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Abstract Streptomycin (STR), used extensively in the treat-
ment of bovine mastitis, may cause damage such as ototoxic-
ity, allergic reaction, and increasing bacterial resistance to
consumers on account of remnant in milk. A time-resolved
fluoroimmunoassay (TRFIA) was developed to quantify
STR for the first time to ensure food safety. Using secondary
antibody labeled with europium (Eu’*) chelate as a tracer, the
proposed TRFIA showed that the linear working range was
0.32-5.0 ng/mL under the optimal conditions. Milk samples
were deproteinized by trichloroacetic acid and the limit of
detection of STR in milk was 1.8 pug/kg. The recoveries of
milk samples fortified with 4.0, 20, and 40 pg/kg of STR
ranged from 86.2 to 96.3% with relative standard deviations
less than 11%. Results of TRFIA for the authentic samples
were coincided with those of UHPLC-MS/MS analyses. This
study confirmed that the established TRFIA was sensitive as
well as reliable and could be an alternative method to monitor
STR residue in milk.

Keywords Time-resolved fluoroimmunoassay -
Streptomycin - Residue - Milk

Introduction

Streptomycin (STR), a member of aminoglycoside antibiotics, is

efficient to treat gram-negative infectious diseases of food ani-
mals. Because of its effectiveness and low cost, STR has been
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widely used in cattle as mastitis curative (Granja et al. 2009;
Haasnoot et al. 2003; Mishra et al. 2015). Excessive use or in-
observance of withdrawal time may result in the residue of STR
in milk and present potential hazard to consumers in terms of
ototoxicity, allergic reaction, inhibiting growth of marrow, and
the development of bacterial resistance (de Oliveira et al. 2009;
Wan et al. 2006). To protect public health, maximum residue
limit (MRL) for STR in milk has been set at 200 pug/kg in
China, European Commission, and Codex Alimentarius
Commission (MOA 2002; Regulation 2010; Commission
2014). As a great deal of attention has been paid to the risk of
antibiotic residual all around the world, the restriction of antibi-
otic in animal-derived food will be more rigid (Organization
2015; European Commission 2011; NHFPC 2016).

To detect the residue level of STR, a variety of analytical
methods have been developed, including instrumental methods
such as HPLC (Furusawa 2001; Vinas et al. 2007) and HPLC-
MS (Aksu et al. 2004; Arsand et al. 2016; van Bruijnsvoort
et al. 2004) and immunoassay methods such as ELISA (Aksu
et al. 2004; Samsonova et al. 2005; Unusan 2009) and
immunochromatographic assay (ICA) (Byzova et al. 2011,
Wau et al. 2010). On the one hand, immunoassay methods have
attracted more and more attention by virtue of their simplicity,
rapidness, and high throughput when compared with instru-
mental methods. On the other hand, the commonly used immu-
noassay methods for STR detection are susceptible to matrix
interference and suffer from limited sensitivity (Taghdisi et al.
2016). Time-resolved fluoroimmunoassay (TRFIA) is an ultra-
sensitive and highly selective immunoassay method using long
fluorescence life time lanthanide chelates as the labels. It can
reduce background fluorescence by extending the measurement
time and detecting the specific fluorescence of lanthanide che-
lates after the decay of short-life background fluorescence
(Peippo et al. 2005; Shi et al. 2015). TRFIA has been success-
fully employed to test several drugs residue in animal-derived
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food (Le et al. 2013; Shen et al. 2007; Wei et al. 2013; Zhou
etal. 2015).

In this study, we firstly established and optimized a TRFIA
for detection of STR. The method was proven to be appropri-
ate for screening STR in milk and had been confirmed by
ultra-high-performance liquid chromatography tandem mass
spectrometry (UHPLC-MS/MS), which would satisfy the ten-
dency of more strict management of antibiotics.

