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Abstract In this paper, a novel dual-label time-resolved
chemiluminescent multiplexed immunoassay (DLTRC-MIA)
based on the distinction of the kinetic characteristics of horse-
radish peroxidase (HRP) and alkaline phosphatase (ALP) with
approximate estimation approach for simultaneous determina-
tion of 20 fluoroquinolones (FQs), 15 β-lactams, 15 sulfon-
amides (SAs), and chloramphenicol (CAP) in milk was devel-
oped. The strategy integrated a single-chain variable frag-
ment–alkaline phosphatase fusion protein (scFv-ALP), a re-
combinant penicillin-binding protein (PBP) 2×*, a monoclo-
nal antibody (MAb), and a polyclonal antibody (PAb) in one
immunoassay and in a single well together to fulfill the simul-
taneous detection of 51 low-molecular weight contaminants
(20 FQs, 15 β-lactams, 15 SAs, and CAP). The limits of
detection for FQs, β-lactams, SAs, and CAP range from
0.29 μg L−1 for ciprofloxacin (CIP) to 81.6 μg L−1 for
trovafloxacin (TRO), 0.27 μg L−1 for ceftiofur (CEF) to
44.1 μg L−1 for cephalexin (CEL), 0.089 μg L−1 for sulfa-
dimethoxine (SDM) to 2.7 μg L−1 for sulfadiazine (SDZ), and
0.028 μg L−1 for CAP, respectively. The results demonstrated
that the detection limits of DLTRC-MIAmeet the requirement
of detection levels for 51 drug residues in milk, suitable for
high-throughput screening of low-molecular weight
contaminants.
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Introduction

Fluoroquinolones (FQs, Fig. 1a) and sulfonamides (SAs,
Fig. 1b) are two families of synthetic antibiotics that have
broad-spectrum antimicrobial activity and used extensively
to treat and prevent various infections in animals and humans
and to promote growth in low dosage animal husbandry (Chen
et al. 2014b; Yu et al. 2015). β-Lactams (Fig. 1c) are a broad
class of antibiotics containing β-lactam nucleus in their mo-
lecular structure and have been widely used for the treatment
of diseases in livestock animals, such as bovinemastitis, pneu-
monia, and so on (Goto et al. 2005). Chloramphenicol (CAP,
Fig. 1d) is a very effective broad-spectrum antibiotic which
was widely used in both human and veterinary practice for
prevention and treatment of many bacterial infections (Shi
et al. 2007). Residues of these drugs may enter the food chain
either by illegal use or by non-compliance of producers with
existing animal treatment protocols (withdrawal times). The
presence of these chemical residues in milk constitutes a po-
tential hazard for humans due to allergic and toxic reactions
and/or to increase resistance of pathogenic bacterial towards
antibiotics (Jiang et al. 2013; Mitchell et al. 1998; Shi et al.
2007).

Many countries have established regulatory rules for using
these antimicrobial agents in food animals in order to protect
consumers from exposure to harmful residues. In Europe, the
Commission approved maximum administrative residue
limits (MRLs), ranging from 10 to 100 μg L−1 for FQs, 4–
125 μg L−1 for several β-lactams, 25–100 μg L−1 for SAs in
milk (EU Regulation 470/2009; Commission Regulation
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37/2010). The minimum required performance limit (MRPL)
for CAP is 0.3 μg L−1 (Commission Regulation 37/2010;
Stolker and Brinkman 2005). Therefore, it is of great impor-
tance to develop sensitive and reliable methods for FQs, β-
lactams, SAs, and CAP detection in milk samples for food
safety and quality control.

A number of analytical instrumental methods have been
developed over the years to monitor the presence of FQs, β-
lactams, SAs, and CAP in milk (Turnipseed et al. 2008;
Karageorgou et al. 2013; Liu et al. 2016; Chen et al. 2016).
However, the demand for rapid screening techniques cannot
be fulfilled alone by these instrumental analytical methods.
The immunoassay-based methods (Wang et al. 2016; Zeng
et al. 2013; Wang et al. 2013; Tao et al. 2014) have been
gradually employed to assess milk quality and safety because
of its simplicity, selectivity, and cost-effectiveness. The most
commonly used immunoassay format is enzyme-linked im-
munosorbent assay (ELISA), but it is normally a single-plex
method, i.e., one assay for one analyte and several indepen-
dent detecting runs for multiple targets for detection of FQs,
β-lactams, SAs, and CAP (Wang et al. 2016; Zeng et al. 2013;
Wang et al. 2013; Tao et al. 2014). Hence, the current trend of
immunoassay is developing multi-analyte immunoassays. To
date, the multi-analyte immunoassays for veterinary drugs are
mainly based on generic (class-selective or broad-specific)
antibodies or on the combinations of specific antibodies
(multi-antibody strategy). The former mode is more popular,
and these assays are more favorable to determine the gross
quantity of all veterinary drugs that have similar structures,

