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Abstract The fluorescent microsphere has been increas-
ingly used as detecting label in immunoassay because of
its stable configuration, high fluorescence intensity, and
photostability. In this paper, we developed a novel lat-
eral flow fluorescent microsphere immunoassay (FMIA)
for the determination of sulfamethazine (SMZ) in milk
in a quantitative manner with high sensitivity, selectiv-
ity, and rapidity. A monoclonal antibody to SMZ was
covalently conjugated with the carboxylate-modified
fluorescent microsphere, which is polystyrene with a
diameter of 200 nm. Quantitative detection of SMZ in
milk was accomplished by recording the fluorescence
intensity of microspheres captured on the test line after
the milk samples were diluted five times. Under optimal
conditions, the FMIA displays a rapid response for SMZ
with a limit of detection of as low as 0.025 ng mL™" in
buffer and 0.11 pug L' in milk samples. The FMIA was
then successfully applied on spiked milk samples and
the recoveries ranged from 101.1 to 113.6 % in the
inter-batch assay with coefficient of variations of 6.0
to 14.3 %. We demonstrate here that the fluorescent
microsphere-based lateral flow immunoassay (LFIA) is
capable of rapid, sensitive, and quantitative detection of
SMZ in milk.
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Introduction

Immunoassay is one of the most popular screening methods
for the detection of target molecules in a variety of fields,
such as medical diagnosis, environmental monitoring, and
food safety [1-3]. Currently, the most often used labels in
immunoassays are enzymes (e.g., horseradish peroxidase),
fluorescein (e.g., fluorescein isothiocyanate), colloidal gold
particles, etc. In order to meet the requirement of sensitive
detection, recently, some new materials with superior prop-
erties have been synthesized to facilitate high-performance
detection for advanced immunoassay, such as fluorescent
microsphere, quantum dot, carbon nanoparticles, etc. [4—6].

The fluorescent microsphere, which has a stable configu-
ration, high fluorescence intensity, and photostability, has
become a novel fluorescent label and is already employed in
biomedical, genomics, and medical diagnosis fields [5, 7-9].
It also presents a narrow distribution of fluorescence intensity
and size along with extensive selection of colors available,
thus, it is potentially more accurate and diverse than the
current diagnostic test systems in use and can be quantitatively
analyzed, thus providing an excellent tool for novel detection
methods.

Veterinary drug residues in food stuffs have caused very
serious problems and pose a potential hazard to consumers,
including toxicity risks, antibacterial resistance, and carcino-
genic presumption [10—12]. Thus, rapid, sensitive, and specific
approaches are imperative in detecting veterinary drug residues
of animal products. Until now, no report on the detection of
veterinary drug residues using fluorescent microsphere as label
has been published. Sulfamethazine (SMZ) belongs to the
sulfonamides, which is one of the most frequently utilized
individual sulfonamides in veterinary medicine for prevention
and treatment of infection throughout the world [13]. Some
regulations have been established in many countries and inter-
national institutions to control the use of SMZ. In the European
Union and China, the maximum residue limits (MRLs) for
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SMZ in edible animal tissues is set at 100 pug kg ' [14, 15],
whereas MRLs established by Codex Alimentarius Commis-
sion is much lower at 20 ug kg " in cattle milk [16].

In previous reports, lateral flow immunoassays (LFIA)
using colloidal gold as label for the detection of SMZ have
been accomplished [17-20]. O'Keeffe et al. developed a LFIA
for the detection of SMZ with a cut-off value at 6.3 ug L™,
while, the LFIA developed by Li et al. presented 8 ug L' in
swine urine [17, 18]. For pig muscle, milk, and fish, a colloidal
gold immunoassay for the determination of SMZ reported by
Wang et al. showed a cut-off value at 20 ug kg ' [19]. Recently,
Guo et al. developed a three test-line LFIA for simultancous
detection of SMZ, sulfadiazine, and sulfaquinoxaline residues
in egg and chicken muscle with a cut-off value at 80 ug kg™’
[20]. Li et al. described a LFIA for the detection of sulfadiazine
in eggs and chickens with a cut-off level at 5 ug kg ' [21].
Compared with the conventional strategies like enzyme-linked
immunosorbent assay (ELISA), the LFIA technology utilizing
colloidal gold as label outstands in both scientific and industrial
realm because of its rapid and on-site exploitation, which make
it possible to detect SMZ with high speed, acceptable sensi-
tivity, and specificity in most cases. However, LFIAs gener-
ally cannot render results in quantitative manner in most cases,
and sometimes lack of sensitivity to meet the high requirement
for more strictly supervision of SMZ in animal-origin food.

