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Abstract

In this work, an ultrasensitive fluorescence immunoassay has been proposed for the detection of chloramphenicol. The proposed
assay is based on using the carboxyl-functionalized NaYF,4: Yb/Tm upconversion nanoparticles with maximum emission at
482 nm under excitation at 980 nm conjugated with anti-chloramphenicol (CAP) antibody as the signal probe and the magnetic
polystyrene microspheres conjugated with coating antigen as the sensing probe. The coating antigens on the sensing probes
compete with CAPs to bind with the antibodies on the signal probes and the immune complexes form. Via magnetic action, these
complexes can be separated to measure their fluorescence intensity. The limit of detection (LOD) of this assay for CAP in PBS is
0.01 pg mL™", and the linear range extends from 0.05 to 100 pg mL ™" with a linear equation of y =387.64 Igx + 1153.93 (R =
0.9911). The recoveries of CAP in spiked animal-derived foods range from 76.85 to 105.18%. Trace CAP levels have been
measured in the real sample by the proposed fluorescence immunoassay, and the results have been verified by commercial
ELISA test kit and liquid chromatography-tandem mass spectrometry. The quantitation limits of this immunoassay for CAP in
the muscle tissue, milk, and honey samples are 0.25 pg g ', 0.4 pg g ', and 0.4 pg g ', respectively. The fluorescence immu-
noassay proposed in this study can be used to highly sensitively, accurately, and rapidly detect CAP residues in animal-derived
foods.

Keywords Fluorescence immunoassay - Upconversion nanoparticles - Magnetic separation - Highly sensitive detection -
Chloramphenicol - Animal-derived foods

Introduction

Antibiotics as the veterinary drug are widely used to treat
animal diseases (Wang et al. 2019). However, the abuse of
antibiotics could lead to their residue and accumulation in
animal-derived foods, which has caused toxicological effect
on human health (Wang et al. 2017a; Yan et al. 2016).
Chloramphenicol (CAP) is a broad-spectrum antibiotic and
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reacts via binding to 50S ribosomal subunits of bacterial to
inhibit protein synthesis (Pathak et al. 2017; Qin et al. 2019a).
CAP has been widely used in the treatment of aquaculture and
other animal infectious diseases caused by various bacteria
(Samsonova et al. 2012). The USA, China, and many other
countries have banned the use of CAP in the production of
animal-derived food because of its side effect on humans,
including the inhibition of bone marrow hematopoietic func-
tion, aplastic anemia, and fetotoxicity (Chatzitakis et al. 2008;
Li et al. 2019; Sharma et al. 2019). Residues of CAP in
animal-derived foods have reported in many literatures
(Shakila et al. 2006; Sniegocki et al. 2015). It is necessary to
develop the highly sensitive, simple, rapid test method to
monitor CAP residues in order to ensure human health.
There are many analytical methods to detect CAP residues,
including liquid chromatography-tandem mass spectrometry
(LC-MS/MS) (Imran et al. 2018), gas chromatography-mass
spectrometry (GC-MS) (Liu et al. 2014b), real-time fluores-
cent quantitative PCR (Duan et al. 2017), photo-
electrochemical aptasensor (Qin et al. 2019b), and microbial
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assays (Shakila et al. 2007). Many immunoassays have been
used for detecting CAP, such as enzyme-linked immunosor-
bent assay (Liu et al. 2014a), photoresponsive colorimetric
(Chang et al. 2017), chemiluminescence (Wang et al.
2017b), electrochemical (Liu et al. 2014c), and fluorescence
immunoassay (Wang et al. 2018a; Gasilova and Eremin 2010;
Zhang et al. 2008). Among these test techniques, the immu-
noassay based on the specific recognition of antigen-antibody
has the advantages of good specificity, high sensitivity, easy
to operate, and saving time. In particular, the fluorescence
immunoassay using various fluorescence nanoparticles and
test strategy has attracted great attention with researchers.

The upconversion nanoparticles (UCNPs) have unique lu-
minescent mechanism and superior spectroscopic properties
compared with the traditional organic dyes as follows: high
stability for photochemical properties, especially suitable for
the fluorescent tags in complex biological samples, excellent
penetrability, low damage to biological samples, and non-
bleaching emission (Liu et al. 2015; Liu et al. 2009; Vijayan
et al. 2019). And the upconversion phenomenon follows the
anti-Stokes luminescent process, which can greatly reduce the
interference of background and then improve the detection
sensitivity (Shao et al. 2017; Tu et al. 2015). Recently, the
upconversion nanoparticles have been widely used in
bioimaging (Shen et al. 2013), fluorescent marker (Zhang
et al. 2017), medical diagnostics (Cai et al. 2018; Wang
et al. 2018b), and other fields. Magnetic polystyrene micro-
spheres (MPMs) have been widely used as the rapid separa-
tion material due to their unique advantages: better
monodispersity, lower toxicity, chemical stability, and
superparamagnetic properties (Lu et al. 2007; Tran et al.
2019). It has been widely applied in wastewater treatment
(Wang et al. 2015), drug delivery (Blazkova et al. 2013),
biomedicine (Ma and Liu 2007), and other fields.