but they can only detect one class of veterinary drug simulta-
neously (Wang et al. 2013). In the latter strategy, assays are
performed in spatial resolved mode with different antigens or
antibodies immobilized on planar supports (planar array) (Zhu
et al. 2011; Jiang et al. 2013), on microsphere (Charlermroj
et al. 2013), on beads (Guo et al. 2013), and on nitrocellulose
membrane such as lateral-flow immunoassay (LFIA) (Li et al.
2015). Among the above two strategies, the latter which could
simultaneously detect more than one class of veterinary drug
is recommended. However, the operation is more time con-
suming, especially the coloration procedure of ELISA.
Chemiluminescence with the advantages of high sensitivity,
fast emission of light, and instant termination of the chemilu-
minescence reaction by removal of substrate (Dodeigne et al.
2000) could solve the time-consuming problem. In our previ-
ous study (Zhang et al. 2014), a sensitive dual-label time-re-
solved reverse competitive chemiluminescent immunoassay,
based on the distinction of the chemiluminesent kinetic char-
acteristics of horseradish peroxidase (HRP) and alkaline phos-
phatase (ALP), was developed for simultaneous detection of
CAP and clenbuterol (CLE) in milk. This strategy could en-
hance the sensitivity of the immunoassay for CAP and CLE
and reduce the assay duration. However, the method in our
previous study is only a primary model, which could not de-
tect multi-analyte and not take full advantage of the strategy of
the dual-label time-resolved.

In this study, a dual-label time-resolved chemiluminescent
multiplexed immunoassay (DLTRC-MIA) for simultaneous
determination of 20 FQs, 15 β-lactams, 15 SAs, and CAP in
milk was developed (Fig. 2). Firstly, a single-chain variable
fragment–alkaline phosphatase fusion protein (scFv-ALP), a
recombinant penicillin-binding protein (PBP) 2×*, a mono-
clonal antibody (MAb), and a polyclonal antibody (PAb) were
adopted to fulfill the simultaneous detection of 51 veterinary
drugs. In particular, (PBP) 2×* instead of antibody could re-
solve the problem that it is difficult to develop a broad spec-
trum antibody reacting with β-lactams simultaneously be-
cause of the diversity of molecular structure of these drugs.
Secondly, the combination of antigen/antibody-enzyme mol-
ecules (HRP and ALP) obtained by chemical bound and ge-
netic fusion expression can achieve good effect of signal sep-
aration. Hence, the simultaneous detection of four kinds of
veterinary drugs in one well was achieved through the sequen-
tial reaction combination of four ligand-receptor couples.

Materials and Methods

Apparatus

(a) Chemiluminescence reader—Veritas Microplate
Luminometer (Turner BioSystems, Sunny Vale, CA,
USA).

Fig. 1 The essential structures of FQs, β-lactams, SAs, and CAP
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(b) Microtiter plate reader—Sunrise microtiter plate reader
(TECAN, Groedig, Austria).

(c) White Opaque high binding plates for chemiluminescent
measurements (chemiluminescent microtiter plate
(MTP))—Costar (Cambridge, MA, USA).

(d) Milli-Q system—(EMDMillipore Corporation, Belleria,
MA, USA).

Reagents

(a) Standards—Ciprofloxacin (CIP), enrofloxacin (ENR),
norfloxacin (NOR), and other FQs were purchased from
VETRANAL® Fluka (Sigma-Aldrich, St. Louis, MO,
USA). Sulfamethazine (SMZ), sulfamethoxazole
(SMX), sulfadiazine (SDZ), sulfamonomethoxine
(SMM), and other SAs were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Penicillin G, am-
picillin (AMP), amoxicillin, cloxacillin and other β-
lactams, CAP (99%), florfenicol (FF, 99% purity),
thiamphenicol (TAP, 97.6% purity) were purchased from
Sigma Chemical Co. (St . Louis, MO, USA).
Ractopamine (RAC), ivermectin (IVE), and gentamicin
(GEN) were purchased from Shanghai Caienfu
Technology Co. Ltd. (Shanghai, China). Standard stock
solutions of FQs were prepared by dissolving an appro-
priate amount of each standard in 0.03 M sodium hy-
droxide. The CAP, FF, RAC, SMX, SMZ, and other
SA stock solutions were prepared in methanol; penicillin
and gentamicin were prepared in PBS; TAP was pre-
pared in dimethylformamide. All stock solutions
(2 mg mL−1) were stored at −20 °C, and working stan-
dards were prepared from the stock solution by 3-fold
serial dilution in 0.02M PB (buffer d). Working standard

(cocktail standard of NOR, AMP, SMX, and CAP) in the
range of 0.24–58.32 μg L−1 (NOR), 0.1–24.3 μg L−1

(AMP), 0.067–16.2 μg L−1 (SMX), and 0.017–
4.05 μg L−1 (CAP) was prepared from the 2 mg mL−1

stock solution by serial dilution in 0.02M PB. Hence, the
seven corresponding concentrations of NOR, AMP,
SMX, and CAP in the cocktail were standard 1 (0, 0, 0,
and 0), standard 2 (0.24, 0.1, 0.067, and 0.017), standard
3 (0.72, 0.3, 0.2, and 0.05), standard 4 (2.16, 0.9, 0.6, and
0.15), standard 5 (6.48, 2.7, 1.8, and 0.45), standard 6
(19.44, 8.1, 5.4, and 1.35), and standard 7 (58.32, 24.3,
16.2, and 4.05), respectively.

(b) Analytical grade regents—ovalbumin (OVA), −(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDC), dimethylformamide (DMF), and N-
hydroxysuccinimide (NHS) were purchased from
Sigma (St. Louis, MO, USA). All other chemicals and
organic solvents were of reagent grade and were from
Beijing Chemical Co. (Beijing, China).

