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Abstract Malachite green (MG), a dye, is an antifungal agent that has been used to treat and prevent fish diseases. It is metabo-
lized into reduced leucomalachite green forms (LMG) that may reside in fish muscles for a long period, thus being harmful to human
health. The aim of this study was to develop a competitive and direct enzyme-linked immunosorbent assay (ELISA) to detect MG
and LMG specifically. The monoclonal antibody (mAb) to LMG was generated using a hybridoma technique. The obtained mAb
showed good cross-reactivity (CR) to malachite green (MG), but not to crystal violet (CV) and Brilliant Green (BG). The mAb was
used to develop a fast detecting ELISA of MG and LMG in fish. By introducing the conjugation LMG-HRP, the detection capability
was 0.37ngmL " for MG and LMG. The mean recovery from spiked grass carp tissues ranged from 76.2% to 82.9% and the coeffi-
cients of variation varied between 1.8% and 7.5%. The stable and efficient monoclonal cell line obtained is a sustainable source of

sensitive and specific antibody to MG and LMG.
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1 Introduction

Malachite Green (MG), a dye, has been extensively
and illegally used as a therapeutic agent in aquaculture
due to its low production cost, easy availability and high
efficacy of treating and preventing fungal and parasitic
infections in fish. During the treatment, the dye is re-
leased directly into aquatic environments where it is ex-
tensively absorbed and metabolized to the reduced form,
Leucomalachite Green (LMG) which may reside in fish
tissues for a long time (Mitrowska et al., 2007). It was
demonstrated in many animal species and cell lines that
LMG residues in the consumed animal tissues may have
carcinogenic, genotoxic, mutagenic and teratogenic risks
(Hajee et al., 1995). No safe level of the residue has been
established; however, the uplimit required for the detec-
tion of total MG and LMG has been set at 2ngg ' by the
Commission Decision 2004/25/EC. MG-related fishery
product involved incidents often occur and have been a
serious concern to human health. Therefore, the careful
monitoring of LMG residues in fishery products for hu-
man consumption with sensitive and specific methods is
crucial for food safety and human health. The conven-
tional methods of quantifying triphenylmethane dyes and
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their leucometabolites mainly include liquid chromatog-
raphy with visible or fluorescence detection (Mitrowska
et al., 2005; Long et al., 2009), liquid chromatography-
mass spectrometry (Dowling et al., 2007; Tarbin et al.,
1998; Tao et al., 2011) and capillary electrophoresis (Luo
et al., 2010; Tsai et al., 2007). These methods usually
require professional operators and expensive equipments.

Enzyme-linked immunosorbent assay (ELISA) is a sim-
ple, sensitive, economical and high throughput procedure
for the specific detection of antigen. Several trials have
met successful attempts in producing polyclonal and
monoclonal antibodies against triphenylmethanes (Yang
et al., 2007; Xing et al., 2009; Shen et al., 2011; Opla-
towskaa et al., 2011), and there are ELISA Kkits available
on market, e.g., MaxSignalTM MG/LMG ELISA Test Kit;
Malachite Green ELISA Kit and Leucomalachite Green
ELISA Kit (GlycoNex Inc., Taiwan); Malachite Green
Plate Kit (Abraxis, USA); and Malachite Green EIA (Eu-
roProxima, The Netherlands). Recently, a RNA-aptamer
based assay has been reported (Stead et al., 2010).

The aim of this study was to develop a more fast and
specific ELISA for the detection of MG and LMG in fish.
LMG was conjugated with protein carriers, yielding di-
verse hapten carrier complexes which were used to im-
munizing mice, hybridoma cell lines producing high af-
finity anti-LMG mAb were established. The procedures
were used for the preparation of fishery products and
mAb-based direct competitive ELISA, with which the
LMG and MG residues were detected in the fishery
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products sensitively and specifically.

2 Materials and Methods
2.1 Materials

Leucomalachite green (purity>98.5%) was purchased
from Zhejiang Guobang Pharmaceutical Co.; while bo-
vine serum albumin (BSA), ovalbumin (OVA) and per-
oxidase horseradish (HRP) were obtained from Dingguo
Biotechnology. The 1-Ethyl-3-(dimethylaminopropyl)-car-
bodiimide (EDC, purity > 99.3%) was from Shanghai
Yanchang Biochemical Technology, and 3,3’,5,5’-tetra-
methylbenzidine (TMB), HRP-conjugated goat anti-rabbit
IgG, RPMI 1640, hypoxanthine aminopterin thymidine
(HAT) medium, calf serum clarified, incomplete Freund’s
adjuvant (IFA) and complete Freund’s adjuvant (CFA) were
purchased from Sigma Chemical (St. Louis, MO, USA).
Chemical reagents, such as sodium chloride, potassium
chloride and sulfuric acid, were from Shanghai Guoyao.
The mouse monoclonal antibody isotyping reagents were
purchased from Invitrogen (Carlsbad, CA, USA).