Materials and Methods
Chemicals and Reagents

STR, gentamycin, spectinomycin, kanamycin, tobramycin,
amikacin, and dihydrostreptomycin were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Goat anti-mouse anti-
body, anti-STR monoclonal antibodies (anti-STR McAb), and
STR-ovalbumin (STR-OVA) were obtained from our labora-
tory. The 96-well microtiter plates were obtained from Nunc
International (Roskilde, Denmark). Sephadex G-50 was from
Pharmacia (Uppsala, Sweden). N'-[p-isothiocyanato-benzyl]-
diethylene-triamine-N ! N? N3 N*_tetraacetate-Eu>* (DTTA-
Eu’*) and enhancement solution were purchased from
Jiangyuan Industrial Technology and Trade Corporation
(Jiangsu, China). All other chemicals and solvents were of
analytical grade or better and were obtained from Beijing
Chemical Reagent Co., Ltd.

Preparation of Labeled Eu®*-Secondary Antibody
Conjugate

The procedure of labeling goat anti-mouse secondary anti-
body with Eu®* chelate (DTTA-Eu’*) was performed accord-
ing to the previous literatures with some modifications (Liang
et al. 2015; Lin et al. 2013). In brief, secondary antibody was
dialyzed for 3 days with labeling buffer to remove interfering
compounds such as Tris and NaNs. Then, 1 mL purified anti-
body diluted to a final concentration of 5 mg/mL was mixed
with 1 mg Eu" chelate, and the mixture was stirred gently at
4 °C overnight. The labeled Eu**-secondary antibody conju-
gate was separated from unreacted chelate using a Sephadex
G-50 column with Tris—HCI as the elution buffer. The gel
filtration eluates were collected 1 mL/tube, and UV abortion
at 280 nm was monitored by a NanoDrop 2000c UV—vis
spectrophotometer (Thermo Fisher, USA) and fluorescence
intensity (cps) at 615 nm by a multifunctional microplate read-
er SpectraMax M5 (Molecular Devices Co., Ltd. USA). The

cluates of the first separation peak with higher UV abortion
value and fluorescence intensity were pooled and stored at
—20 °C. The principle of conjugation reaction between Eu’*
chelate and secondary antibody is shown in Fig. 1.

Indirect Competitive TRFIA Protocol for STR Detection

The wells of polystyrene microtiter plates were coated with
100 uL STR-OVA (0.33 pg/mL) in 50 mM carbonate buffer
(pH 9.6) overnight at 4 °C. The plates were washed three
times with TBST and blocked at 37 °C for 1 h. After another
washing step, either 50 pL of the standards (0, 0.16, 0.32,
0.625, 1.25, 2.5, 5, 10 ng/mL diluted by PBS) or 50 uL of
the samples was added followed by dispensing 50 pL anti-
STR McAb into each well. Nonspecific binding was deter-
mined by adding 100 uL PBS without antibody. The plates
were incubated at 37 °C for 30 min and rinsed three times. A
volume of 100 pL labeled Eu**-secondary antibody (1.6 pg/
mL) was applied to the wells for 30 min before another wash-
ing procedure. One hundred-microliter enhancement solution
was added to dissociate Eu** from Eu’*-secondary antibody
conjugate and formed high fluorescent micelle with Eu®*
wrapped in agents (TOPO, 2-NTA). The fluorescence intensi-
ty of Eu’* was measured by using a SpectraMax M5 setting
excitation wavelength at 340 nm, an emission wavelength at
615 nm, and a delay time at 400 ps (Fig. 2). Blocking reagent
(1-5% BSA, 1-5% skim milk, 2% casein, and 2%
PEG20000), salt concentration (0, 0.05, 0.1, 0.2, and 0.4 M),
pH (5.0, 6.0, 7.0, 8.0, and 9.0) of assay buffer, and diluent of
Eu’*-secondary antibody were optimized. All the optimiza-
tion experiments were measured in triplicate. Based on the
optimal conditions, the standard curve was constructed and
served to determine the concentration of STR. The sensitivity
of TRFIA defined as ICsq and linear working range were
obtained from a four-parameter logistic equation of the sig-
moidal curve.