(c) The chemiluminescence Super Signal substrate solution
was purchased from Pierce (Rockford, IL, USA). The
Visiglo Plus™ ALP Chemiluminescent Substrate was
obtained from Invitrogen (NY, USA).

(d) The single-chain variable fragment–alkaline phosphatase
fusion protein (scFv-ALP) and NOR-OVAwere obtained
in our previous study (Yu et al. 2015). PBP 2×* and
AMP-EDC-HRP were prepared in previous study
(Zeng et al. 2013). The coating antigen 4-(4-
aminophenylsulfonamido) benzoic acid-OVA (CS-
OVA) and the production of MAb 4D11 were from
previous study (Wang et al. 2013). The anti-CAP
PAb (rabbit source) and CAP-HRP were from our
previous study (Tao et al. 2014). ALP-labeled goat
anti-mouse immunoglobulins were from Sigma (St,
Louis. MO, USA).

Fig. 2 Schematic representation
of DLTRC-MIA for quantitative
determination of FQs, β-lactams,
SAs, and CAP
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Buffers

(a) Coating buffer (CB, pH 9.6)—0.05 M carbonate buffer,
made with 1.59 g Na2CO3 and 2.93 g NaHCO3 in 1 L of
purified water.

(b) Blocking buffer—0.01 M PBS containing 0.5% casein.
(c) Washing solution (PBST)—0.01 M PBS containing

0.05% Tween-20.
(d) 0.02M phosphate buffer (PB; pH 7.2)—containing 1.1 g

NaH2PO4·2H2O, 5.16 g Na2HPO4·12H2O in 1 L purified
water.

(e) Phosphate-buffered saline (PBS; pH 7.4)—0.01 M PBS
was prepared by dissolving 8.0 g NaCl, 0.2 g KCl, 0.24 g
KH2PO4, and 3.63 g Na2HPO4·12H2O in 1 L purified
water.

(f) Carrez A: 0.36 M K4Fe(CN)6·3H2O; Carrez B: 1.04 M
ZnSO4·7H2O.

The Procedure of DLTRC-MIA for FQs, β-Lactams, SAs,
and CAP

In brief, 96-well chemiluminescent microtiter plates (MTP)
were coated overnight at 4 °C with 100-μL mixture of
NOR-OVA (2.0 μg mL−1), PBP 2×* (2.0 μg mL−1), CS-
OVA (2.0 μg mL−1), and anti-CAP PAbs (1.5 μg mL−1), dis-
solved in coating buffer. The plates were washed with PBST
three times and blocked with 200 μL/well of blocking buffer,
then incubated at 37 °C for 1 h.

Step 1

After washing as described above, 100 μL/well of standard
solution (cocktail of NOR, AMP, SMX, and CAP) in 0.02 M
PB or sample solution was added, followed by 50 μL/well
mixture of scFv-ALP (2.0 μg mL−1) and AMP-HRP
(2.0 μg mL−1) dissolved in PBST. The competitive reaction
was allowed to take place for 30 min at room temperature
(RT). After washing five times, the chemiluminescence signal
was measured with a chemiluminescence reader at 2 min after
automatic addition of 100 μL/well Visiglo Plus™ ALP
Chemiluminescent Substrate in injector A, and the results
were expressed in relative light units (RLU) and marked as
RLU1A. At 2.5 min, the HRP activity was revealed by auto-
matically adding 100 μL/well of a freshly prepared substrate
mixture of Super Signal substrate solution in injector B. The
signal was measured using a chemiluminescence reader at
4 min, and the results were expressed as RLU1B. After that,
the chemiluminescence substrates were removed and washed
with PBST three times to halt the chemiluminescence
reaction.

Step 2

Then, 50 μL/well of ALP-labeled goat anti-mouse immuno-
globulins (1/5000 dilution in PBST) were added, followed by
50 μL/well mixture of CAP-HRP (1.5 μg mL−1), and anti-
SMX MAb (1.5 μg mL−1) dissolved in PBST. The competi-
tive reaction was allowed to take place for 15 min at RT. After
washing five times, the chemiluminescence signal was mea-
sured with a chemiluminescence reader at 2 min after auto-
matic addition of 100 μL/well Visiglo Plus™ AP
Chemiluminescent Substrate in injector A, and the results
were expressed as RLU2A. At 2.5 min, the HRP activity was
revealed by automatically adding 100 μL/well of a freshly
prepared substrate mixture of Super Signal substrate solution
in injector B. The signal was measured using a chemilumines-
cence reader at 4 min, and the results were expressed as
RLU2B.

Data Analysis

Standards and samples were run in quadruplicate wells, and
mean chemiluminescence intensity values were divided by
RLUmax (chemiluminescence intensity in the absence of ana-
lyte). The ratio is defined as B/B0. Standard curves were ob-
tained by plotting B/B0 against the logarithm of analyte con-
centration and fitted to a four-parameter logistic equation
using Origin (version 8.0, Microcal, Northampton, MA,
USA) software packages

y ¼ A‐Dð Þ
.

1þ x
.
C

� �B
� �� �

þ D

where A is the asymptotic maximum 1, B is the curve slope at
the inflection point, C is the x value at the inflection point
(corresponding to the analyte concentration that reduces
RLUmax to 50%), and D is the asymptotic minimum
(RLUbackground signal/RLUmax).