In this study, a highly sensitive fluorescence immunoassay
has proposed to detect CAP; it is making use of UCNPs as the
fluorescent marker to prepare the signal probe and MPMs as
separable component to prepare the sensing probe.

Materials and Methods
Materials and Apparatus

Chloramphenicol (99.2%) was purchased from Dr.
Ehrenstorfer GmbH (Augsburg, German). C4dHyOxYb-4H,O
(99.9%, MW: 422.23 g mol "), C4HoOsTm-xH,0 (99.9%,
MW: 346.07 g mol"), C¢HoOgY xH,0 (99.9%, MW:
266.04 g mol '), polyacrylic acid (PAA), ethyl-
3-[3-(dimethylamino)propyl] carbodiimide (EDC), N-
hydroxysuccinimide (NHS), N, N-dimethylformamide
(DMF), dicyclohexylcarbodiimide (DCC), bovine serum al-
bumin (BSA), ovalbumin (OVA), and diethylene glycol
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(DEG) were acquired from Sigma-Aldrich (St. Louis, MO,
USA). Oleic acid (OA, 90%) and 1-octadecene (ODE, 90%)
were obtained from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Magnetic polystyrene microspheres (MPMs)
were obtained from Tianjin BaseLine ChromTech Research
Centre (Tianjin, China). Chloramphenicol succinate sodium
was purchased from Toronto Research Chemicals (Toronto,
Canada). The phosphate-buffered saline (PBS) was prepared
by mixing the solution of 0.1 mol L' NaH,PO,, 0.1 mol L'
Na,HPO,_and 0.25 mol L' NaCl. The 2-(N-morpholino)
ethanesulfonic acid (MES) buffer was prepared by dissolving
10 mmol MES in deionized water at a constant volume of
1000 mL and adjusting the pH value to 5.5. The 4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES)
buffer was prepared by dissolving 10 mmol HEPES in deion-
ized water at a constant volume of 1000 mL and adjusting the
pH value to 7.2. The anti-CAP monoclonal antibody (heavy
chain: IgGy, light chain: Kappa) and CAP-hapten were ac-
quired in our laboratory. Sodium hydroxide, ammonium fluo-
ride, and other reagents used in this work were analytical
grade and purchased form Sinopharm Chemical Reagent
Co., Ltd. (Tianjin, China). The commercial ELISA test kit
was purchased from R-Biopharm AG (Darmstadt,
Germany). The quality control samples were purchased from
Beijing Meizheng Testing Co., Ltd. (Beijing, China). F-2500
fluorescence spectrophotometer (Hitachi, Japan) equipped
with an external 980 nm laser source (Hi-Tech
Optoelectronics Co., Ltd., Beijing, China) was applied to mea-
sure upconversion fluorescence intensity.

Synthesis and Surface Modification of Upconversion
Nanoparticles

UCNPs (NaYF4: Yb, Tm) were synthesized by thermolysis
method according to previous study (Chen et al. 2010) with
slight modification. Here, 239.44 mg C¢HoOgY -xH,0, 38 mg
C6H906Yb'4H20, and 3.46 mg C6H906Tm~xH20 were
added into a 100-mL three-necked flask containing 17 mL
of 1-octadecene and 6 mL of oleic acid, and the above solution
was mixed under agitation. Under vacuum, the mixture was
heated to 100 °C in 10 min. Subsequently, the mixture was
continually heated to 160 °C and maintained at this tempera-
ture for half an hour under argon protection, and then cooled
naturally to the room temperature. The solution of sodium
hydroxide (2.5 mmol) and ammonium fluoride (4 mmol) dis-
solved in 6 mL of methanol was added dropwise to the above
mixture within 10 min and reacted for 30 min. Then, the
mixed solution was heated to 80 °C to eliminate the methanol
and quickly heated to 300 °C for 1 h under argon shielding.
The reactants were allowed to cool to room temperature, col-
lected in a plastic centrifuge tube, and washed with ethanol
four times by centrifugation. Finally, the resulting products
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dried hydrophobic OA-capped UCNPs (OA-UCNPs) in an
oven under 60 °C were collected for subsequent use.