Sample Preparation

All raw milk samples were obtained from the local cattle farms.
Except the test of confirmation analysis, the samples applied in
the experiment were confirmed as free of STR by UHPLC-MS/
MS. Different pretreatments—dilution methods and trichloroacetic
acid (TCA) method were taken to overcome the matrix interfer-
ence. The dilution method was as follows: milk samples were
centrifuged at 4000g for 10 min to remove the fat, and the upper
layer was employed for TRFIA analysis after being diluted dif-
ferent times by PBS (no dilution, 20- and 40-fold). In the TCA

S
1
Eu—DTTA—@—N=C=S + H,N -antibody —— Eu—DTTA—@—NH-C—NH—antibody

Fig. 1 The conjugation reaction between the aromatic isothiocyanate group of the Eu** chelate and an amino group of secondary antibody
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Fig. 2 Schematic representation of indirect competitive TRFIA for STR detection

method, equivalent 1% TCA (w/v) was added in the milk follow-
ed by vortex and centrifugation. The supernatant was diluted by
PBS different times (no dilution, 2- and 4-fold) and subsequently
employed for analysis. The spiked samples were fortified with
STR to gain the final concentration at 4.0, 20, and 40 pg/kg. The
preparation procedure of samples for UHPLC-MS/MS analysis
was performed according to Gremilogianni et al. (2010). All the
samples and the standards were evaluated in triplicate.

UHPLC-MS/MS Conditions

Confirmation analysis was conducted using a Waters Acquity
UHPLC system combined with a Waters Xevo TQ-S triple-
quadrupole mass spectrometer. A volume of 10-pL solution
was injected onto an Acquity UHPLC HSS T3 column
(2.1 mm x 100 mm; particle size, 1.7 pwm) to separate. The
mobile phase consisted of methanol (mobile phase A) and
water (mobile phase B) at a volume ratio of 35:65 at a flow
rate of 0.300 mL/min. The gradient elution program was as
follows: 0—2 min, 35% A and 65% B; 2-3 min, 100% A; and
3—4 min, 35% A and 65% B. Analytes were quantified by
multiple reaction monitoring mode using positive-ion
electrospray interface (ESI*). The transitions of precursor
and product ions for STR were m/z 582 — 263 and 582 —
246. Interface conditions were as follows: nebulizer gas, N,
(45 psi); cone gas, N, (150 L/h, 350 °C); desolvation gas, N,
(1000 L/h, 400 °C); and capillary voltage, 2.8 kV. The corre-
sponding cone voltage and collision energy optimized for
maximum detection sensitivity were 85 V and 42/32 eV for
product/precursor ion.

Results and Discussion

Evaluation of Eu**-Secondary Antibody Conjugate
Based on the principle of gel filtration, the substance of which
molecule was too big to penetrate into the pores of the gel

would appear early. Thus, the first peak monitored for UV
abortion value and fluorescence intensity contained Eu**-
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secondary antibody conjugates; moreover, the second peak
contained the unreacted Eu’* chelate. The eluates of the first
peak were pooled and evaluated according to the previous
report (Zhang et al. 2010). The labeling yield of Eu** to sec-
ondary antibody was calculated to be 12.9. There was no loss
of Eu**-secondary antibody conjugate immunoreactivity ob-
served in 8 months, demonstrating good stability of the con-
jugate during long-term storage.

Optimization of TRFIA Conditions

As is known to all, a large number of factors in immunoassay
would affect assay sensitivity (Sheng et al. 2013). To attain a
better performance, the TRFIA conditions including blocking
reagent, assay buffer, and diluent of Eu**-secondary antibody
were optimized. The fluorescence intensity of control and
spiked samples and the inhibition ratio were utilized to select

Table 1 Influence of blocking reagents on the TRFIA performance for
STR (n =3)
Blocking Fluorescence Fluorescence Nonspecific Inhibition
reagents intensity of intensity at  binding ratio
STR at zero 5 ng/mL value (cps)
concentration STR (cps)
(cps)
1% BSA 22,103.50 8466.79 2103.80 0.62
2% BSA 20,731.88 8420.98 2143.07 0.59
5% BSA 20,602.04 7828.78 2273.90 0.62
1% skim 10,575.00 4746.04 989.75 0.55
milk
2% skim 13,300.98 4262.16 1058.48 0.68
milk
5% skim 7226.11 3614.23 1782.50 0.50
milk
2% casein  18,146.06 7999.72 1174.16 0.56
2% 16,745.72 8239.49 1300.48 0.51
PE-
G20000
No 16,671.23 8068.66 3204.30 0.52
blocking
reagent
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Table 2  Cross-reactivity of the anti-STR McAb with different
aminoglycosides