Cross-reactivity

Each of the IC50 values of the four different types of analytes
was determined in the DLTRC-MIA described above. The
ability of the four types receptors (scFv, PBP2×*, MAb, and
PAb) to recognize other analogs was investigated by evaluat-
ing the percentage of cross-reactivity (%CR) (Table 1). The%
CR values were calculated with the following equation:

%CR ¼ 100� IC50; haptenð Þ
.
IC

50
; analogsð Þ

Furthermore, to help define the specificity of the antibod-
ies, the conventional veterinary drugs, RAC, IVE, GEN, FF,
and TAP were also tested.
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Sample Preparation

For extraction of FQs, β-lactams, SAs, and CAP from milk,
500 μL Carrez A and 500 μL Carrez B were added to 10 mL
milk and mixed thoroughly. Then, the mixture was centrifuged
for 10min at 4000g in 4 °C. Two aliquots of aqueous supernatant
(2.2 mL) were transferred to two new tubes. The pH of one
aliquot was adjusted to 11 with 1 M NaOH and mixed with

8.0 mL ethyl acetate thoroughly for 10 min in a new tube; the
pH of another one was adjusted to 7.0 and mixed with 8.0 mL
ethyl acetate thoroughly for 10 min in a new tube. Each mixture
was centrifuged at 4000g for 10 min, and 4 mL of organic su-
pernatant was transferred to a new tube and dried by nitrogen at
60 °C. The residue was dissolved in 0.5mL of 0.02MPB. Then,
the two redissolutions were combined to one sample solution
(1 mL) and could be used for determination.

Table 1 The IC50 and cross-
reactivity (% CR) to FQs (1 to
20), β-lactams (21 to 35), SAs
(36–50), and CAP (51)

Analog IC50 (μg L−1) % CR Analog IC50 (μg L−1) % CR

1 CIP 0.50 138.0 29 CEF 0.72 294.44

2 ENR 0.68 101.47 30 CEM 4.17 50.84

3 NOR 0.69 100 31 CEQ 1.99 106.53

4 PEF 0.74 93.24 32 CEZ 6.64 31.93

5 DAN 0.98 70.41 33 CER 27.30 7.76

6 LEV 1.02 67.65 34 CEP 4.37 48.51

7 OFL 1.10 62.72 35 CET 8.17 25.95

8 AMI 0.93 74.19 36 SMX 1.75 100

9 ENO 0.95 72.63 37 SCP 5.27 33.21

10 ORB 1.14 60.53 38 SDM 0.26 673.08

11 FLER 1.08 63.89 39 SDT 0.24 729.12

12 SPA 1.23 56.10 40 SDZ 9.89 17.69

13 MAR 1.13 61.06 41 SIM 1.42 123.24

14 LOM 1.20 57.50 42 SMD 0.95 184.21

15 FLU 2.85 24.21 43 SMM 1.34 131.58

16 PAZ 2.78 24.82 44 SMP 0.67 261.20

17 PRU 19.11 3.61 45 SMR 1.33 56.32

18 SAR 35.20 1.96 46 SMZ 2.60 67.31

19 DIF 35.75 1.93 47 acetyl-SMZ 5.04 34.72

20 TRO 140.82 0.49 48 SPY 1.41 124.11

21 PEN 0.97 218.56 49 SNT 0.34 514.70

22 AMP 2.12 100 50 SQX 2.12 82.55

23 AMO 1.86 113.97 51 CAP 0.14 100

24 CLO 20.50 10.34 52 RAC >1000 <0.1

25 DIC 4.17 50.84 52 IVE >1000 <0.1

26 OXA 2.72 77.94 54 GEN >1000 <0.1

27 NAF 1.49 142.28 55 FF >1000 <0.1

28 CEL 117.83 1.80 56 TAP >1000 <0.1

FQs: CIP ciprofloxacin,DAN danofloxacin,DIF difloxacin, ENO enoxacin, ENR enrofloxacin, FLER fleroxacin,
AMI amifloxacin, FLU flumequine, LEV levofloxacin, LOM lomefloxacin hydrochloride, MAR marbofloxacin,
NOR norfloxacin, OFL ofloxacin, ORB orbifloxacin, PAZ pazufloxacin, PEF pefloxacin-d 5, PRU prulifloxacin,
SAR sarafloxacin, SPA sparfloxacin, TRO trovafloxacin

β-lactams: PEN penicillin G, AMP ampicillin, AMO amoxicillin, CLO cloxacillin, DIC dicloxacillin, OXA
oxacillin, NAF nafcillin, CEL cephalexin, CEF ceftiofur, CEM cefalonium, CEQ cefquinome, CEZ cefazolin,
CER cefoperazone, CEP cephapirin, CET cefacetrile

SAs: SMX sul famethoxazole , SCP sul fachloropyr idazine, SDM sul fadimethoxine , SDT
sulfadimethoxypyrimidine, SDZ sulfadiazine, SIM sulfisomidine, SMD sulfamethoxydiazine, SMM sulfamono-
methoxine, SMP sulfamethoxypyridazine, SMR sulfamerazine, SMZ sulfamethazine, acetyl-SMZ N4 -acetyl-sul-
famethazine, SPY sulfapyridine, SNT sulfanitran, SQX aulfaquinoxaline

RAC ractopamine, IVE ivermectin, GEN gentamicin, FF florfenicol, TAP thiamphenicol
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Recovery and Precision

Standard solutions (AMP/NOR/SMX/CAP) were added into
the blank milk samples, known to be free of FQs, β-lactams,
SAs, and CAP, to yield different concentrations (Table 2). All
samples were analyzed 10 times in duplicate to assess accu-
racy and precision.