In the present paper, a reliable method of lateral flow immu-
noassay using fluorescent microsphere as label was proposed.
The fluorescent microsphere immunoassay (FMIA) is simple,
rapid, and highly sensitive for the detection of SMZ in milk
samples. It takes less than 10 min to complete the test and the
result can be quantitative analyzed by an ESE-Quant LFR
Fluorescence reader. Compared with previous study, this meth-
od exhibits high sensitivity and can be quantitatively analyzed.

Materials and methods
Reagents and materials

SMZ and other sulfonamides, bovine serum albumin
(BSA), ovalbumin (OVA), goat anti-mouse IgG, 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC), and N-
hydroxysuccinimide (NHS) were provided by Sigma-Aldrich
(St. Louis, MO). FluoSpheres® Carboxylate-Modified Micro-
spheres, 0.1 um, Red Fluorescent (580/605), 2 % solids, were
purchased from Invitrogen (Carlsbad, CA). 2-(4-morpholino)-
ethanesulfonic acid (MES) was purchased from Aladdin Chem-
istry CO. Ltd (Shanghai, China). Dextran 4000 was purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
HiTrap protein A Sepharose 4 Fast Flow was purchased from
Pharmacia Corporation (Uppsala, Sweden). Purified water was
obtained using a Milli-Q water purification system (Millipore,
Bedford, MA). The nitrocellulose (NC) membrane (Millipore,
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HF13520s25) was purchased from Millipore Corporation
(Millipore, Bedford, MA). The sample pad (CH37K) and the
absorbance pad (SB08) were supplied by Shanghai Liangxin
Co. Ltd. (Shanghai, China). Monoclonal antibody (MADb) to
SMZ was previously prepared in our laboratory and purified by
using Protein A before use [22]. The coating antigen was
prepared by conjugating SMZ to OVA using the diazotization
method as described in our previous work [23].

Apparatus

The NanoDrop ND-1000 spectrophotometer was purchased
from Gene Company Ltd. (Hong Kong, China). The ZX1000
Dispensing Platform and the CM4000 Guillotine Cutting
Module used to prepare the LFIA were purchased from
BioDot Inc. (Irvine, CA). The ESE-Quant LFR Fluorescence
reader was purchased from QIAGEN (Dusseldorf, Germany).
The UV spectrometer was provided by Qiangyun Co.
(Shanghai, China).

MAD purification

The MAb was dialyzed against PBS buffer (0.01 M, pH=7.4)
at 4 °C for 3 days, and then was purified by using a HiTrap
MabSelect SuRe (GE Healthcare (Little Chalfont, UK)) and a
HiTrap HIC column (GE Healthcare (Little Chalfont, UK))
orderly referring to the instruction. The concentration of puri-
fied MAb was determined with the spectrophotometer at
280 nm and diluted to 1 mg mL™" with deionized water and
stored at 4 °C and finished within 2 days.