2.2 Preparation of Immunogens and
Coating Antigens

The conjugates of LMG-BSA and LMG-OVA were
prepared using a modified Carbodiimide method described
previously (Huang et al., 2008), and characterized by spec-
trophotometer absorption, electrophoresis and mass spec-
tra. Firstly, the LMG was deoxidized to NH,-LMG ac-
cording to the method described by Zhao et al. (2009).
Then, a total of 8 mg BSA, 20mg NH,-LMG and 240mg
EDC were mixed in 4mL PBS (pH 5.0, 0.01molL™") at
28°C for 2h. The mixture was dialyzed against 200 vol-
umes of PBS (pH 7.2, 0.01 molL™") for two days. The
conjugates were lyophilized and stored at —80°C. Simi-
larly, the conjugate of CPFX-OVA was generated.

2.3 Generation of mAbs Against LMG

The mAbs were generated by a similar procedure de-
scribed previously (Hu et al., 2010). Briefly, individual
Balb/c mice were immunized with 200 ug of LMG-BSA
(dissolved in 0.01 molL™" PBS, pH 7.4) in 50% CFA and
boosted with the same amount of antigen in 50% IFA
three times. Subsequently, blood samples were obtained
from individual mice for measuring the LMG-specific
antibodies. After the antibodies titers reached 1:60000,
the mice were sacrificed and their spleen cells were fused
with SP2/0 myeloma cells, followed by screening the
hybridomas using the indirect ELISA. Furthermore, the
hybridoma cells were injected into Balb/c mice for the
induction of ascites, and mAb in the ascites was purified
using a SmL protein G sepharose-4B fast flow column
according to the manufacturer’s instruction (Beijing
Search Biotech, Beijing). In addition, the subclass of the
mAb was determined using the mouse monoclonal anti-
body isotyping reagents with its affinity measured as de-
scribed previously (Zhou et al., 2009). The cross-reac-
tivity of anti-LMG mAb toward MG and other competi-

tors were assessed according to the method (Holtzapple
etal., 1997).

2.4 Indirect ELISA for Fusion Screening

Firstly, 100 uL of LMG-OVA (10pgmL™") was added
into a 96-well microtitre plate and incubated at 37°C for 1h.
After being washed three times with washing buffer (0.01
mol L™ PBS, pH 7.4, containing 0.5% Tween 20, PBST),
the wells were blocked with 3% BSA in PBS at 4°C
overnight. The blocking buffer was discarded and the
plate was washed three times with PBST. 100 uL of di-
luted hybridoma supernatant was added to each well, two
wells containing OVA only were used as control. After
incubation at 37°C for 1h on a plate shaker, the plate was
washed three times. 100 uL of anti-mouse HRP-IgG
(1:2000) was added to each well and the plate was further
incubated for 1h. After washing three times with PBST,
100 puL of TMB substrate solution (1 mL TMB, 1.5mg), 5
mL of H,0,(0.03%), 4mL of 0.2molL™" NaAc, pH 5.3)
was added to each well. The enzymatic reaction was
stopped with 50 pL of 2.0 mol L™" sulphuric acid after
5-10 min, depending on the intensity of the color. The
absorbance was measured at 450 nm on a plate reader.

2.5 Preparation of the HRP Conjugates

The LMG haptens were conjugated to HRP in N,N-
dicyclohexylcarbodiimide/N-hydroxysuccinimide (DCC/
NHS) reaction according to the method described by Han
et al (2007). LMG-HRP and MG-HRP conjugates were
prepared and purified by gel filtration using PD-10 de-
salting column. All conjugates were stored at —20°C.

2.6 Sample Preparation and Extraction

The muscles of grass carp (Ctenopharyngodon idella)
were mixed with the extraction solution (30 mL) of 1
mol L' HCl-acetonitrile (4/500). After being vortexed for
5min and centrifuged at 495¢g and 4°C for 15 min, the
supernatants were collected and the residue was
re-extracted with the same procedures. Subsequently, the
supernatants were harvested and loaded on a separate
funnel, and then mixed with n-hexane (25 mL). After
shaking vigorously for 5min and settling for 5 min, the
aqueous layer was removed and the organic layer was
evaporated using a vortex evaporator. The resulting resi-
dues were dissolved in 1.0mL of extraction solution and
filtered through a 0.45 pm disposable syringe filter
equipped with cellulose acetate membranes.