Analysis of Field Milk Samples

Forty whole cow milk samples with packages were pur-
chased from retail outlets in Chongqing. Each sample
was divided into 7 portions in brown polystyrene bottle,
which would be analyzed by developed DLTRC-MIA,
conventional ELISA kits, and LC-MS/MS (Chen et al.
2016; Zhang et al. 2008). All of the samples were
stored at −20 °C until use.

Results and Discussion

The Principle of DLTRC-MIA

The procedure of DLTRC-MIA for FQs, β-lactams, SAs, and
CAP based on time-resolved chemiluminescence (CL)

strategy is illustrated in Fig. 2. ALP and HRP were adopted
as the signal probes to form the conjugates scFv-ALP, AMP-
HRP (β-lactams), ALP-labeled goat anti-mouse immunoglob-
ulins (SAs), and CAP-HRP (CAP), respectively. With a com-
petitive immunoassay format, the ALP-tagged and HRP-
tagged immunocomplexes were formed in the well of the
MTP.

In step 1, the AP-tagged and HRP-tagged immuno-
complexes (NOR-OVA—scFv-ALP and PBP 2×*—AMP-
HRP) were formed in the well of theMTP. The two CL signals
were successively triggered by adding the two different CL
substrates (ALP and HRP CL solutions were prepared in dif-
ferent injections in the automatic luminometer).

As observed in our previous study (Zhang et al.
2014), the CL signal of ALP-tagged immunocomplex
(NOR-OVA—scFv-ALP) reached the maximum value
at 2 min after injection of ALP CL substrate in injector
A (0 min) and showed a steady plateau in the whole
measured period. The CL signal of the HRP-tagged
immunocomplex (PBP 2×*—AMP-HRP) reached the
maximum value at 4 min after injection of HRP CL
substrate in injector B (at 2.5 min) and showed a steady
plateau in the whole measured period (data not shown).
The signal for AMP was collected at 4 min after adding
HRP CL substrate (injector B) into the wells at 2.5 min.

Table 2 A comparative analysis of the developed DLTRC-MIAwith other immunochemical methods and commercial ELISA kits for FQs,β-lactams,
SAs, and CAP detection in milk

Manufacturer LOD (μg L−1) Number of detection Refer to

FQs

Developed DLTRC-CIA 0.4 20 Reported here

FQs ELISA kits (R-Biopharm) 6.0 (shrimp) 10 http://www.r-biopharm.com/products/food-feed-analysis/residues/
antibiotics/chinolone/item/ridascreen-chinolonequinolones

Fluorescence polarization
immunoassay

3.5 19 Chen et al. 2014a

β-lactams

Developed DLTRC-CIA 0.8 15 Reported here

β-lactams ELISA kits (R-Biopharm) 0.2 10 http://www.bioon.com.cn/reagent/show_product.asp?id=934563

ELISA based on receptor 1.22 15 Zeng et al. 2013

SAs

Developed DLTRC-CIA
SAs ELISA kits (R-Biopharm)
ELISA

0.6
3.5
10.2

15
18
15

Reported here
http://www.r-biopharm.com/products/food-feed-analysis/residues/

antibiotics/sulfonamide/item/ridascreen-sulfonamide
Wang et al. 2013

CAP

Developed DLTRC-CIA 0.028 1 Reported here

CAP ELISA kits (R-Biopharm)
CL-ELISA

0.025
0.73

1
1

http://www.xygen.com/pdfs/mycotoxins/antibiotics/Glucoronid-Cap.pdf
http://www.docin.com/p-339996838.html
http://www.docin.com/p-339996838.html
Tao et al. 2014
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Fig. 3 Gross standard inhibition curves and revised standard inhibition curves in two detection steps
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Then, the ALP and HRP chemiluminescence substrates
were removed and washed with PBST three times to
halt the chemiluminescence reaction.

The ALP CL signal for NOR (RLU1A) was collected at
2 min without any other material interference. When the
chemiluminescence reader collected the CL signal at 4 min,
there were two chemiluminescent systems—ALP CL system
for NOR and HRP CL system for AMP, and the CL value
(RLU1B) was the sum of RLU1A and HRP CL for AMP
(RLUHRP-AMP). But the maximum RLU1A (RLUmax-NOR, cor-
responding that the concentration of NOR is 0 μg L−1) was 1/
137 of RLU1B-max (corresponding that the concentration of
AMP is 0 μg L−1) and 1/9 of RLU1B-min (corresponding that
the concentration of AMP is 24.3 μg L−1). When the RLUmax-

NOR was taken as the background, the HRP CL for AMP
(RLUHRP-AMP) was obtained by subtracting RLUmax-NOR

from RLU1B. Standard curves were obtained by plotting
RLU1B and RLUHRP-AMP against the logarithm of AMP con-
centration (Fig. 3a). When determining the background ef-
fects, interferences are quantified by comparing the inhibition
curves generated from RLU1B and RLUHRP-AMP. The curves
generated from RLU1B and RLUHRP-AMP were almost super-
posable, indicating that the background effect (RLU1A) was
not insignificant and negligible (Fig. 3a). Hence, RLU1B was
used to represent RLUHRP-AMP.

