary drugs may accumulate in
animal bodies, causing substantial damage to human health
through the food chain if the residues are above certain levels
[1]. Nowadays, many efforts have been exerted to develop a
wide variety of analytical methods for the determination of
veterinary drug residues to ensure food quality and safety
[2]. Immunoreaction-based techniques are very attractive for
the rapid detection of veterinary drug residues because of their
simplicity and low cost, for instance, enzyme linked immuno-
sorbent assay (ELISA), lateral flow immunoassay, and so
forth. To obtain more sensitive detections, many fluorescent
nanomaterials, such as quantum dots [3] and fluorescent mi-
crospheres [4], have been used as labels for the development
of fluorometric immunoassays. Nobel metal nanoclusters
(NMNCs), including gold, silver, and platinum nanoclusters,
exhibit superior optical and physicochemical properties
[5–7]. Thus, NMNCs have attracted tremendous research
interests as a new type of fluorescent nanomaterials because
of their good biocompatibility, low toxicity, and excellent
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stability [8]. Cytidine [9], bovine serum albumin (BSA) [10],
DNA [11], and methionine [12] have been applied to synthe-
size NMNCs. BSA-capped fluorescent gold nanoclusters
(BSA-AuNCs) are the most common and have been applied
to many areas [13–17]. However, few reports regarding
BSA-AuNCs employed as labels in fluorometric immuno-
assays for the detection of veterinary drug residues are
published.

Universally, the fluorescent nanomaterial-biomolecule
conjugates are the most critical reagent in fluorometric immu-
noassay. Covalent coupling methods, including glutaralde-
hyde and active ester methods, are usually applied to prepare
the conjugates. However, the preparation methods are rela-
tively complicated and inefficient and often result in inevitable
function sacrifice of nanomaterials and biomolecules because
of organic solvent and chemical reactions [18, 19]. Thus, re-
moving the bottleneck is important to obtain the conjugates
that retain high activity. The immobilization of biomolecules
has been approached by the synthesis of organic/inorganic
hybrid nanoflowers, which can avoid the use of organic sol-
vent [20]. Organic/inorganic hybrid nanoflowers, which are
simply fabricated by adding protein to metal ion solution,
are reported by Zare et al. in 2012 [21]. The preparation of
organic/inorganic hybrid nanoflowers include immobiliza-
tion, conjugation, crosslinking, and self-assembly, which does
not contain any organic solvent and complex chemical reac-
tions [22, 23]. Thus, the organic/inorganic hybrid nanoflowers
have gained substantial research attention as a novel host plat-
form for immobilizing biomolecules [20]. Wei et al. [18] con-
structed and applied antibody-enzyme-inorganic hybrid
nanoflowers as a novel signal label in an ELISA for signal
amplification ultrasensitive determination of Escherichia coli
O157:H7. Ye et al. [19] presented a green method for the
synthesis of concanavalin A-invertase-CaHPO4 hybrid
nanoflowers for point-of-care bioassays. Streptavidin-
horseradish peroxidase hybrid nanoflowers were prepared
and used for the ultrasensitive detection of alpha-fetoprotein
[24]. Inspired by those works, the nanoflowers become fluo-
rescent by loading BSA-AuNCs. Thus, fluorescent hybrid
nanoflowers with BSA-AuNCs and artificial antigen
have been synthesized. Calcium phosphate acted as the
inorganic component, while the nanoflowers integrate the
functions of biological recognition and fluorescence signal
output.

In this work, Clenbuterol (Clen) was selected as the model
target detected by the fluorometric immunoassay based on
fluorescent hybrid nanoflowers. Clen, which belongs to the
family of β2–agonists, is illegally used as growth promoter
because high dosages of Clen can promote animal muscular
mass development and decrease fat accumulation, resulting in
a higher muscle-to-fat ratio [25–27]. Food safety incidents
regarding Clen residues have drawn attention worldwide; the
accumulative residues of Clen in animal products are very

