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Development of monoclonal antibody-based colloidal gold
immunochromatographic assay for analysis of halofuginone
in milk
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and Xiaoling Wu
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Wuxi, People’s Republic of China

ABSTRACT
A highly sensitive, specific, and rapid immunochromatographic assay
for halofuginone (HFG) has been developed. A well-characterized
immunogenic conjugate of HFG with bovine serum albumin was
produced using the N,N′′-Carbonyldiimidazole method. A sensitive
monoclonal antibody specific for HFG was then generated by
immunizing BALB/c mic with the HFG conjugate. The antigen, HFG-
CDI-ovalbumin and goat anti-mouse IgG were attached to a
nitrocellulose membrane as the test line and the control line,
respectively to produce an immunochromatographic test strip for
the rapid detection of HFG in milk. Under optimized conditions, the
detection limits of the semi-quantitative test strip for HFG were as
low as 50 ng/mL in 0.01 M PBS (pH 7.4) and 100 ng/mL in milk. All
the results were obtained within 5 min. The newly developed
immunochromatographic assay provides a sensitive, rapid, and
specific procedure for on-site screening for HFG.
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Introduction

In modern intensive animal husbandry, it is virtually impossible to avoid coccidian infection
and the economic losses by coccidiosis can be so great that the prevention and treatment of
the disease are of paramount importance. Many coccidiostats, including Halofuginone
(7-Bromo-6-Chloro-3-[3-[(2S, 3R)-3-hydroxu-2-piperidinyl]-2-oxopropyl]-4-qunazolinone)
(HFG, Figure 1), are licenced as feed additives and are used globally to prevent coccidiosis,
particularly in commercial poultry production (Clarke, Moloney, O’Mahony, O’Kennedy, &
Danaher, 2013; Moloney et al., 2012; Peek & Landman, 2011). HFG is an analogue of the
naturally occurring quinazolinone alkaloid, ferbrifugine (Beier et al., 1998; Beier, Feldman,
Dutko, Petersen, & Stanker, 2002; McDougald, Fuller, Mathis, & Wang, 1990).

Illegal use and failure to comply with specified withdrawal periods before human
consumption may result in drug residues in edible animal tissues, posing a potential
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health risk to consumers. Numerous methods, including high performance liquid
chromatography (Amelin & Timofeev, 2016; Barreto, Ribeiro, Hoff, & Dalla Costa,
2017; Clarke et al., 2013), gas chromatography (Ekstrom & Kuivinen, 1984; Newkirk
& Barnes, 1989), and liquid chromatography tandem mass spectrometry (Matus &
Boison, 2016; Pietruk, Olejnik, Jedziniak, & Szprengier-Juszkiewicz, 2015), have been
used for the determination of coccidiostats in milk, eggs, and animal tissue have
been reported. Although sensitive and specific, because these methods are rather
time-consuming and require complicated sample preparation and expensive instru-
ments, they are unsuitable for screening large numbers of samples (Khaemba et al.,
2016; Kong et al., 2017; Liu, Suryoprabowo, Zheng, Song, & Kuang, 2017; Peng, Liu,
Kuang, Cui, & Xu, 2017).

An immunoassay, based on the highly specific interaction between antigen and anti-
body, could provide an alternative method for the detection of HFG. An enzyme-linked
immunosorbent assay (ELISA) (Fodey, Delahaut, & Elliott, 2007; Wang et al., 2013)
would have several advantages including, (1) high analyte selectivity (specificity), (2)
high throughput of samples, (3) reduced sample pre-treatment, and (4) increased cost-
effectiveness (Kong et al., 2017; Liu, Xu, Suryoprabowo, Song, & Kuang, 2018; Peng
et al., 2017; Zeng, Jiang, Liu, Song, & Kuang, 2018). However, long analysis times are
needed to accommodate long incubation times for enzyme-substrate reactions, and unfor-
tunately, this characteristic is not suitable for detection on-site. Lateral flow immunochro-
matographic (LFIC) assays are widely used for detection of residues because they are
simple, rapid (can be performed in 5–10 min), specific, and sensitive (Li, Liu, Song, &
Kuan, 2018; Liu et al., 2014; Suryoprabowo, Liu, Peng, Kuang, & Xu, 2015). Although
LFIC testing is widely used, to the best of our knowledge, no LFIC device for the detection
of HFG residues has been described. The aim of this study was to develop an LFIC assay
for the detection of HFG in milk.