In step 2, the ALP-tagged and HRP-tagged immunocom-
plexes (ALP-labeled goat anti-mouse immunoglobulins—an-
ti-SMX MAbs—CS-OVA and anti-CAP—CAP-HRP) were
newly formed in the well of the MTP. Then, there were four
immunocomplexes: NOR-OVA—scFv-ALP and PBP 2X*—
AMP-HRP formed in step 1, and ALP-labeled goat anti-

mouse immunoglobulins—anti-SMX MAbs—CS-OVA and
anti-CAP PAb—CAP-HRP formed in step 2. The two CL
signals were successively triggered by adding the two differ-
ent CL substrates (ALP and HRP CL solutions were prepared
in different injections in the automatic luminometer).

The CL signal of ALP-tagged immunocomplex (NOR-
OVA—scFv-ALP and ALP-labeled goat anti-mouse immuno-
globulins—anti-SMX MAbs—CS-OVA) reached the maxi-
mum value at 2 min after injection of ALP CL substrate in
injector A (0 min). The CL signal of the HRP-tagged
immunocomplex (PBP 2×*—AMP-HRP and anti-CAP
PAb—CAP-HRP) reached the maximum value at 4 min after
injection of HRP CL substrate in injector B (at 2.5 min). Then,
the signal for NOR and SMX was detected at 2 min after
adding ALP CL substrate (injector A) into the well. The signal
for AMP and CAP was collected at 4 min after adding HRP
CL substrate (injector B) into the wells at 2.5 min.

When the chemiluminescence reader collected the CL sig-
nal at 2 min, the CL value (RLU2A) was the sum of RLU1A

(ALP CL signal for NOR) and ALP CL for SMX (RLUALP-

SMX). But the RLUmax-NOR was 1/100 of RLU2B-max (corre-
sponding that the concentration of SMX is 0 μg L−1) and 1/21
of RLU2B-min (corresponding that the concentration of SMX is
16.2 μg L−1). When the RLUmax-NOR was taken as the back-
ground, the ALPCL for SMX (RLUALP-SMX) was obtained by
subtracting RLUmax-NOR from RLU2A. Standard curves were
obtained by plotting RLUALP-SMX against the logarithm of
SMX concentration (Fig. 3b). When determining the back-
ground effects, interferences are quantified by comparing the
inhibition curves generated from RLU2A and RLUALP-SMX.
The curves generated from RLU2A and RLUALP-SMX were

Fig. 4 Normalized standard
curves for AMP, NOR, SMX, and
CAP of DLTRC-MIA
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almost superposable, indicating that the background effect
(RLU1A) was not insignificant and negligible (Fig. 3b).
Hence, RLU2Awas used to represent RLUALP-SMX.

When the chemiluminescence reader collected the CL sig-
nal at 4 min, there were two chemiluminescent systems and
four CL signals—ALP CL system for NOR and SMX and
HRP CL system for AMP and CAP. The CL value (RLU2B)
was the sum of RLU2A (ALP CL signal for NOR and SMX)
and RLUHRP-AMP (HRP CL for AMP). When the RLU2A and
RLUHRP-AMP (RLU1B) were taken as the background, the
HRP CL for CAP (RLUHRP-CAP) was obtained by subtracting
RLUmax-2A and RLUmax-1B from RLU2B. When determining
the background effects, interferences are quantified by com-
paring the inhibition curves generated from RLU2B and
RLUHRP-CAP. The curves generated from RLU2B and
RLUHRP-CAP were almost superposable, indicating that
the background effect was not insignificant and negligi-
ble (Fig. 3c). Hence, RLU2B was used to represent
RLUHRP-CAP.

Performance of DLTRC-MIA in Standard Solutions

Sensitivity

The sensitivity of the DLTRC-MIA for NOR, AMP, SMX,
and CAP, which were represented by 50% inhibition concen-
tration (IC50) values, were 0.69, 2.12, 1.75, and 0.14 μg L−1,
respectively (Fig. 4). The linear working range determined
as the concentrations causing 20—80% inhibition of
chemiluminescence intensity was 0.54–11.7, 0.34–5.99,
0.33–15.5, and 0.02–0.67 μg L−1 for NOR, AMP, SMX,
and CAP, respectively.

Cross-reactivity

The CR values for 20 FQs, 15 β-lactams, 15 SAs, and CAP
were all consistent with our previous studies (Zeng et al. 2013;
Yu et al. 2015;Wang et al. 2013; Tao et al. 2014) (Table 1). No
significant CR of four types of receptors (scFv, PBP2×*,

Fig. 5 Inhibition curves of NOR, AMP, SMX, and CAP in buffer and milk extract
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MAb, and PAb) to RAC, IVE, GEN, FF, and TAP was
observed.