harmful and can cause death in severe cases [28, 29]. Thus,
Clen has been banned for use as a veterinary drug or food
additive in China, the United States, and the European
Union [30, 31]. However, the illicit use of Clen has not been
prohibited absolutely because of its enormous economic ben-
efits. The gas chromatography/mass spectrometry (GC/MS)
or liquid chromatography–tandem mass spectrometry (LC-
MS/MS) methods are using to monitor clenbuterol in animal
farming by the Chinese government, which exhibit good sen-
sitivity, selectivity and accuracy, but these methods demand
time-consuming and complicated sample pretreatment pro-
cess, and professional operations [27, 32]. In this system,
immunomagnetic separation technique with the functions of
immediate and efficient isolation and concentration of target
in samples was induced to reduce the matrix effects [33].
Scheme 1 shows that the anti-Clen antibody is oriented and
immobilized on the magnetic nanoparticles through biotin-
streptavidin system, which acts as capture probes to enrich
and separate Clen in swine urine samples. The nanoflowers
were combinedwith the capture probes after the enrichment of
Clen. Finally, the fluorescence intensity of the supernatant
after immuonomagnetic separation, which would be propor-
tional to the concentration of Clen in samples, was measured.
Overall, the fluorescent-hybrid nanoflowers possess high
biorecognition and favorable fluorescence signal with
immunomagnetic separation. The method provides an option-
al approach for screening Clen residues.

Experimental section

Chemicals

BSA, and chloroauric acid (HAuCl4•3H2O) were obtained
from Sigma–Aldrich Chemical Corporation (St. Louis, USA,
https://www.sigmaaldrich.com). Sulfo-NHS-biotin was pur-
chased from Aladdin Reagent Co. (Shanghai, China, http://
www.aladdin-e.com). Streptavidin magnetic particles (SA-
MNPs) were obtained from Roche Diagnostics GmbH
(Mannheim, Germany, h t tps : / /www.roche .com) .
Dimethylsulphoxide (DMSO), sodium bicarbonate
(NaHCO3), calcium chloride (CaCl2), and sodium hydroxide
(NaOH) were purchased from Sinopharm Chemical Reagent
Beijing Co., Ltd. (Beijing, China http://www.sinoreagent.
com). Clen, salbutamol (Sal), ractopamine (Rac), zilpaterol
(Zil), Phenylethanolamine A (PheA) were obtained from
National Institutes for Food and Drug Control (Beijing,
China, http://www.nicpbp.org.cn). Artificial antigen of Clen
(Clen-BSA) and monoclonal antibody against Clen (Clen-
mAb) were provided by Beijing WDWK Biotechnology Co.
(Beijing, China, http://www.wdwkbio.com). All solvents and
other chemicals were of analytical reagent grade.
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Apparatus

Dialysis bag (3500 Da) was purchased from Beijing Solarbio
Science & Technology Co., Ltd. (Beijing, China, http://www.
solarbio.com). The Nano Drop ND-2000 spectrophotometer
was supplied by Thermo Fisher Scientific Inc. (Hong Kong,
China https://www.thermofisher.com/cn). The multifunctional
microplate reader SpectraMax M5 was purchased from
Molecular Devices Co., Ltd. (Sunnyvale, CA, USA https://
www.moleculardevices.com). Ultrapure water was purified
using Milli-Q system from Millipore Corp. (Bedford, MA,
USA http://www.merckmillipore.com). Scanning electron
microscope (SEM) measurements were conducted on
MERLIN Compact (Carl Zeiss, Germany), whereas transmis-
sion electron microscopy (TEM) measurements were conducted
on a JEM100CXII transmission electron microscope (JEOL,
Japan).

Fabrication of fluorescent-hybrid nanoflowers
with BSA-AuNCs and Clen-BSA

Firstly, the BSA-AuNCs were synthesized with minor modifi-
cation according to the previous work [34], and the process of
synthesis is described detailedly in the Electronic Supporting
Material (ESM). Secondly, 150 μL of aqueous CaCl2 solution
(120 mM) was added to 5 mL of phosphate buffered saline
(PBS, 3 mM, pH 7.4) that contains 36 μg mL−1 of Clen-BSA
and 152 μg mL−1 of BSA-AuNCs, followed by the aging re-
action at room temperature for 18 h. The nanoflowers were

obtained after washing with ultrapure water twice and resus-
pended using 5 mL of 2% BSA solution (w/v).