Materials and methods

Chemical and reagents

HFG was purchased from J&K Scientific (Shanghai, China). Complete Freund’s adjuvant
(FCA), incomplete Freund’s adjuvant (FIA), and enzyme immunoassay-grade horseradish
peroxidase-labeled goat anti-mouse immunoglobulin were obtained from Sigma-Aldrich

Figure 1. Chemical structure of halofuginone.
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(St. Louis, MO, USA). Quick Antibody-Mouse 5W was supplied by Biodragon-Immuno-
tech Co., Ltd. (Beijing, China). N,N′′-Carbonyldiimidazole (CDI) was acquired from East
China Chemicals Co., Ltd. (Wuxi, China) and gelatin was obtained from Beijing Biodee
Biotechnology Co., Ltd. (Beijing, China). Tetramethylbenzidine (TMB) and horseradish
peroxidase (HRP) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China).
All reagents used for cell fusion were from Sunshine Biotechnology Co., Ltd. (Nanjing,
China). Bovine serum albumin (BSA) and ovalbumin (OVA) were purchased from Solar-
bio Science & Technology, Co, Ltd. (Beijing, China). All other reagent and chemicals were
supplied by the National Pharmaceutical Group Chemical Reagent Co, Ltd. (Shanghai,
China).

Nitrocellulose (NC) high-flow plus membranes (Pura-bind RP) were obtained from
Whatman-Xinhua Filter Paper Co., Ltd. (Hangzhou, China). Glass fibre membrane
(CB-SB08) used for the sample pad, polyvinylchloride (PVC) backing material and the
absorbance pad (SX18) was supplied by Goldbio Tech Co., Ltd. (Shanghai, China). A
BioDot TSR 3000 Membrane Strip Reader (Gene Company Ltd, Shanghai, China) was
used to measure the intensity of the colour of the colloidal gold nanoparticles. Coating
antigen (HFG-CDI-OVA) and specific monoclonal antibody (anti-HFG monoclonal anti-
body (mAb), No. 3H11) were generated in our laboratory.

All buffer solutions were prepared using ultrapure water (Milli-Q purification system,
Millipore Co., Bedford, MA, USA). The strip cutting instrument was CM 4000 (Gene,
Shanghai, China), and the dispensers were an Airjet Quanti 3000TM and Biojet Quanti
3000TM (XinqidianGene-technology Co., Ltd., Beijing, China).

Preparation and characterization of anti-HFG monoclonal antibody

HFG was conjugated to BSA or OVA using the CDI method (Cao et al., 2015). Briefly,
a solution of HFG (20 mg) and CDI (16 mg) in N,N′′-dimethylformamide (3 ml) was
stirred at 60°C for 4 h. It is important that the entire process be kept free of water.
The solution was then stirred continuously at room temperature for 12-24 h. The
HFG-CDI-BSA conjugate (Figure 2) was used to immunize BALB/c mice. HFG-CDI-
OVA (Figure 3) was chosen as the coating antigen, and all synthesized antigens

Figure 2. The UV spectra characterization for HFG, BSA, and HFG-CDI-BSA.
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were stored at −20°C. The final antigens were characterized using UV/Vis
spectroscopy.

Development of lateral-flow immunochromatographic test strip device

Preparation of colloidal gold particles
All solutions were prepared using ultrapure water and passed through a 0.22 µm mem-
brane filter. Aqueous chloroauric acid solution (0.1 g/L; 25 mL) was heated to boiling
under constant stirring and mixed with aqueous sodium citrate tribasic dihydrate solution
(1% w/v; 1.0 mL) under constant stirring for 30 min. When the colour of the solution
turned wine-red, it was cooled to room temperature and stored at 4°C. Analysis by trans-
mission electron microscopy revealed that the gold nanoparticles (GNPs) had a nearly
uniform particle size of 15 nm.