Fluorescent microsphere-MAb conjugates

The MADb was conjugated to fluorescent microspheres
according to the protocol for the carboxylate-modified mi-
crospheres from Invitrogen with slightly modifications.
Briefly, 15 pg purified MAb was dissolved of in 400 pL
MES buffer (0. 05 M, pH=6.5) in a glass centrifuge tube.
After adding 5 puL of a 2 % aqueous suspension of
carboxylate-modified microsphere, 2 pg of EDC and 2 ug
of NHS to the centrifuge, the mixture was blended by
vortexing and the pH was adjusted to 6.5 with dilute NaOH.
The reagents were incubated on an orbital shaker for 2 h at
room temperature. An amount of 300 pg glycine was added
to quench the reaction for 30 min at room temperature. After
centrifugation at 12,000 rpm at 4 °C for 15 min, the protein-
labeled microsphere particles were separated from unreacted
protein. The sediment was re-suspended in 100 uL solution
(0.01 M phosphate buffer (PB) containing 1 % BSA, 0.4 %
dextran 4000, and 0.2 % Tween 20). The suspension was
dispersed and blended by supersonic vibration for 10 min.
FM-MAD conjugates were stored at 4 °C until needed in the
assay.
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LFIA preparation

The strip of LFIA is consisted of three sections as follows:
sample pad, NC membrane, and absorbent pad. The sample pad
was made from glass fiber and treated with 0.01 M PBS buffer
(pH=7.4) containing 0.1 % Tween 20 as surfactant and then
dried at 37 °C for 3 h. Meanwhile, the SMZ-OVA antigen and
goat anti-mouse IgG were separately diluted to 0.3 and 1 mg-
mL ™" with coating buffer (0.02 M carbonate buffer, pH=9.6),
and then sprayed onto the NC membrane by the ZX1000
dispensing platform as the test and control lines, respectively.
The desired volumes were 0.7 pL/mm for the test line and
0.8 puL/mm for the control line. The NC membrane was dried at
37 °C for 1 h and stored under dry conditions at room temper-
ature until needed. Then, all of the parts were assembled on a
plastic adhesive backing card using the Batch Laminating
System LM5000, and each part overlapped 2 mm to ensure
the solution covered the entire strip during the assay. A desired
volume (1 pL) of FM-MADb conjugates was dispensed onto the
sample pad using an Eppendorf dispenser. Finally, the strip was
cut with a 3-mm width using Guillotine Cutting System CM
4000 for the following assay.

LFIA procedure

When a sample (about 70 pL) is placed on the sample pad, the
FM-MAD conjugates are dissolved and then moved up along
the membrane with the liquid by capillary action. When no
SMZ is present in the sample, FM-MAb conjugates would be
trapped by the immobilized SMZ-OVA at the test-line on the
NC membrane to form an intense red-colored fluorescent
band. The unreacted FM-MAb conjugates migrated further
and could be trapped by immobilized goat-anti-mouse IgG,
forming the control line. The presence of two fluorescent lines
indicates a negative result. Conversely, if the sample contains
SMZ, it would compete with the SMZ-OVA at the test line for
the limited amount of FM-MAb. When a sufficient amount of
SMZ is in the sample, the SMZ would bind to all the FM-
MAD and fully prevent the binding of FM-MAb to SMZ-
OVA. Therefore, at the test line position, the fluorescent band
would not be seen. In any assay, the control line should always
reveal to ensure the system is working properly. Quantitative
analysis can be realized by reading the fluorescence intensity
of test line with the fluorescence reader.

Standard curves and specificity

To establish the calibration curves of the LFIA, the standard
samples were prepared by diluting a 2 mg mL™" SMZ stock
solution in anhydrous DMF in both PBS buffer (0.01 M,
pH=7.4) and pretreated milk sample to different levels. The
ultimate concentration of SMZ in both PBS and diluted milk
samples were 0, 0.01, 0.1, 1, 10, and 100 pg L. The

—&— Before purification

—8— After purification

~ 2000 B 4 2000
=

> 1800 - 4 1800
<
2 1600 - - 1600
>
N
‘@ 1400 4 < 1400
g
& 1200 41200
=
= 1000 4 = 1000
=

T 8004 4 800
2 600 600
z ] 4

o

S 400 4 4400
=
= 2004 4200

0 T T T y T T 0

5 10 15 20 25 30

Concentration of MAb (ug/400uL)

Fig. 1 Comparison of the fluorescent intensity before and after purifi-
cation of the MAD for different concentration of MAb

fluorescence intensity for each standard sample was determined
five times (n=35) using the fluorescence reader, and the mean
intensity calculated. The standard curve was established
using fluorescence intensity and log;, of their corresponding
SMZ concentration. The linear regression equation was cal-
culated and the relationship between fluorescence intensity
and log;o of SMZ concentration was assessed by the correla-
tion coefficient of determination ().