Preparation of biotinylated Clen-mAb

In a typical experiment, one milligram of Sulfo-NHS-Biotin
was dissolved with 1 mL of DMSO. A total of 40 μL of
Clen-mAb was dispersed in 1460 μL of NaHCO3 solution
(0.1 M), and 100 μL of sulfo-NHS-biotin solution
(1 mg mL−1) was added. After reacting for 2 h, the mixture
was dialyzed using a dialysis bag (3500 Da) in phosphate buff-
ered saline (0.01 M, pH 7.0) for 48 h to purify the biotinylated
Clen-mAb, and stored at 4 °C until ready for use.

Preparation of immunomagnetic nanoparticles

Immunomagnetic nanoparticles (MNPs-SA-Biotin-mAb) are
prepared as follows: Biotinylated Clen-mAb was typically
added to the solution of SA-MNPs and reacted for approxi-
mately 30 min with gentle shaking at 37 °C. The MNPs-SA-
Biotin-mAb was separated using magnetic force, washed
twice with PBS buffer, and then resuspended in 1 mL of phos-
phate buffered saline (0.01 M, pH 7.0).

Protocol for the fluorometric immunoassay for Clen
detection

A total of 500 μL of swine urine samples were mixed with
20 μL of MNPs-SA-Biotin-mAb and incubated at 37 °C for

Scheme 1 Schematic of the fluorometric immunoassay based on the use of fluorescent hybrid nanoflowers and immunomagnetic separation
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30 min. After being separated by using a magnetic device and
washed twice with PBS (phosphate buffered saline) that con-
tains 0.05% Tween-20 (v/v), 500 μL of hybrid nanoflower
solution that contains 2% BSA (w/v) was added. After
reacting with continuous stirring for 15 min at 37 °C, the
conjugation of nanoflowers and MNPs-SA-Biotin-mAb were
separated by magnetic force. Subsequently, 100 μL of super-
natant was subjected to fluorescence measurement with exci-
tation at 360 nm and emission at 640 nm. Other structural
analogues were spiked into the swine urine and detected with
the same conditions to evaluate the specificity of the method.

Results and discussion

Characterizations of the hybrid nanoflowers

The characterizations of the BSA-AuNCs are shown in the
ESM (Fig. S1), which are similar to those in previous reported
[34]. In principle, the self-assembly of the hybrid nanoflowers
included three stages: (1) Formation of primary crystals of
calcium phosphate, and calcium(II) and protein formed com-
plexes through the coordination interaction of amide groups
and metal ion; (2) formation of large agglomerates of protein
and primary crystals; and (3) complete formation of a
branched flower-like structure [21]. The hybrid nanoflowers
were fabricated by adding the organic components to CaCl2
solution, namely, BSA-AuNCs and Clen-BSA. As shown in
Table S1, the amount of protein in the mixed solution de-
creased from 0.89 to 0.01 mg after the synthesis of the
nanoflowers, protein consumption rate was estimated as
100%, thereby demonstrating that nearly all of the Clen-
BSA and BSA-AuNCs were loaded on the nanoflowers. The
fluorescence intensity of the nanoflowers had a slight en-
hancement compared with BSA-AuNCs, it is probably be-
cause of aggregation induced emission [35]. The nanoflowers
exhibit red fluorescence under the UV lamp (Fig. S2), and as
shown in Fig. 1a, the excitation and emission wavelengths are
the same as those of BSA-AuNCs (360 nm and 640 nm, re-
spectively). The result of fluorescence confocal microscopy
further demonstrates that BSA-AuNCs are successfully en-
capsulated in the nanoflowers (Fig. 1b). The SEM and TEM
images show that the nanoflowers have a size of approximate-
ly 492 nm (Fig. 1c and d). Moreover, the energy dispersive X-
Ray spectroscopy (EDS) spectrum also reveals Ca3(HPO4)2
and BSA-AuNCs in the nanoflowers (Fig. S3).