Preparation of colloidal gold-labeled mAb
The half-maximal inhibitory concentration (IC50) of anti-HFG mAb (no. 3H11) was
0.775 ng/mL. Colloidal GNP solution (10 mL) was adjusted to pH 7 with 0.1 M
K2CO3, and mAb (0.40 mL) was added to the solution dropwise. Thirty-five minutes
later, 10% (w/v) bovine serum albumin (BSA; 1 mL) was added. The mixture was
stirred for 2 h and then centrifuged at 8000 rpm for 45 min to remove any GNP aggre-
gates. The solution separated into two layers; the lower layer (red gold-labeled mAb)
was collected and washed with 0.02 M phosphate buffer containing 5% sucrose, 1%
BSA, and 0.5% polyethylene glycol (PEG) 6000 (at pH 7.4). The conjugation products
were reconstituted to 1 mL with gold-labeled resuspension buffer (0.02 M PBS, 5%
sucrose, 2% sorbitol, 1% mannitol, 0.1% PEG, 0.1% tween, and 0.04% NaN3) and
stored at 4°C.

Figure 3. The UV spectra characterization for HFG, OVA, and HFG-CDI-OVA.
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Preparation of nitrocellulose capture membranes
Coating antigen (HFG-CDI-OVA) and goat anti-mouse IgG antibody were used as the
capture reagents in the test line and control line on the test strip. The coating antigen
and goat anti-mouse IgG antibody were sprayed onto the NC membrane at a rate of
1 µL/cm using a dispenser, resulting in the formation of the test line and control line.
The capture and control reagents were sprayed onto the glass fibre membrane to
prepare the conjugate pad, which was dried at 37°C for 2 h. The NC membrane coated
with capture reagents was pasted onto the centre of the PVC backing plate and the con-
jugate pad, sample pad, and absorbent pad were laminated and pasted onto the plate.
Finally, the plate was cut into 2.8 mm-wide strips using a strip cutter.

Test procedure and Principle

Gold-labeled mAb (50 µL) was added to the sample solution (150 µL). The mixture was
allowed to react for about 5 min and then applied to the sample pad. The solution migrated
along the absorbent pad, and the test result was obtained within 5 min. If HFG was present
in the sample, it competed with the HFG-CDI-OVA conjugate embedded in the test line
for the finite amount of anti-HFG mAb added to the sample. When a sufficient amount of
HFG was present in the sample, free HFG bound all the gold-labeled mAb, preventing the
mAb from binding to the HFG-CDI-OVA in the test line. Therefore, the more HFG that
was present in the sample, the weaker the colour of the test line. If there was no HFG
present, the limited amount of colloidal-gold-labeled mAb was trapped by the immobi-
lized HFG-CDI-OVA conjugate, and a clearly visible red test line appeared.

When the flow of the sample reached the control line, which contained the goat anti-
mouse IgG antibody, an indicator reaction also took place. The control line must, there-
fore, always appear in a successful test, whereas the test line will only appear when the
sample is negative (Figure 4(A)). The appearance of the control line alone is a positive

Figure 4. The illustration of strip results (A) the sample is negative; (B) positive result if the C line
appears alone; (C) invalid result if the control and test line does not appear. C = control line. T = test
line.
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result (Figure 4(B)), whereas if neither the control line nor the test line appears (Figure 4
(C)), the test procedure was incorrect or the strip was invalid, indicating that the test
should be repeated with a new strip.

Determination of performance

Sensitivity of test strip
The sensitivity of the test strip was determined by testing different HFG samples. Firstly,
detection limits for both HFG standards were determined by testing solutions (0, 2.5, 5, 10,
25, and 50 ng/mL) in 0.01 M PBS (pH7.4). A mixture of the sample solution (150 µL) and
gold-labeled mAb (50 µL), was allowed to react for 5 min, and then added to the sample
pad. After 5 min, the colour intensities of the different strips were recorded using a test
strip reader. The lowest detection limit (LDL), was defined as the amount of HFG that pro-
duced a different colour reaction between the positive samples and the negative samples
on the strip that was visible with the naked eye. Six replicate samples for each concen-
tration were analysed on the same day.

Detection of HFG in milk
The detection methods for HFG in milk were developed using spiked samples. The spiked
samples were prepared by adding HFG standard solutions to uncontaminated milk to
produce solutions with final concentrations of 1, 5, 10, 25, 50, and 100 ng/mL. HFG stan-
dard solutions (10 µg/mL) were prepared using 0.01 M phosphate buffered saline (pH 7.4).
An un-spiked (blank) sample was used as the control. Six replicates of each concentration
were analysed with the test strips.