The hydrophilic PAA enwrapped UCNPs (PAA-UCNPs)
were synthesized according a study reported previously by
using PAA as a new ligand to replace the OA ligand on the
surface of OA-UCNPs (Liu et al. 2011). In a 100-mL three-
necked flask, 30 mL of DEG and 1.5 g PAA were mixed
together and heated to 110 °C with rabbling vigorously, and
reacted 1 h under the protection of argon. At the same tem-
perature conditions, 90 mg of OA-UCNPs were dispersed in
6 mL of methylbenzene by sonication and dropped on the
above flask instantly under agitating for 1 h in argon. After
treating by above steps, the above mixed solution was directly
heated to 240 °C for 1 h. Finally, the reaction solution was
allowed to cool to room temperature; the excessive dilute hy-
drochloric acid solution was added. The resulting solution was
centrifuged and the white precipitates were obtained and
washed three times with deionized water. The synthesized
hydrophilic PAA-UCNPs were dried in the drying oven under
60 °C.

Preparation of Chloramphenicol Coating Antigen

The chloramphenicol coating antigen (CAP-OVA) was pro-
duced via the active eater method according to our previous
study (Wang et al. 2010) with slight modification. Briefly,
13.78 mg of CAP-hapten, 3.75 mg of NHS, and 7.38 mg of
DCC were dissolved in 2 mL of anhydrous DMF and reacted
with rabbling for 5 h at room temperature. The above reacted
solution was centrifuged to obtain supernatant. Under the con-
dition of stirring constantly, the supernatant was dropwise
added into 10 mL of OVA protein solution (20 mg of OVA
was dissolved in 10 mL of 0.05 mol L™", pH 8.0 phosphate
buffer) followed by incubation for 24 h at 4 °C. The resulting
solution was dialyzed with PBS for 3 days and used for further
experiment.

Preparation of Fluorescence Signal Probe and Sensing
Probe

The fluorescence signal probe and sensing probe were synthe-
sized by the classical active ester method. In a round-bottom
flask, 5 mg of PAA-UCNPs was completely dispersed in
2 mL of MES buffer by sonication. Next, 5-mg NHS and
10-mg EDC were added to excite carboxyl groups on PAA-
UCNPs and stirred for 3 h at 30 °C in water bath. Then, the
mixed solution was purified by centrifuging 10 min
(4000 rpm) and the precipitate was collected and washed with
deionized water three times. Subsequently, the residual pre-
cipitation was redispersed in 1 mL of HEPES buffer followed
by adding anti-CAP monoclonal antibody (McAb) to react for
4 h at 30 °C with constant stirring. And then, the uncombined
sites on the surface of PAA-UCNPs were blocked by adding

15 mg BSA into the above reaction mixture and incubating for
1 hat 30 °C. Afterwards, the resulting mixture was purified by
centrifuging to obtain the precipitate followed by washing
with HEPES buffer. After that, the white precipitate was
redispersed in 1 mL of HEPES buffer as fluorescence signal
probe.

CAP-OVA was conjugated with carboxyl-functional
MPMs by the classic EDC/NHS coupling reaction between
the amine groups on CAP-OVA and carboxyl groups on
MPMs. Firstly, 5 mg of MPMs were washed twice by PBS
and redissolved in 1 mL of PBS. Then, 5 mg of NHS and
10 mg of EDC were added into the above solution and incu-
bated for 80 min on the oscillator (250 rpm) at room temper-
ature. Then, the precipitate (activated carboxyl-functional
MPMs) was collected by magnetic separation and washed
twice with PBS, and dispersed in 1 mL of PBS.
Subsequently, the CAP-OVA was added into the aforesaid
mixed solution and incubated at room temperature for 4 h
followed by adding 15-mg BSA into the above mixture in
order to cover protein unconjugated sites on the surface of
MPMs. After magnetic separation, the obtained precipitate
was washed five times with PBS, and redispersed in 5 mL
of PBS as sensing probe.

Immunoassay Principle and Procedure

The test principle of the competitive upconversion fluores-
cence immunoassay is exhibited in Fig. 1. In the test system,
the sensing probe and CAP combined competitively with sig-
nal probe based on antibody—antigen-specific recognition. Via
magnetic force, the immune complex of signal probe and
sensing probe was obtained and the fluorescence intensity of
immune complex was measured by using fluorescence spec-
trophotometer (F-2500) equipped with a 980-nm laser as ex-
citation light source. The fluorescence intensity of immune
complex achieved maximum in the absence of CAP in the test
system, because all the sensing probes combined with signal
probe. When CAP was present in the test system, the amount
of the immune complex decreased with the increase of con-
centration of CAP, leading to the decrease of fluorescence
intensity. There is a negative correlation relationship between
the change of fluorescence intensity and the concentration of
CAP; this relationship can be used to achieve the quantitative
detection of CAP.