To confirm that the Clen-BSAwas also immobilized on the
nanoflowers, MNPs-SA-Biotin-mAb capture probes were
mixed with the fluorescent-hybrid nanoflowers for 15 min as
experimental group, and the fluorescence intensity of super-
natant was measured after magnetic separation. Moreover,
three controls of mixture solutions (Control 1: fluorescent-
hybrid nanoflowers and SA-MNPs, Control 2: fluorescent-

hybrid nanoflowers and MNPs, Control 3: BSA-AuNCs and
SA-MNPs) were set. Figure 2a shows that the fluorescence
intensity of experimental group and Control 1 decreased sig-
nificantly but that of Controls 2 and 3 did not change com-
pared with the nanoflower solution. The nanoflowers per-
formed severe, non-specifically adsorb SA-MNPs. The possi-
ble cause of the non-specific adsorption was the 3D structure
and physical property of fluorescent-hybrid nanoflowers,
which led to the adsorption of protein. The nonspecificity
may be eliminated when the protein loading capacity of the
nanoflowers approached saturation. BSAwas commonly used
as block reagent, the amount of BSA in fluorescent-hybrid
nanoflower solution was optimized, and 2.0% (w/v) BSA so-
lution was selected (Figs. S4a). Under the condition, Fig. 2b
shows that the fluorescence intensity of supernatant for the
experimental group altered significantly after magnetic sepa-
ration. Additionally, the TEM images and dynamic light scat-
tering results (Fig. S4) indicate that the diameter of the
nanoflowers and MNPs-SA-Biotin-mAb conjugate was larger
than that of MNPs-SA-Biotin-mAb, thereby manifesting
that the fluorescent-hybrid nanoflowers successfully com-
bined with MNPs-SA-Biotin-mAb. Consequently, the
fluorescent-hybrid nanoflowers have sufficiently integrated
the dual functions of fluorescence signal output and biological
recognition.

Optimization parameters of the fluorometric
immunoassay

A one-step method was used to develop the fluorometric im-
munoassay originally. However, the fluorescence of hybrid
nanoflowers was seriously affected by the matrix effects of
swine urine, resulting in irregular alteration of fluorescence
(Table S2). Therefore, a two-step method was adopted, in
which MNPs-SA-Biotin-mAb was used to isolate Clen from
swine urine. Then, the nanoflowers were coupled with the
remaining binding sites of MNPs-SA-Biotin-mAb. It suggests
that the matrix effects were reduced dramatically after two
immunomagnetic separation. Therefore, to obtain optimum
performances of the method, the following parameters were
optimized: (a) amount of SA-MNPs; (b) amount of biotinyl-
ated Clen-mAb; (c) incubation time. Respective data and
figures are given in the ESM (Fig. S5). The following ex-
perimental conditions were found to give best results: (a)
optimal amount of SA-MNPs: 50 μg; (b) optimal amount of
biotinylated Clen-mAb: 10.2 μg; (c) best incubation time:
15 min.

Performances of the fluorometric immunoassay
for Clen detection in samples

Different concentrations of Clen standard were spiked into the
blank swine urine sample, and the final concentrations were
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0.5, 1.0, 2.0, 4.0, 8.0, 10.0, 20.0, 30.0, 40.0 μg L−1. Under
optimal conditions, the calibration plot was obtained by test-
ing these standard solutions with the fluorometric immunoas-
say. Table S3 shows that the fluorescence intensity alteration
(ΔF=F-F0, F and F0 represented the fluorescence intensity
with and without Clen) increased with increasing concentra-
tion of Clen from 0 to 40.0 μg L−1. The fluorescence intensity
increased significantly from 15.05 ± 0.40 to 47.91 ± 0.39
(a.u.), and the corresponding ΔF value was 32.86 ± 0.33
(a.u.). The calibration plot was constructed by plotting the
ΔF values against the logarithm of Clen concentrations in

the samples (Fig. 3a). It exhibited a good linear range from
0.5 to 40.0 μg L−1 with a reliable correlation of coefficient
(R2 = 0.9936), the linear equation is y = 7.52 lg(x) + 5.10
(where y is the ΔF and x is Clen concentration). The limit
of detection was calculated as low as 0.167 μg L−1 (3*σ/m =
3*0.419/7.52, where σ is the standard deviation of the blank
andm is the slope of the calibration plot), which is much lower
than the Codex Alimentarius Commission regulations residue
limit [25]. A lot of methods have been developed for Clen
detection, here, the performances of published assays have
been summarized in Table 1, it suggests the fluorometric

Fig. 1 Characterizations of
hybrid nanoflowers with
fluorescence spectrum (a),
fluorescence confocal
microscopy (b), SEM (c), and
TEM (d)

Fig. 2 Evaluation of the
nonspecific adsorption of
fluorescent-hybrid nanoflowers
(a). Fluorescence intensity alter-
ation with 2.0% BSA before and
after immunomagnetic separation
(b)
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immunoassay developed on the basis of nanoflowers and
immunomagnetic separation is comparable to that of other
methods for the detection of Clen residues. However, two
immunomagnetic separations are needed because the
nanoflowers were seriously affected by the matrix effects of
samples, which is a limitation of the method. Further work
will be done for overcome the drawback to develop a more
simple and time-saving approach in our future work.