2.7 Direct Competitive ELISA (Assay Protocol)

Firstly, 100 uL of monoclonal antibody diluted in PBS
buffer (pH 7.4, 0.01 mol L™', 1:2000) were added into
each well of the ELISA plates (Dingguo Biotechnology,
Shanghai, China) and incubated at 37°C for 1h. Then the
unbound antibody was tapped out and the wells were
blocked with 3% BSA in PBS at 4°C overnight. After
three washes with PBST, 100 uL of sample in PBS buffer
(pH 7.4) was added and incubated at room temperature
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for Smin. And then 100 pL. of LMG-HRP conjugate in
PBS buffer (1:10000) was added to each well and incu-
bated at 37°C for 1h. The plate was washed three times
with PBST. Then 100 L of TMB substrate solution was
added to each well and the plate was incubated at room
temperature for 10 min. Finally, 50 pL 2.0 mol L™' sul-
phuric acid was added to stop the reaction. The results
were read on a plate reader at 450 nm. Standard curves
were obtained by plotting absorbance against the loga-
rithm of LMG concentrations, which were fitted to a four-
parameter logistic equation:

_D-4

r= xB
I+—
C

+4,

where 4 is the minimum absorbance at infinite concentra-
tion, B is the curve slope at the inflection point, C is the
concentration of ICsy, and D is the maximum absorbance
in the absence of LMG. The limit of detection (LOD) was
calculated following the method described by Wang et al.
(2007). The LMG residues in the prepared samples were
also determined by HPLC using the procedure of Yang
et al. (2010).

3 Results

To generate mAbs against LMG, the NH,-LMG was
conjugated with BSA by a modified carbodiimide method
with a higher coupling efficiency. The conjugation rate of
LMG-BSA reached 7:1. The conjugates were character-
ized by spectrophotometric absorption, electrophoresis,
mass spectra, and UV-vis spectra. The UV scanning
spectra (220-380nm) of NH,-LMG, BSA and NH,-LMG-
BSA conjugates were shown in Fig.1. The characteristic
peaks in the region of maximum absorbance of BSA,
NH,-LMG and NH,-LMG-BSA conjugates were at 280,
262 and 314 nm, respectively. The success of coupling
reaction between LMG and BSA could be determined
accordingly.
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Fig.1 UV scanning spectra of conjugates.

The conjugates were injected into Balb/c mice. The
blood samples were collected from individual mice after
each boosting and the titers of anti-LMG sera were de-
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termined by ELISA. Following boosted for three times,
the anti-LMG sera in most mice reached a titer of
1:62500. The antibodies appeared to be specifically for
LMG. The indirect ELISA test indicated that the antibod-
ies only reacted with the LMG-OVA, but not OVA. The
high titer of anti-LMG specific sera in the mice provided
the basis for the generation of mAbs against LMG. Fol-
lowing fusion of SP 2/0 myeloma cells with the splenic
cells from the immunized mice with high titer of anti-
LMG antibodies, hybridoma cell lines were screened for
antibodies against LMG and subjected to cloning by the
limited dilution. One of the hybridoma clones, D5, pro-
duced high concentrations of mAb and grew stably in
vitro for at least 3 months. To generate large amounts of
mAb, the D5 clone cells were injected into Balb/c mice
for producing ascites and the mAb D5 was obtained from
ascites. Characterization of D5 mAb revealed that the D5
mAb belonged to IgG1 subclass with an affinity of 4.92 x
10°mol L™

Next, the direct competitive ELISA was used to pre-
pare calibration curves for LMG-HRP conjugates with a
dilution of 1:10000. Different concentrations of LMG
resulted in a standard curve (Fig.2). The four-parameter
logistic equation was

y=-26.7550x+71.5760 ,

where the value of R* was 0.9837. The LOD detected by
direct competitive ELISA was 0.37ngmL " and the linear
range was between 50 and 6250ngmL™". The specificity
of the mAD to other similar triphenylmethane dyes was
assayed by the direct competitive ELISA (data not showed).
The assay showed 100% cross-reactivity with MG. In con-
trast, it did not detect crystal violet (CV) and Brilliant
Green (BG), because there was no more than 0.01%
cross-reactivity to any of other triphenylmethane dyes.
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Fig.2 Standard curve established for the detection of LMG
with direct ELISA. The assay was used for the detection
of different concentrations (0-50 ng mL™") of LMG and
the resulting absorbance values were calculated as the
value of individual concentrations of LMG (B)/the value
of control without LMG (B,), respectively. The standard
curve was established by different concentrations of LMG
versus the values of B/B,. Individual value represents the
mean=+SD of the concentration of LMG from three inde-
pendent experiments.