Test procedures of the fluorescence immunoassay are as
follows: 50 uL of CAP standard solution (or sample solution)
and 50 uL of the sensing probe were added to each centrifuge
tube, and then 50 pL of the signal probe was subsequently
dropped. Then, the mixed solution was incubated on a recip-
rocating oscillator (280 rpm) for 20 min at room temperature.
The immune complex was separated from the test system
using an external magnet followed by washing with PBS three
times. Finally, the immune complex was redispersed in
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Fig. 1 Schematic principle of the
proposed fluorescence “00,
immunoassay
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400 uL of PBS, and the fluorescence intensity of immune
complex (at 482 nm) was measured by F-2500 fluorescence
spectrophotometer (scan speed: 1500 nm min') equipped
with a 980-nm laser (working current: 1.0 A).

Preparation of Samples

For the muscle tissue sample, 2 g of the homogenized muscle
tissue sample was mixed with 6-mL ethyl acetate with vortex
extraction for 5 min. After the resulting mixture was centri-
fuged (10 min, 5000 rpm), the obtained supernatant was
moved to a clean glass tube. The supernatant was dried at
60 °C under a nitrogen stream and the dried residue was
redissolved in 2-mL PBS. And then 2 mL of n-hexane was
added to eliminate fat. After centrifuging, the supernatant or-
ganic phase was discarded and the remaining extract solution
was diluted with PBS in the appropriate multiple for analysis.

For the honey sample, 2-g honey sample was mixed with
4-mL ethyl acetate and 2-mL deionized water and then the
sample was extracted by vortexing vigorously for 5 min.
The remaining steps were repeated as the treatment method
for the muscle tissue sample.

For the milk sample, 2-g milk sample was mixed with
2-mL trichloroacetic acid aqueous solution (3%) with vortex
extraction for 5 min. Afterwards, the resulting mixture was
centrifuged at 10,000 rpm for 10 min, and then 1 mol L!
NaOH solution was added into the obtained supernatant to
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adjust the pH to neutral. Finally, the supernatant was diluted
by PBS in the appropriate multiple for analysis.

Results and Discussion
Characterization of UCNPs

The morphology of the prepared OA-UCNPs and PAA-
UCNPs has been characterized by transmission electron mi-
croscope (TEM), as indicated in Fig. 2a and Fig. 2b, which
shows that the nanoparticles are spheroidal and their surface is
smooth. The average particle diameters of the OA-UCNPs
and PAA-UCNPs are approximately 28 nm and 30 nm (the
particle size distribution is given in Fig. 2c and Fig. 2d), re-
spectively. Because of the hydrophilic PAA layer that has
been capped on the surface of OA-UCNPs, the average parti-
cle size of PAA-UCNPs is slightly larger than that of OA-
UCNPs. Figure 2¢ indicates the fluorescence emission spectra
of UCNPs by excitation at 980 nm, and the narrow emission
peak at 482 nm with strong fluorescence intensity is observed.
In order to ulteriorly confirm the successful modification of
hydrophobic UCNPs, the OA-UCNPs and PAA-UCNPs have
been characterized by Fourier transform infrared spectrometer
(FTIR spectrometer). As illustrated in Fig. 2f, the OA-UCNPs
have two stretching vibration peaks at 2928 cm ™' and
2856 cm ', which correspond to the characteristic peaks of
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Fig. 2 Characterization of the OA-UCNPs and PAA-UCNPs. (a): TEM
image of OA-UCNPs, (b): TEM image of PAA-UCNPs, (c): Particle size
distribution of OA-UCNPs, (d): Particle size distribution of PAA-

asymmetric and symmetric stretching vibration of methylene
in OA molecules on the surface of OA-UCNPs. However,
these two peaks at the corresponding wavenumber in the
PAA-UCNPs significantly weakened, indicating that most of
the OA molecules have been replaced. In addition, the
stretching vibration peaks of hydroxyl at 3436 cm ' are ob-
served in the spectra of the OA-UCNPs and PAA-UCNPs.
And the PAA-UCNPs have a new characteristic peak at
1731 cmﬁl, which represents the stretching vibration of car-
bonyl, further proving that the carboxyl groups have intro-
duced into PAA-UCNPs, and the OA-UCNPs have been suc-
cessfully modified into the PAA-UCNPs.