Comparison with Other Immunochemical Methods

The analytical comparison of other immunochemical methods
for FQs, β-lactams, SAs, and CAP detection is important to
analyze their suitability for screening the residue in field sam-
ples (Table 2). The limits of detection (LODs) of the DLTRC-
MIA for FQs and SAs were lower than those of other immu-
nochemical methods and R-Biopharm ELISA kits. The LOD
for the DLTRC-MIA for β-lactams was lower than that of
other immunochemical methods, higher than that of R-
Biopharm ELISA kits. The LOD for the DLTRC-MIA for
CAP was lower than that of other immunochemical methods,
equal to that of R-Biopharm ELISA kits. Moreover, the
DLTRC-MIA could simultaneously detect FQs, β-lactams,
SAs, and CAP including 51 drugs, which were much better
than previous reports and R-Biopharm ELISA kits (Table 2).

Matrix Effect

When determining the matrix effects, interferences are quan-
tified by comparing a standard inhibition curve in buffer with
that generated in the milk extract matrix known to be free of
FQs, β-lactams, SAs, and CAP. Extracting with ethyl acetate,

drying by nitrogen, and dissolving in the same buffer of the
standard inhibition curve were adopted to overcome matrix
interference. The four group curves for both of NOR, AMP,
SMX, and CAP are superposable, indicating that the matrix
effect is not significant (Fig. 5). Then, the samples can be
analyzed using the standard inhibition curve instead of the
matrix curve.

Limit of Detection

The LOD was calculated as the mean of the measured content
of blank different milk samples (n = 20) plus three standard
deviations (mean + 3SD). The 20 blank milk samples, obtain-
ed by 20 different animals, extracted and analyzed according
to the developed DLTRC-MIA, giving a mean and SD con-
centration of 0.22 ± 0.03 μg L−1 (NOR), 0.53 ± 0.04 μg L−1

(AMP), 0.24 ± 0.08 μg L−1 (SMX), and 0.013 ± 0.004 μg L−1

(CAP). The highest observed blanks were 0.4, 0.8, 0.6, and
0.028 μg L−1 for NOR, AMP, SMX, and CAP in milk sam-
ples, respectively. The LODs for NOR, AMP, SMX, and CAP
in milk samples were set at the level of the highest observed
blank (0.4, 0.8, 0.6, and 0.028 μg L−1) to avoid false positive,
because it was greater than the mean observed concentration
plus 3SD (0.31 μg L−1 for NOR, 0.65 μg L−1 for AMP,
0.48 μg L−1 for SMX, and 0.025 μg L−1 for CAP).

Table 3 Detection capability
(CCβ) for FQs, β-lactams, SAs,
and CAP in milk sample

Compound CCβ μg L−1

FQs CIP, ENR, NOR, PEF <1

DAN, LEV, OFL, AMI, ENO, ORB, FLER, SPA, MAR, LOM <2

FLU, PAZ <5

PRU, SAR, DIF <40

TRO <100

β-lactams PEN, AMP, AMO, NAF, CEF, CEQ <1

DIC, OXA, CEM, CEZ, CEP, CET <4

CLO, CER <20

CEL <100

SAs SMX, SDM, SDT, SIM, SMD, SMM, SMP, SPY, SNT <1

SCP, SMR, SMZ, acetyl-SMZ, SQX <5

SDZ <20

CAP CAP <0.1

FQs:CIP ciprofloxacin,DAN danofloxacin,DIF difloxacin, ENO enoxacin, ENR enrofloxacin, FLER fleroxacin,
AMI amifloxacin, FLU flumequine, LEV levofloxacin, LOM lomefloxacin hydrochloride, MAR marbofloxacin,
NOR norfloxacin, OFL ofloxacin, ORB orbifloxacin, PAZ pazufloxacin, PEF pefloxacin-d 5, PRU prulifloxacin,
SAR sarafloxacin, SPA sparfloxacin, TRO trovafloxacin

β-lactams: PEN penicillin G, AMP ampicillin, AMO amoxicillin, CLO cloxacillin, DIC dicloxacillin, OXA
oxacillin, NAF nafcillin, CEL cephalexin, CEF ceftiofur, CEM cefalonium, CEQ cefquinome, CEZ cefazolin,
CER cefoperazone, CEP cephapirin, CET cefacetrile

SAs: SMX sul famethoxazole , SCP sul fachloropyr idazine, SDM sul fadimethoxine , SDT
sulfadimethoxypyrimidine, SDZ sulfadiazine, SIM sulfisomidine, SMD sulfamethoxydiazine, SMM sulfamono-
methoxine, SMP sulfamethoxypyridazine, SMR sulfamerazine, SMZ sulfamethazine, acetyl-SMZ N4 -acetyl-sul-
famethazine, SPY sulfapyridine, SNT sulfanitran, SQX aulfaquinoxaline
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Values of LODs inferred from the cross-reactivity data
(Table 1) (Tittlemier et al. 2008) will range from approximate-
ly 0.29 μg L−1 for ciprofloxacin (CIP) to 81.6 μg L−1 for
trovafloxacin (TRO) (FQs), 0.27 μg L−1 for ceftiofur (CEF)
to 44.1 μg L−1 for cephalexin (CEL) (β-lactams),
0.089 μg L−1 for sulfadimethoxine (SDM) to 2.7 μg L−1 for
sulfadiazine (SDZ), and 0.028 μg L−1 for CAP, lower than the
MRLs (FQs from 10 to 100 μg L−1, β-lactams ranging from 4
to 125 μg L−1, SAs from 25 to 100 μg L−1) or MRPL
(0.3 μg L−1 for CAP) in milk (EU Regulation 470/2009;
Commission Regulation 37/2010); Stolker and Brinkman
2005). Hence, the sensitivity of the DLTRC-MIA in milk
sample for 20 FQs, 15 β-lactams, 15 SAs, and CAP
meets the requirement of detection levels for 51 drug
residues in milk.