To test the potential application of direct ELISA, fish-
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ery samples were mixed with different concentrations of
LMG, and the recovery rates of LMG were determined by
direct competitive ELISA (Table 1). The recovery rates
and RSD of LMG from these fish samples ranged from
76.2% to 82.9% and from 1.8% to 7.5%, respectively.
Furthermore, the recovery rates and RSD of LMG from
different fish samples ranged from 70.5% to 81.3% and
from 4.7% to 5.3%, respectively, as were determined with
HPLC. The recovery rates and RDS values of LMG by
direct ELISA were similar to those by HPLC (P>0.05),
demonstrating the high sensitivity and accuracy of direct
competitive ELISA for detecting LMG in fishery prod-
ucts.

Table 1 Recoveries of ELISA Method to assay LMG resi-
dues in muscles of grass carp Ctenopharyngodon idella’

Ctenopharyngodon idella*

Concentration (ngg ) Assay methods
Recovery (%)° RSD (%)

Negative ELISA ND -
Controls HPLC ND -
ELISA 78.2+1.57 1.8
: HPLC 78.8+4.59 53
ELISA 82.9+6.46 7.5
10 HPLC 81.3+£3.99 4.7
ELISA 76.2+3.95 4.6
20 HPLC 70.5+4.34 5.0

Notes: +n:10; ND, not detected; a, muscle; b, mean+SD.

4 Discussion

It is found that 80 ngmL™" of LMG-OVA for coating
antigen and 0.22 ug of mAb led to a specific detection of
0.37ngmL™" LMG under optimized conditions. Interest-
ingly, the mAb used in the direct competitive ELISA
showed 100% cross-reactivity with MG, a compound with
highly structural similarity to LMG (Fig.3), which was
similar to the results of Shen et al. (2008) and Gong et al.
(2008). Importantly, the direct competitive ELISA did not
detect the other triphenylmethane dyes. In addition, the
direct competitive ELISA detected LMG with recovery
rates and RSD of 76.2%—82.9% and 1.8%—7.5%, respec-
tively, which were similar to those determined with tradi-
tional HPLC. Moreover, the sensitivity of ELISA for de-
tection of LMG was similar to that reported with mAb
(Zhao et al., 2009; Wang et al 2009) and higher than that
using polyclonal antibodies (Xing et al., 2010). So, the
mAb produced in this study is highly sensitive and spe-
cific, and can be used for the detection of LMG and MG
in fishery products by direct competitive ELISA.

ELISA has been demonstrated to be highly sensitive,
specific, and suitable for simultaneous analysis of many
samples. Furthermore, ELISA usually is relatively cheaper
than other common methods and easily performable in
this study, we detected small amount of LMG within 2h.
The developed method allowed the detection of both MG
and LMG simultaneously, rather than separately as in
immunoassays developed by Yang et al. (2007), while the
sensitivity of the assay for the analysis of fish was similar

to these procedures that claimed by a number of ELISA
test kits available on market. In summary, we developed a
rapid and sensitive ELISA for the detection of LMG and
MG with a sensitivity of 0.37ngmL"". The LOD was be-
low current MRL established by the EU and China.
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Fig.3 Molecular structure of MG and LMG.

The configuration of assays reported is indirect com-
petitive type: MG/LMG-antigen is immobilized on the
well surface, sample/standard and anti-MG/LMG anti-
body are added and incubated for a defined time and after
the washing step an anti-species antibody labeled with
HRP is added. This procedure has been applied by Yang
et al. (2007), Xing et al. (2009), and some MG and LMG
ELISA kits. The ELISA assay developed in the present
study was also based on the approach. However, the mi-
crotitre plate was precoated with anti-LMG antibody. The
subsequent incubation steps with sample/standard and
LMG-HRP were kept. This allowed the development of a
rapid and sensitive immunoassay for the routine screening
of fish samples for MG/LMG contamination.

In conclusion, we developed a rapid and sensitive mo-
noclonal antibody-based ELISA for the detection of LMG
and MG with a sensitivity of 0.37ngmL™". Therefore, the
method can be used as a convenient tool for the rapid
detection of LMG and MG in fish tissues.
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