Preparation of Probes and Optimization of Test
Conditions

For achieving a better fluorescent signal response and high
sensitive detection, several trial parameters such as the addi-
tion quantity of anti-CAP McAb in preparation of signal
probe, the addition quantity of coating antigen (CAP-OVA)
in preparation of sensing probe, the addition volume of sens-
ing probe, and incubation time were all investigated. The con-
tent of McAb in the signal probe will directly affect the com-
bining capacity of the signal probe with the sensing probe,
thus can affect the fluorescence intensity of test system.
Therefore, 100-pL aliquot of the activated PAA-UCNPs so-
lution was respectively distributed in each centrifuge tube, and
then various amounts of McAb (10, 15, 20, 25, 30, 35, and
40 png) were seriatim added to the above activated solution to
make the signal probe. The signal probe can be collected by
centrifugation for 10 min (4 °C, 4000 rpm), and the amount of

Particle size (nm)

Wavenumber (cm)

UCNPs, (e): Fluorescence emission spectra (under excitation at
980 nm), (f): Fourier transform infrared spectra

unconjugated McAb in the obtained supernatant can be mea-
sured by the BCA protein quantitation kit. The conjugated
amount of McAb with PAA-UCNPs is calculated by
subtracting the unconnected amount of McAb from the initial
addition amount of McAb. Furthermore, the conjugation rate
of McAb with PAA-UCNPs is calculated as the percentage of
the amount of conjugated McAb and the initial addition
amount of McAb. As shown in Fig. 3a, when the addition
amount of McAb is 10 ug, the conjugation rate is close to
100%, indicating that the addition amount of McAb is less
than the maximum conjugated amount of McAb and PAA-
UCNPs. The conjugated amount of McAb gradually increases
with increase in the addition quantity of McAb. When the
addition quantity of McAb is greater than or equal to 25 g,
the amount of conjugation is tended to be changeless, indicat-
ing that the amount of McAb conjugated with the activated
PAA-UCNPs has reached the maximum. Moreover, the con-
jugation rate gradually decreases with the increase of addition
quantity of McAb, which indicates that the surface of activat-
ed PAA-UCNPs has no more binding site to conjugate the
MCcAD; the excess addition causes the waste of McAb.
Therefore, 25 pg of addition quantity of McAb with 80.80%
of conjugation rate was used for the preparation of signal
probe.

Furthermore, the addition quantity of CAP-OVA was op-
timized by adding different amounts of CAP-OVA (10, 15,
20, 25, 30, 35, and 40 pg) into 100 pL of the activated MPMs
solution in each centrifuge tube to prepare sensing probe. The
supernatant was obtained by magnetic separation and detected
by the BCA protein quantitation kit to calculate the amount of
unconjugated CAP-OVA. The conjugated amount of CAP-
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Fig. 3 Optimization of the
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OVA with MPMs is calculated by subtracting the unconnect-
ed amount of CAP-OVA from the initial addition amount of
CAP-OVA. And the conjugation rate of CAP-OVA with
MPMs is expressed as the percentage of the amount of conju-
gated CAP-OVA and the initial addition amount of CAP-
OVA. The optimization results (Fig. 3b) are similar with those
results of the added amount of McAb. When the addition
quantity of CAP-OVA is greater than or equal to 25 pg, the
amount of conjugation is tended to be changeless, indicating
that the amount of CAP-OVA conjugated with the activated
MPMs has reached the maximum; the excess addition causes
the waste of CAP-OVA.

For the immunoassay with competitive format, the less
contents of coating antigen on the particles is more beneficial
to achieve a higher sensitivity. With 50 pL of the signal probe
and 30 min of incubation time, varying added volumes of the
sensing probe (10, 20, 30, 40, 50, 60, 70, and 80 pL) prepared
using different added amounts of the CAP-OVA (10, 15, 20,
and 25 ug) were applied to carry out test process, and the
fluorescence intensity of test system under varying conditions
is shown in Fig. 3c. The fluorescence intensity of test system
is relatively low with the sensing probe prepared using 10 and
15 ng ofadded amounts of CAP-OVA. When 20 and 25 pg of
added amounts of CAP-OV A have been applied to prepare the
sensing probe, the fluorescence intensity of test system is in-
creased with increase of added volumes of the sensing probe.
When added volume of the sensing probe is greater than or
equal to 50 pL, the fluorescence intensity of test system
achieved the maximum and tended to be changeless, which
indicates that there are no more signal probes that can be
conjugated with the sensing probes; the excess addition causes
the waste of the sensing probe. Finally, 20 pg of added
amount of CAP-OVA with 93.39% of conjugation rate was
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used to prepare the sensing probe, and 50 uL of added volume
of the sensing probe was applied in test process of the fluo-
rescence immunoassay. Under optimal conditions, the incu-
bation time has been optimized. As shown as Fig. 3d, the
fluorescence intensity of immune complex increases gradually
and become level off at 20 min. Therefore, 20 min of incuba-
tion time was applied in test process of the fluorescence im-
munoassay in order to save test time.