Decision Limit and Detection Capability

First, 20 representative blank samples (for each matrix)
were extracted and analyzed using the optimized
DLTRC-MIA procedure. The concentration of each blank
sample was calculated, and the decision limit of each ma-
trix was then estimated by the mean (n = 20) plus 3 times
the standard deviation, which was obtained in LOD sec-
tion. Hence, the CCα were 0.31 μg L−1 for NOR,
0.65 μg L−1 for AMP, 0.48 μg L−1 for SMX, and
0.025 μg L−1 for CAP, respectively. Similarly, values of
CCα inferred from the cross-reactivity data (Table 1) will

range from approximately 0.22 μg L−1 for ciprofloxacin
(CIP) to 63.2 μg L−1 for trovafloxacin (TRO) (FQs),
0.22 μg L−1 for ceftiofur (CEF) to 35.8 μg L−1 for cepha-
lexin (CEL) (β-lactams), 0.071 μg L−1 for sulfadimethox-
ine (SDM) to 2.16 μg L−1 for sulfadiazine (SDZ) (SAs),
and 0.028 μg L−1 for CAP, respectively.

The detection capability is defined as the lowest concentra-
tion that can be determined with an error probability of β
(≤5%). In practice, the CCβ was chosen as the lowest tested
fortification level giving no negative result in an analysis of 20
spiked blanks; this decision should avoid the problem of false
negatives. The CCβ values obtained in this way for milk
samples are listed in Table 3.

Recovery and Precision

Some spiked milk samples were detected using the developed
DLTRC-MIA to evaluate the application potential of this
method. Blank milk samples were fortified with NOR and/or
AMP and/or SMX and/or CAP standards at different known
amounts (1/2 LOD, LOD, or 2 LOD) prior to extraction and
analysis, respectively (Table 4). Each sample was evaluated
10 times in duplicate and on three consecutive days to verify
the repeatability. The average intra-assay and inter-assay re-
coveries of NOR, AMP, SMX, and CAP in the two groups
fortified at concentrations greater than (2 LOD) or equal to the
LOD were at least 80.0%, with coefficients of variation (CVs)
less than 15%, suggesting that the DLTRC-MIA and

Table 5 Determination of milk samples collected from retail outlets in Chongqing by the DLTRC-CIA, conventional ELISA kits, and LC-MS/MS

Sample DLTRRC-CIA (μg L−1) Conventional ELISA kit
(R-Biopharm) (μg L−1)

LC-MS/MS (μg L−1)

NOR AMP SMX CAP NOR AMP SMX CAP FQs β-lactams SAs CAP

S1 3.0 a ND ND ND 3.5 ND ND ND 3.3 (PEF) ND ND ND

S5 ND 0.8 ND 0.23 ND 0.9 ND 0.25 ND 40.0
(CEL)

ND 0.21

S10 1.6 ND ND ND 1.8 ND ND ND 1.3
(NOR)

ND ND ND

S11 ND 4.1 ND ND ND 3.8 ND ND ND 4.3
(AMP)

ND ND

S16 ND ND 12.5 0.60 ND ND 13.0 0.59 ND ND 11.8
(SMX)

0.56

S17 2.9 ND ND ND 3.1 ND ND ND 4.9
(LMO)

ND ND ND

S25 ND 5.8 ND ND ND 5.2 ND ND ND 5.1
(AMP)

ND ND

S26 2.7 ND ND ND 3.4 ND ND ND 2.9
(ENR)

ND ND ND

S35 ND ND 5.9 ND ND ND 6.0 ND ND ND 8.5 (SMZ) ND

S2-S4, S6-S9, S12-S15, S18-S24, S27-S34,
S36-S40 ND

ND not detectable
a Each was determined with 3 repeats
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extraction method are efficient enough for use as a screening
tool. The recoveries of milk samples fortified at the concen-
tration of 1/2 LOD with NOR, AMP, SMX, and CAP were
highly variable (percent recoveries ranged from 125.0 to
170.0% and lower than for the two other fortification groups
(Table 4)).

Application in Field Milk Samples

To evaluate the determination capability of the developed
DLTRC-MIA in milk samples, 40 field samples were ana-
lyzed by the developed DLTRC-MIA, conventional ELISA
kits, and LC-MS/MS (Table 5). The results demonstrated that
the developed DLTRC-MIA could simultaneously screen
FQs, β-lactams, SAs, and CAP in the incurred samples.
Thereafter, the developed DLTRC-MIA was reliable for the
simultaneous screening of trace CAP and CLE residues in
milk samples.

Conclusions

In this study, a novel immunoassay based on the chemilumi-
nescent distinction of the kinetic characteristics of HRP and
AP with approximate estimation approach was developed. It
is the first report where two different enzymes (HRP andALP)
were used twice in one immunoassay and in a single well for
detecting multiple low molecular weight chemical residues.
The integrated assay was developed to detect 20 FQs, 15 β-
lactams, 15 SAs, and CAP in milk, capable of detecting multi-
analyte residues, particularly in high-throughput screening.
This study could also be considered as a model for custom
measurement of other multiple low-molecular weight com-
pounds of concern.
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