The selectivity of the method was evaluated by detecting
the swine urine samples spiked with 50.0 μg L−1 of Clen, Sal,
Rac, Zil, and PheA. The presence of Clen caused significant
fluorescence intensity alteration, whereas spiking with Sal,
Rac, Zil, and PheA has no effect (see Fig. 3b). The established
approach is specific to Clen detection.

The accuracy of the fluorometric immunoassay was evalu-
ated by analyzing three spiked swine urine samples with
0.5 μg L−1, 5.0 μg L−1, 10.0 μg L−1 of Clen concentrations.
The intra-assay was finished within 1 day, and the inter-assay

was completed every 3 days for 15 days continuously. Table 2
shows the average recoveries for the intra-assay were in the
range of 92.7–109.1% with relative standard deviation in the
range 3.95–5.46%. The results for inter-assay ranged from
101.2 to 125.7% and 3.89 to 11.6%. Thus, the results are
acceptable levels of precision for the strategy detection of
Clen in swine urine.

Validation of the method by LC-MS/MS with real
samples

Five swine urine samples collected from Beijing City and
Zhejiang Province were simultaneously tested by LC-MS/
MS and the established fluorometric immunoassay, results of
the two assays indicated that all of the five samples are free of
Clen. Besides, to evaluate the acceptability of the method, the
five blank swine urine samples were spiked with Clen stan-
dards and then tested by the two methods. The results are

Fig. 3 Calibration plot for the
detection of Clen with 0.5, 1.0,
2.0, 4.0, 8.0, 10.0, 20.0, 30.0,
40.0 μg L−1 (a) and the selectivity
of the method (b). F and F0
represented the fluorescence
intensity (measured at excitation/
emission wavelengths of 360/
640 nm) with and without Clen,
respectively

Table 1 Comparison with the
published methods for Clen
detection

Methods Materials used Linear range LOD
(μg L−1)

Samples References

Immunoassay Fluorescent-hybrid
nanoflowers

0.5–40 μg L−1 0.167 Swine urine This work

Quartz crystal
microbalance
sensor array

Molecular imprinted
polymers

10−5–0.01 mM 3.0 Swine urine [25]

Surface-Enhanced
Raman
Spectroscopy

Graphene oxide/
gold nanoparticle
hybrids

0.5–20 μg L−1 0.5 Animal urine [32]

Colorimetric assay Nanodiamonds and
Gold
nanoparticles

5.3–335.4 μg L−1 0.166 Human urine [36]

Lateral test strip Gold nanoparticles – 3.0 Swine urine [37]

Fluorescence
sensor

Palmatine-
cucurbit[7]uril
complex

11–4200 μg L−1 4.0 Porcine muscle
and swine
urine

[38]

Paper-based
microfluidic
ELISA

Microfluidic
paper-based ana-
lytical device

– 0.2 Water and milk [39]
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shown in Fig. S6, which indicated that there is a favorable
correlation (R2 = 0.954) between the measured values of
Clen tested by LC-MS/MS and the fluorometric immunoas-
say. Thus, it suggests that the fluorometric immunoassay ex-
hibits potential in separating and detecting Clen residues in the
real samples.

Conclusions

In summary, novel fluorescent-hybrid nanoflowers were
fabricated, which made immobilization of BSA-AuNCs
and Clen-BSA avoid the use of organic solvent and com-
plex reaction. A fluorometric immunoassay based on the
nanoflowers and immunomagnetic separation was suc-
cessfully established, which is able to detect Clen residues
in swine urine samples with satisfactory recoveries and
acceptable accuracy. The flexible fabrication of hybrid
nanoflowers has the potentials for preparing multiplex
conjugations by immobilizing biomolecules (i.e., antigens
and antibodies) with different fluorescent nanoclusters,
and the multiplex conjugations will be beneficial for de-
velopment of highthrough-put strategies for multiples tar-
gets detection in food security.
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