Evaluation of Assay Sensitivity

Under optimum conditions, the various concentrations of
CAP standard solutions were measured by the developed
fluorescence immunoassay. The emission wavelength at
482 nm was selected as the test wavelength, and a fluores-
cence spectrophotometer with a 980 nm laser was used to
obtain the fluorescence intensity for the test system in the
presence of different concentrations of CAP standard solu-
tion. As depicted in Fig. 4a, the fluorescence intensity of
the immune complex in test system at 482 nm has achieved
maximum when the concentration of CAP is 0 pg mL ™.
And the fluorescence intensity decreases gradually with
the increased concentration of CAP. The amount of the
immune complex decreased gradually with the increased
concentration of CAP based on competitive format,
resulting in the decrease of fluorescence intensity.
Figure 4b shows the decrease of fluorescence intensity
(AL, Al=1y — ) corresponding to different concentrations
of CAP, wherein / is the fluorescence intensity in the pres-
ence of CAP and I, is the fluorescence intensity in the
absence of CAP. When the concentration of CAP is more
than 100 pg mL ™" (or less than 0.05 pg mL™"), the A value
tends to be flat. There is a linear correlation between the
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decrease in fluorescence intensity (A/) and the concentra-
tion of CAP in a range that extends from 0.05 to
100 pg mL™" (Fig. 4c) with a linear equation of y=
387.64 1g (x)+1153.93 (R*=0.9911). According to the
30 rule, the LOD of the proposed assay for the CAP in
PBS is 0.01 pg mL ', which means that the proposed assay
have a high sensitivity for CAP detection.

Evaluation of Assay Specificity

CAP, the analogues (florfenicol, thiamphenicol), and the other
common antibiotics (malachite green, leucomalachite green,
basic violet, semicarbazide, 1-aminohydantoin, 3-amino-2-
oxazolidinone, 3-amino-morpholinomethyl-2-oxazolidinone,
enrofloxacin, norfloxacin, sulfamethoxazole, sulfadimidine,
tetracycline, salbutamol, gentamycin, metronidazole) at the
same concentration of 100 pg mL ™" were analyzed to assess
the specificity of the proposed assay. As shown in Fig. 5, the
analogues and other common antibiotics have caused negligi-
ble decrease of fluorescence intensity (A/) compared with
CAP. The proposed assay has high specificity for CAP, which
proved that this fluorescence immunoassay has good selectiv-
ity for discriminating of CAP from other interfering
antibiotics.

Sample Analysis

The matrix components from sample can be extracted along
with the analyte. These matrix components can block the com-
bining of antibody with the analyte in immunoassay, thereby
affect the accuracy of analysis results. In order to achieve rapid
test, the dilution method generally is used to eliminate the
matrix effect. In this work, the extraction solutions of honey,
milk, and muscle tissue samples (crucian, carp, turbot, chick-
en, weever, shrimp) are diluted at running multiple with PBS
followed by analysis using the proposed assay. It is considered
that the matrix effect has been eliminated when the fluores-
cence intensity in test system for sample solution with appli-
cable multiple is approximately equal with the fluorescence

Concentration of CAP (pg mL"")

intensity in test system for PBS. Figure 6a shows that the
matrix effect can be completely eliminated with fivefold dilu-
tion of the extraction solutions of muscle tissue samples. And
an eightfold dilution of the extraction solutions using PBS can
eliminate the matrix effect from milk and honey samples
(Fig. 6b). The limits of quantitation of CAP in muscle tissue
samples, milk, and honey were 0.25 pg g ', 0.4 pg g ', and
0.4 pg g ", respectively.

To investigate the effectiveness of the method proposed
in this study for detecting CAP, the animal-derived foods
(honey, milk, and muscle tissue samples) spiked with CAP
at four low levels were detected by this method. As shown
as Table 1, the detected concentrations of CAP by the pro-
posed assay are in good agreement with the corresponding
spiked level. The recoveries of CAP ranged from 76.85 to
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Fig. 5 Specificity analysis of the fluorescence immunoassay. Each data
point is the mean of triplicate analyses
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Fig. 6 Elimination of matrix
effects for muscle tissue samples
(a) and milk and honey samples
(b). Each data point is the mean of
triplicate analyses

Fluorescence intensity (a.u.) QO

105.18%, and the coefficients of variation (CVs) varied
from 0.38 to 15.38%.