Figure 5. Optimization of the immunochromatographic strip. Concentration of coating antigen (A)
0.5 mg/mL; (B) 1 mg/mL. The dosage of the mAb that add in GNP: (1) 8 µg/L; (2) 10 µg/L. The standard
concentration: (a) 0 ng/mL; (b) 50 ng/mL.
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Figure 6. Colloidal gold immunochromatographic for HFG in 0.01 M PBS (pH 7.4). HFG concentration: 1
= 0 ng/mL; 2 = 2.5 ng/mL; 3 = 5 ng/mL; 4 = 10 ng/mL; 5 = 25 ng/mL; and 6 = 50 ng/mL.

Figure 7. Result of optimization by using 4 kinds of surfactants in milk. 1 = PVP, 2 = PEG, 3 = BSA, and
4 = Tween-20. a = negative (0 ng/mL). b = positive (50 ng/mL).
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Results and discussion

Optimization of strip test

The concentrations of both mAbs in the GNPs and of coating antigen affect the sensitivity
of the assay. Two different concentrations of mAbs (8 or 10 µg/mL) were allowed to react
with HFG-negative samples (0 ng/mL) and HFG-positive samples (50 ng/mL). Slightly
differences in colour intensity were observed at concentrations between 8 and 10 µg/mL
(Figure 5). The optimum concentration of mAb in the GNPs was found to be 8 µg/mL
based on the colour intensities of both lines (HFG-positive and HFG-negative samples).
There were also significant differences in colour intensity between 0.5 and 1 mg/mL of
coating antigen. When the concentration of coating antigen was 0.5 mg/mL, the colour
intensity of the T line was weaker than when the concentration was 1 mg/mL, suggesting
that more sensitive detection could be achieved using 1 mg/mL coating antigen. The
optimum conditions for the newly developed assay were thus of 1 mg/mL coating
antigen and 8 µg/mL mAb the GNPs.

The sensitivity of the assay was investigated using a series of HFG standards diluted
in 0.01 M PBS (pH 7.4). The LDL was defined as the amount of HFG that produced a
colour reaction on the strip that was visibly different in intensity from that obtained
with HFG-negative samples. The colour signal on the T lines changed from strong
too weak as the concentration of HFG increased. The colour was strongest when no
HFG was present and disappeared completely when the concentration of HFG
reached 50 ng/mL (Figure 6).

Figure 8. HFG detection with colloidal gold immunochromatographic strip assay spiked in milk. 1 =
0 ng/mL, 2 = 5 ng/mL, 3 = 10 ng/mL, 4 = 25 ng/mL, 5 = 50 ng/mL and 6 = 100 ng/mL.
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Detection of HFG in milk

For immunochromatographic assays, the strip materials must be hydrophilic and have
consistent flow characteristics. NC is hydrophobic, but can be rendered hydrophilic by
the addition of surfactants. It is important to choose an appropriate surfactant when devel-
oping these assays because not every protein is compatible with every surfactant. In the
present study, suspension buffer (0.02 M PBS, 5% sucrose, 2% sorbitol, 1% mannitol,
0.1% PEG, 0.1% tween, and 0.04% NaN3) was mixed with PVP, PEG, BSA, and Tween-
20. Surfactants containing BSA resulted in adequate and stable colour reactions (Figure 7).

In this study, we determined the effects of the matrix on our immunochromatographic
assay for HFG using milk. The advantages of the immunochromatographic assay are that
it is rapid and easy to use. The milk was spiked with HFG standards (10 µg/mL, prepared
with 0.01 M PBS pH 7.4) at final concentrations 5, 10, 25, 50, and 100 ng/mL HFG. Under
the optimized conditions (Figure 8), the colour intensity decreased as the HFG concen-
tration increased. The colour signal changed from strong to weak with increasing concen-
tration of HFG and disappeared completely at 100 ng/mL.

Conclusions

This is the first description of a rapid, sensitive, and simple analytical method based on a
mAb, for determination of HFG in milk. We have produced a mAb directed against HFG
with a highly sensitive immunogen (HFG-CDI-OVA) and used it to develop a lateral-flow
immunochromatographic assay. Under optimized conditions, the cut-off detection limit
of the immunochromatographic strip for HFG is as low as 50 ng/mL in 0.01 M PBS pH
(7.4) and 100 ng/mL in milk. The results of the assay can be evaluated with the naked
eye in 5–10 min, allowing high-throughput testing of HFG in milk.
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