To evaluate the specificity of the LFIA, several sulfon-
amide compounds including sulfamethazine, N*-acetyl
sulfamethazine, sulfadimethoxine, sulfamerazine, sulfameth-
oxazole, sulfamonomethoxine, sulfadiazine, sulfathiazole,
sulfamethopyrazine, sulfamethizole, sulpfaquinoxaline, and
sulfabromomethazine were evaluated at different concentra-
tions (0.1, 1, 10, 50, 100, 200, and 1,000 pug Lfl). The cross-
reactivity values were calculated using the following equation:

CR (%) = (ICs50(SMZ, pg L™") /ICso (sulfonamides, pg L™")) x 100 %
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Fig. 2 The influence of covalent coupling time on the fluorescent intensity

@ Springer



6786 R. Chen et al.
Table 1 Results of the fluorescent intensity for different proportion of EDC and NHS

Conditions Parameters

Concentration of EDC (ug) 3 3 2 1 2 1.5 1
Concentration of NHS (pug) 1 2 3 3 2 1.5 1
Fluorescent intensity (a.u.) 2,019.10  2,09527  2,11830  2,248.04  2,224.57 1,675.93 1,346.99 997.20
Remains of FM-MADb on NC membrane + ++ +++ +++ +++ + + +

“+” presence of FM-MADb, “++” conspicuous presence of FM-MAD, “+++” extensive presence of FM-MAD, “+” slight presence of residue of FM-

MAb

Spiked sample and recovery

SMZ-free skimmed milk was supplied by the National Ref-
erence Laboratory for Veterinary Drug Residues (Beijing,
China). The milk was spiked with a 2-ug L™' SMZ stock
solution in anhydrous DMF to different concentrations, was
blended on a vortex mixer for 20 s, and left to stand at room
temperature for 15 min. One milliliter of sample was diluted
with 4 mL sample diluents (0.01 M PB, pH=7.4, containing
0.05 % Tween 20).

To examine the repeatability and accuracy of the test, milk
samples spiked with SMZ to the concentration of 0.5, 2.5,
12.5, and 62.5 pg L™! were pretreated and analyzed three times
(n=3) for the intra-batch assay precision and three successive
batches for the inter-batch assay precision. The recovery and
coefficient of variation (CV, in percent) were calculated.

Results and discussion
Covalent coupling optimization
The readout of fluorescent intensity is directly influenced by

the covalent coupling of fluorescent microspheres to MADb.
The efficiency of the coupling is closely related to the purity
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Fig. 3 The influence of pH of MES buffer on the fluorescent intensity
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of the MAD, whereas ascites normally contains some impu-
rities such as lipid and unrelated protein, which will reduce
the ratio of coupling of MAb and fluorescent microsphere,
resulting in a low fluorescent intensity. In the present study,
we selected the HiTrap MabSelect SuRe protein purification
column to filter the unspecific substances. Figure 1 shows
the fluorescent intensity before and after MAb purification
and the accretion of fluorescent intensity being obvious after
the purification. The purification of MAb increases the effi-
ciency of coupling, indicating that the purification procedure
of ascites before coupling is necessary for effectively cou-
pling of fluorescent microsphere to antibody.

In order to attain the optimal covalent coupling condition,
we also carried out a series experiment to determine the cou-
pling ratio of fluorescent microspheres to MADb. Since the
fluorescent intensity kept growing with the increase of the
concentration of MAD (see Fig. 1), it indicated that even a high
concentration of MAD (to 30 pg) would not completely bind
the limited amount of microsphere (5 pL), whereas the sensi-
tivity of the test would decline when the concentration of MAb
is higher. Balancing these two factors, 15 pg MAD binding to
5 pL microspheres was used as the optimum amount to ensure
both a high coupling ratio and the sensitivity of the assay.