To further verify the accuracy of assay for sensitive detec-
tion of CAP, the proposed fluorescence immunoassay and
commercial ELISA test kit were used simultaneously to detect
CAP at three relatively large spiked levels in eight samples
(carp, crucian, weever, turbot, chicken, shrimp, honey, milk).
The results are provided in Table 2; the detection results of this
two methods show good correlation with R’= 0.9972, indicat-
ing that the fluorescence immunoassay has good accuracy for
the detection of CAP.

The real samples have been also analyzed to validate the
reliability and practicability of this immunoassay, and the test
results are listed in Table 3. The trace amount of CAP residue
with a concentration of 0.0022 ng g ' has been measured in a
crucian sample purchased in a small local market, and CAP
residues have not been detected in the other samples pur-
chased by us. The trace amount of CAP in the crucian sample
has not been detected by the commercial ELISA test kit and

LC-MS/MS, because this trace concentration is lower than the
LOD of the ELISA kit and LC-MS/MS. In addition, two
chicken positive quality control samples for CAP were pur-
chased and analyzed simultaneously by the proposed fluores-
cence immunoassay, commercial ELISA test kit, and LC-MS/
MS. In the chicken sample no.1, the concentrations of CAP
detected by this immunoassay, ELISA test kit, and LC-MS/
MS are 0.19, 0.19, and 0.21 ng g ', respectively. And the
concentrations of CAP detected by these three methods are
1.06, 1.01, and 1.12 ng g_l, respectively, in the chicken sam-
ple no.2. The results of three kinds of analytical methods were
consistent, further proving the reliability of the developed
method to test CAP residue in animal-derived foods. The an-
nouncement (no. 235) enacted by the Ministry of Agriculture
of the People’s Republic of China has stipulated that CAP is
forbidden to be used as a veterinary drug, and it has not been
allowed to be detected in the animal-derived foods. Trace of
CAP has been detected in the randomly purchased crucian
sample, which may be the CAP antibiotics were illegally used
in breeding process, resulting in residue of CAP in the crucian.

@ Springer
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Analytical Performance Evaluation of the
Fluorescence Immunoassay

The traditional commercial ELISA test kit for CAP needs at
least 50 min to achieve the whole test process containing in-
cubation (30 min), washing (5 min), color development
(15 min), and measurement. The developed method is rela-
tively easy to operate and rapid for detection process, includ-
ing incubation (20 min), washing (5 min), and measurement.
Especially, the washing process becomes more rapid and con-
venient due to the application of magnetic separation opera-
tion. The quantitation limits of CAP for commercial ELISA
kit in muscle tissue, milk, and honey samples were 8 pg g ',
24 pgg ' and 25 pg g ', respectively. The proposed fluores-
cence immunoassay has high sensitivity with the quantitation
limits of CAP in muscle tissue, milk, and honey samples at
025pgg ', 04 pgg’,and 0.4 pg g ', respectively. This
fluorescence immunoassay and an indirect competitive
ELISA were simultaneously established by using the same

CAP-OVA and anti-CAP monoclonal antibody. The half-

maximum inhibition concentration (ICs,) and LOD (concen-

tration calculated as IC;s) of this ELISA for CAP are

3.70 pg L™" and 0.38 pg L™'. Compared with this ELISA,

the proposed fluorescence immunoassay with a LOD of
0.01 pg mL™" has shown higher sensitivity. The proposed

fluorescence immunoassay has the characteristics of high sen-

sitivity, easy to operate, and saving time; it can be applied as
an alternative approach to detect the trace amount of CAP
residue in animal-derived foods.

Conclusions

A fluorescence immunoassay in combination with magnetic
separation using upconversion nanoparticles NaYF,: Yb/Tm
with emission peak at 482 nm as labels has been established to
test CAP. The proposed assay has high specificity for CAP
and can be used for the specific detection of CAP. This im-
munoassay is ultrasensitive with the LODs of 0.01 pg mL™!
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Table 1

fluorescence immunoassay (7 = 3)

Recoveries of chloramphenicol from spiked samples by this

Table 2 Analysis of CAP in spiked samples by the proposed method

and ELISA kit (n=3)