Aminoglycosides ICso (ng/mL) Cross-reactivity (%)
Streptomycin 1.4 100
Dihydrostreptomycin 1.18 118.8

Gentamycin >2000 <0.1

Spectinomycin >2000 <0.1

Kanamycin >2000 <0.1

Tobramycin >2000 <0.1

Amikacin >2000 <0.1

the optimal parameters. The inhibition ratio was calculated by
the following formula: Inhibition ratio = 1 — F/F, (F and F)
were defined as the fluorescence intensity of control and

a u PBS
1.0 e Milk
A 1/20 dilution
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=
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Fig. 5 Standard curves of TRFIA for STR by different pretreatments to
remove the matrix effect of milk. a Dilution method: standard curve in
PBS (squares); standard curve in milk (circles); standard curve in milk
diluted 20-fold by PBS (triangles); standard curve in milk diluted 40-fold
by PBS (inverted triangles). b TCA method: standard curve in PBS
(squares); standard curve in milk treated with TCA (circles); standard
curve in milk treated with TCA following 2-fold dilution (triangles);
standard curve in milk treated with TCA following 4-fold dilution
(inverted triangles)
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spiked samples, respectively), and the concentration of STR
in spiked samples was 5 ng/mL.

Blocking reagent could reduce the unspecific binding of
the secondary antibody onto the plate and thereupon improve
the sensitivity of immunoassay (Deng et al. 2003). As shown
in Table 1, among the blocking reagents, the maximum value
of Fy was acquired by BSA; nevertheless, the unspecific bind-
ing value was also increased. In consideration of inhibition
ratio and Fj, skim milk at a concentration of 2% was selected
as the optimal blocking reagent.

The salt concentration and pH value of the assay buffer
could influence the equilibrium constant of antigen-antibody
reaction (Reverberi and Reverberi 2007). The inhibition ratio
was improved as the concentration of NaCl in assay buffer
increased to 0.05 M; meanwhile, higher concentration of
NaCl might result in the diminution of fluorescence intensity
(Fig. 3a). Therefore, 0.05 M NaCl was added in the assay
buffer to get a satisfying compromise between the inhibition
ratio and Fj. Using a too low/high pH may suppress the com-
bination of antibody and antigen. The inhibition ratio as well
as F, was lower in the conditions of acidic; the maximum
values could be obtained when the pH was 8.0 (Fig. 3b).

In order to improve the conjugate activity, the concentra-
tions of NaCl and Tween-20 in Eu”*-secondary antibody di-
lution were optimized. The tendency of conjugate fluores-
cence intensity influenced by salt concentration as seen in
Fig. 3c is similar to Fig. 3a. Fluorescence intensity gradually
decreased after salt concentration reaching an optimum at
0.08 M. It may be explained that polar environment generated
by different salt concentrations could impact the antibody ac-
tivity. As presented in Fig. 3d, suitable surfactant would make
TRFIA performance better and 0.5% Tween-20 in Eu®*-sec-
ondary antibody dilution was chosen as the optimum
condition.

Evaluation of the TRFIA
TRFIA Standard Curve for STR Detection

The standard curve was obtained from five separate assays under
the optimal assay conditions, by plotting F/F value versus log-
arithm concentration (Fig. 4). The ICs, of the method for STR
was 1.4 ng/mL, and the within-assay coefficient of variation
(CV) was below 5.8%, indicating high sensitivity and reproduc-
ibility. The linear working range was from 0.32 to 5.0 ng/mL
with satisfactory correlation coefficients (R?) more than 0.999.
The limit of detection (LOD) defined as IC;o was 0.19 ng/mL.
According to the previous reports, the LOD values of ELISA
(Gaudin et al. 2013; Wang et al. 2013) and ICA (Byzova et al.
2011; Wu et al. 2010) were 0.24 and 20 ng/mL, respectively; the
lower LOD of TRFIA manifested the better performance than the
previous assays. There was no significant change in the signal
value of TRFIA in 24 h; however, the accuracy of ELISA was
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Table 3  Recoveries of STR in spiked raw milk samples by TRFIA
(n=3)