The time required, however, for the coupling of fluores-
cent microspheres with MAb was evaluated from 1 h to
overnight at 37 °C (Fig. 2). As a result, incubating the
reaction mixture for 2 h at 37 °C showed high stability and
the best fluorescent intensity development.

According to the instruction for the fluorescent micro-
spheres from Invitrogen, EDC was always used to activate
the surface carboxyl groups on the microsphere particles in
the past study [24]. In our study, only using EDC resulted in
the polymerization and sedimentation of the microspheres,
which leaded to the remains of FM-MAb on the sample pad
and NC membrane, thus had negative effects on the accuracy
and repeatability of the LFIA. The reaction system still
appeared more stable when EDC and NHS were used to-
gether. It is probably because NHS created a stable amine-
reactive product thus increased coupling efficiency and sta-
bility [25, 26]. Several different proportions of EDC and
NHS were evaluated (see Table 1) to compare the result of
the reaction and the residue of FM-MADb on the conjugate
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Fig. 4 Detection of SMZ standard samples using the LFIA. The strips
A-D were for strips loaded with buffer containing 0, 0.1, 2.5, and
12.5 ng mL™" of SMZ, respectively. The upper is the fluorescence
imaging of LFIA under UV light at 365 nm. The more SMZ present

pad and NC membrane. Finally, 2 ng EDC/2 ug NHS was
selected as the optimal condition according to the results
shown in Table 1.

LFIA optimization
An optimal pH of the buffer is of great significance for the

development of fluorescent intensity. Both a higher and lower
pH values will make the charge groups on the microspheres be

in the buffer, the weaker the test line color. The bottom curves are the
readout of fluorescence intensity of test lines in the upper strip using the
ESE-Quant reader (excitation wavelength, 580 nm and emission wave-
length, 605 nm)

neutralized, leading to the agglomeration and reduction of fluo-
rescent intensity. The influence of pH of MES buffer on the
fluorescent intensity is shown in Fig. 3. The maximum fluores-
cent intensity was achieved when the assay buffer was at pH 6.5.
Subsequently, two coating buffers, namely, carbonate buffer
(CB, 0.05 M, pH 9.6) and PB (0.01 M, pH 7.4) were evaluated
and compared with immobilize SMZ-OVA and goat anti-
mouse IgG on the NC membrane. The color development
and stability of the LFIA was better when using CB than PB.
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Fig. 5 The curve was obtained by fitting linear (n=5), and error bars
represent the standard deviation

Assay performance was evaluated eventually with respect to
the pretreatment of the sample pad. Previous study showed that
when sample pad was pretreated with dilution buffer containing
the surfactants, such as Tween 20 or PEG, the flow rate of the
sample solution was accelerated, the background was eliminat-
ed, and the sensitivity and stability of the LFIA were improved
[27]. In our study, we evaluated PBS buffer containing different
concentration of Tween 20 ranging from 0.01 to 0.15 % and
finally selected pretreatment solution consisting of 0.01 M PBS
(pH 7.4) containing 0.1 % (v/v) Tween 20.

Sensitivity and specificity

According to the principle described above, the fluorescence
intensity on the test line is inversely proportional to the con-
centration of SMZ in the samples. When the concentration of
SMZ was more than 12.5 pg L™, the color of test line cannot

Table 2 Comparison of the cross-reactivity results obtained by FMIA
and ELISA

Cross-reactivity (%)

Sulfonamides FMIA cELISA [22]
Sulfamethazine 100 100
N*-acetyl sulfamethazine 65.6 91.2
Sulfadimethoxine <0.01 <0.01
Sulfamerazine 6.2 10.9
Sulfamethoxazole <0.01 <0.01
Sulfamonomethoxine <0.01 <0.01
Sulfadiazine <0.01 <0.01
Sulfathiazole <0.01 <0.01
Sulfamethopyrazine <0.01 <0.01
Sulfamethizole <0.01 <0.01
Sulfaquinoxaline <0.01 <0.01
Sulfabromomethazine 8.1 9.2

be distinguished by the naked eye under UV light (Fig. 4). The
fluorescent signal of the test line can be quantitatively detected
by using an ESE-Quant LFR Fluorescence reader even when
the concentration of SMZ was 100 pg L.