Sample  Spiked level Detected conc.  Recovery (%) CV (%) b Sample Spiked level  Detected concentration (mean + SD)
(pggh) (mean +SD) (pggh)
This method (pg g ')  ELISA kit (pg g ")
Carp 0 ND* - -
0.5 0.44+0.01 87.31 8.89 Carp 0 ND* ND
1 0.93+0.04 92.63 11.71 50 49.83+4.48 49.92 +6.00
5 4.63+0.65 92.54 12.30 100 96.77+8.70 99.52+7.06
10 9.54+1.23 95.35 12.85 500 478.22+74.01 522.02+£65.83
Crucian O ND _ _ Crucian 0 ND ND
05 0.39+0.03 76.85 8.08 50 52.12+4.62 46.97£7.64
1 0.97+0.10 96.71 10.50 100 103.77 £25.17 92.49 +£5.05
5 4.56+0.50 91.27 11.06 500 472.65+41.88 553.98+50.31
10 9.17+0.49 91.65 543 Weever 0 ND ND
Weever 0 ND _ _ 50 50.64 +4.49 49.08 +2.13
05 0.43+0.02 84.75 526 100 98.93+8.77 87.19+10.19
1 0.96+ 0.04 93.73 4.01 500 451.35+39.99 587.76 +101.70
5 471+0.19 93.70 3.87 Turbot 0 ND ND
10 9.85+0.10 98.85 0.59 50 49.48 £2.63 48.16£4.13
Turbot 0 ND _ _ 100 105.34+12.44 95.87+10.88
0.5 0.47+0.04 93.71 8.17 500 474.84 £56.06 470.73 £18.96
1 0.90+0.04 90.20 4.77 Shrimp 0 ND ND
5 4.86+0.12 97.32 237 50 47.81+£5.64 54.18+3.19
10 920+034 91.95 3.69 100 97.03+£11.45 97.08 £12.68
Shrimp 0 ND _ _ 500 498.14 +50.04 523.96+£26.40
0.5 0.48+0.02 93.94 2.14 Chicken 0 ND ND
1 0.97+0.06 102.27 276 50 48.91+4.40 49.92 +6.00
5 526+0.13 105.18 2.45 100 99.46 +8.95 99.52 +10.67
10 9.64+0.43 94.65 3.49 500 447.44 +£40.24 553.89 +15.65
Chicken 0 ND - - Honey 0 ND ND
05 0.40+0.02 80.62 420 50 48.73+£7.51 45.10+2.12
1 1.02+0.02 102.87 221 100 102.26 £11.18 94.91 £ 10.66
5 471+0.17 94.36 3.67 500 471.49£72.69 553.89 +45.65
10 9.93+0.22 99.29 2.24 Milk 0 ND ND
Honey 0 ND _ _ 50 46.81+7.22 49.67+4.26
0.5 0.42+0.002 83.23 038 100 99.09+15 .28 111.08+17.49
1 0.86+0.05 85.92 6.02 500 488.82 +£75.36 497.62 +£97.45
> 4.70£0.13 93.91 280 “ND not detected. The concentration is lower than the LOD of this fluo-
10 9.55£0.18 95.47 1.91 rescence immunoassay and ELISA kit
Milk ND - -
05 0.45+0.05 90.57 12.32 Table 3  Analysis of CAP in real samples by this fluorescence
0.90+0.12 90.91 1538 immunoassay, commercial ELISA test kit and LC-MS/MS (n =3)
5 5.19+0.36 104.83 10.47 Sample Measured (ng gfl) (mean + SD)
10 10.06 +1.26 103.96 12.63
This method ELISA kit LC-MS/
“ ND not detected. The concentration is lower than the LOD of this fluo- MS
rescence immunoassay
b OV coefficient of variation Chicken no.1 0.19 £ 0.01 0.19+0.02 0.21+0.03
Chicken no.2 1.06 + 0.09 1.01+0.06 1.12+0.17
Crucian 0.0022 + 0.001 ND? ND

for CAP in PBS, of 0.05 pg g~ ' in muscle tissue, of
0.08 pg g ' in milk, and of 0.08 pg g "' in honey, respectively.
It is more sensitive than the LC-MS/MS, the commercial

“ ND not detected. The concentration is lower than the LOD of the ELISA
kit and LC-MS/MS
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ELISA test kit, and the indirect competitive ELISA
established using same coating antigen and antibody. The test
results for the spiked- and real animal-derived food samples
by this assay are in good agreement with the testing results of
LC-MS/MS and commercial ELISA kit, indicating good reli-
ability and practicability of this assay. The trace amount of
CAP has been found by this assay in a crucian sample and it
has not been detected by the commercial ELISA test kit and
LC-MS/MS due to their insufficient sensitivity. This method
is relatively easy to operate and rapid, and only needs 25 min
to finish the entire test process. Although CAP has been for-
bidden to use as the veterinary drug in animal-derived foods,
the CAP residues have been detected sporadically. In order to
ensure human health, it is necessary to develop the high sen-
sitive, simple, rapid test method to monitor CAP residues. The
fluorescence immunoassay proposed in this work can be used
as an ultrasensitive rapid test tool to accurately detect CAP
residues in animal-derived foods.
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