Spiked (png/kg) Measured (ng/kg) Recovery (%) RSD (%)
4 3.85+0.41° 96.3 10.6
20 17.24 +0.30 86.2 1.7
40 38.19 £ 1.57 95.5 4.1

#Mean value = SD (n = 3)

decreased sharply with time delaying, which indicated that the
stability of TRFIA was superior than that of ELISA.

Specificity

The specificity of antibody was estimated in cross-reactivity
(CR) with other aminoglycoside antibiotics using TRFIA, in-
cluding gentamycin, spectinomycin, kanamycin, tobramycin,
amikacin, and dihydrostreptomycin. As illustrated in Table 2,
the anti-STR McAb had negligible CR (<0.1%) with other
aminoglycosides except dihydrostreptomycin (118.8%), be-
cause dihydrostreptomycin held the similar structure with
STR. The antibody proved to be very specific for STR and
dihydrostreptomycin.

Matrix Effect

Matrix effect might bring down the sensitivity of immunoassay
on account of interfering the combination of antibody with ana-
lyte (Jiang et al. 2013; Kolosova et al. 2006). If the two calibra-
tion curves generated in PBS and sample matrix were
superimposed approximately, the matrix effect was overcome
and analytes in samples could be determined using a calibration
curve in PBS (Sheng et al. 2013). Different pretreatments were
applied to eliminate the matrix effect of milk. Results of the

y=1.054x+0.115
Adj. R-Square=0.99

— — — —
- = ] =] ~ - =
IR R R | 1 1 J

Streptomycin concentration by TRFIA (ug/kg)
~
1

N e
Streptomycin concentration by UHPLC-MS/MS (ug/kg)
Fig. 6 Correlation between TRFIA and UHPLC-MS/MS for STR
determination in real milk samples

sample preparation experiments are depicted in Fig. 5.
Compared with the TCA method, dilution alone did not work
well in reducing the matrix interference. Therefore, the milk
samples were disposed via diluting 4-fold with PBS after using
TCA to deproteinize for quantification of STR. In milk samples,
the LOD defined as the concentration corresponding to the mean
value of the 20 buffer blank values plus three times the standard
deviation (SD) was 1.8 pg/kg, which was far below the MRL

200 pg/kg.

Accuracy and Precision

To evaluate the accuracy and precision of the developed
TRFIA, the recoveries of STR from milk samples were stud-
ied. All samples were fortified with STR at three levels (4.0,
20, and 40 ug/kg). The average recoveries of STR in milk
(Table 3) ranged from 86.2 to 96.3%, and the RSDs were
1.7 to 10.6%. The recovery results were in the allowed range
of 80-110% for all concentration levels (European
Commission. 2002), showing good performance of the
TRFIA method.

Method Validation

To validate the developed method, TRFIA and UHPLC-MS/MS
were used to analyze the concentration of STR in 20 milk sam-
ples. STR was detected in 12 samples ranging from 2.02 to
14.1 pg/kg by TRFIA, while in 13 samples ranging from 1.84
to 13.37 ng/kg by UHPLC-MS/MS. As shown in Fig. 6, a good
correlation was obtained between the TRFIA and UHPLC-MS/
MS results. These results suggested that the TRFIA could be
applied to measure real samples as a reliable method.

Conclusion

In this study, an indirect competitive TRFIA for STR in milk
was established with favorable accuracy, precision, and sensi-
tivity. Compared with ELISA using enzyme as a tracer,
TRFIA with lanthanide chelate as the label was more stable
and sensitive. Moreover, compared with UHPLC-MS/MS,
TRFIA shortened the measure duration and simplified the
procedure, generating coincident results in real sample analy-
sis. Thereby, this proposed TRFIA could be a suitable method
for screening of STR in milk.
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