The fluorescent intensity decreased as the concentration of
SMZ increased in the standard samples (see Fig. 5). There was
areasonable linear relationship between fluorescent density and
the log;o of the concentration of SMZ in the range of 0.01—
100 pg L' in PBS (7=0.9984). The ICs, and limit of detection
of the developed LFIA for SMZ were 1.03 and 0.025 pg L.

Table 2 shows the cross-reactivity results obtained by the
LFIA. The results show that the LFIA produced significant
cross-reactivity with the sulfamethazine (100 %), N*-acetyl
sulfamethazine (65.6 %), sulfamerazine (6.2 %), and
sulfabromomethazine (8.1 %) but negligible cross-
reactivity (<0.1 %) with sulfadimethoxine, sulfamethoxa-
zole, sulfamonomethoxine, sulfadiazine, sulfathiazole,
sulfamethopyrazine, sulfamethizole, and sulfaquinoxaline.
The cross-reactivity values of MAD in the LFIA are similar
to that observed in the ELISA using the same MAb by He
and Liu et al. [22].

Spiked samples analysis

Milk, containing high level of lipids, sugar, and proteins, is a
relatively complex matrix, which may have an influence on the
development of the immunoassay. In this study, a simple and
rapid pretreatment was performed to minimize the matrix
interference. The SMZ-free skimmed milk was provided by
the National Reference Laboratory for Veterinary Drug Resi-
dues (Beijing, China) and then undertaken a fivefold dilution
with the PBS diluents (containing 0.05 % Tween 20) to dimin-
ish the exhibition of the fluorescent signal on the background.
As seen in Fig. 5, the standard curve that was constructed in
milk samples was nearly indistinguishable from that which
was constructed with the PBS buffer. Consequently, recovery
studies were executed with the milk samples spiked with
known concentrations of SMZ and the results were summa-
rized in Table 3. Recovery of SMZ in milk samples ranged
from 94.6 to 108.3 % in the intra-batch assay determination

Table 3 Accuracy and precision of FMIA measurements of SMZ in
spiked milk (n=3)

Intra-batch assay Inter-batch assay

Spiked  Found Recovery CV  Found Recovery CV
(gL (gLl (%) %) (gL () (%)
0.5 0.51 101.8 14.1 0.53 106.6 10.2
2.5 2.68 107.1 126 2.57 103.0 14.3
12.5 13.5 108.3 57 142 113.6 8.70
62.5 59.2 94.6 102 632 101.1 6.00
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with CVs of 5.7 to 14.1 and 101.1 to 113.6 % in the inter-batch
assay with CVs of 6.0 to 14.3 %, which indicated that this
LFIA could successfully measure SMZ in milk samples.

Conclusions

The present study reported a lateral flow fluorescent micro-
sphere immunoassay for rapid and sensitive detection of SMZ
in milk. Under optimal conditions, this LFIA is capable of
detecting a minimum of 0.11 g L' SMZ in milk sample within
10 min. The ICs, of the assay is 5.58 ug L™ in milk sample, and
the recoveries of SMZ from spiked milk samples ranged from
101.1 to 113.6 % in the inter-batch assay with CVs of 6.0 to
14.3 %. Overall, the novel lateral flow FMIA is a rapid, simple,
and sensitive analytical method, which is highly effective for the
detection of SMZ residue in milk. The results indicated that
fluorescent microsphere could provide powerful probes for the
detection of veterinary residues in animal-originating food.
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