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Abstract: To detect gatifloxacin (GAT) residue in swine urine, an electrochemical immunoassay was established. An
indirect competitive immunoassay was developed, in which the coating antigen is immobilized in an enzyme-linked
immunosorbent assay (ELISA) plate and GAT residue from the sample competes with the limited binding sites in
added anti-GAT antibody. Horseradish peroxidase (HRP) conjugated to goat anti-rabbit IgG was used as the enzy-
matic label. A carbon fiber working electrode was constructed and current signals were detected by using hydrogen
peroxide as a substrate and hydroquinone as an electrochemical mediator. The electrochemical immunoassay was
evaluated by analysis of GAT in buffer or swine urine and an average value of half inhibition concentration (ICso) of
8.9 ng/ml was obtained. Excellent specificity of the antibody was achieved with little cross-reaction with lomefloxacin
(3.0%), ciprofloxacin (3.0%), and ofloxacin (1.9%) among commonly used (fluoro)quinolones. In conclusion, the im-
munoassay system developed in this research can be used as a rapid, powerful and on-site analytical tool to detect

GAT residue in foods and food products.
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1 Introduction

Gatifloxacin (GAT, Fig. 1) is a fourth generation
synthetic antibacterial (fluoro)quinolone agent. It has
been widely used in clinical medicine and as a vet-
erinary drug in animal husbandry (Hooper, 1998;
Blondeau et al., 2000; Weigel et al., 2002; Kays et al.,
2005) for the treatment of acute bacterial exacerba-
tion of chronic bronchitis, acute sinusitis, community
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acquired pneumonia, uncomplicated urinary tract
infections (cystitis), and complicated urinary tract
infection (Perry et al., 1999). However, the presence
of GAT in food samples constitutes a potential hazard
for consumers and may cause abnormalities in glu-
cose metabolism (Bhasin ef al., 2005). As a conse-
quence, the US Food and Drug Administration (FDA)
has claimed that the potential risk associated with
GAT administration must be emphasized in the drug
description. In May 2006, Bristol-Myers Squibb
(BMS), the developer of GAT, even asked suppliers
to stop selling GAT due to increasing concerns about
the side effects. In China, GAT was found to inhibit
hens from laying eggs (Amin et al., 2007). Due to the
important effects of GAT on human and animal health,
extensive research has been conducted to generate
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sensitive and specific methods for rapid and cost-
effective GAT detection in food and biological samples.
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Fig. 1 Structures of the gatifloxacin and related
(fluoro)quinolones

The main analytical techniques used for GAT
analysis in foodstuffs include high pressure liquid
chromatography (HPLC) (Overholser et al., 2003),
liquid chromatography-mass spectrometry (LC-MS)
(Vishwanathan et al., 2001), high-performance thin
layer chromatography (HPTLC) (Suhagia et al.,
2006), liquid chromatography (LC) (Amin et al.,
2007), capillary electrochromatography (Fierens et al.,
2000), and fluorescence methods (Espinosa-Mansilla
et al.,2006). The chromatographic techniques usually
require extraction, per-concentration steps, and com-
plicated cleanup procedures. Moreover, expensive
and sophisticated equipment is required, which must

be run by skilled operators. As a consequence, routine
and efficient residue monitoring by the official agen-
cies has become problematic. To protect consumer
health, official laboratories should be able to test a
large number of samples using rapid, sensitive,
cost-effective, high-throughput and on-site analytical
methods.

Immunoassay, on the other hand, has proven to
be an excellent on-site analytical strategy as a sensi-
tive, timely, inexpensive and high-throughput tech-
nique that can be used to detect veterinary drugs in a
variety of food matrices (Zhou et al., 2005; Liu et al.,
2007). Immunoanalytical techniques have been re-
ported to detect GAT by an enzyme-linked immu-
nosorbent assay (ELISA) using ultraviolet (UV) or
fluorescence absorbance as a quantitative parameter
(Santoro et al., 2006; Zhao et al., 2007). In recent
years, electrochemical immunoassays have attracted
attention because of their excellent sensitivity, sim-
plicity, inexpensive construction, suitability for mass
production, and their variety of labels, including en-
zymes and electro-active molecules. For the devel-
opment of hand-held devices which can be used for
daily measurements, electrochemical immunoassay is
a promising alternative to the existing ELISA tests.
Also, electrochemical immunoassays are preferable
for opaque matrices (Laschi et al., 2003; Conneely et
al., 2007; Piermarini et al., 2007). The aim of this
work was to develop an electrochemical immunoas-
say to detect GAT in biological samples. To our
knowledge, there are no published reports of an elec-
trochemical immunoassay for GAT detection. In this
research, an indirect competitive immunoassay was
established in which the coating antigen is immobi-
lized onto an ELISA plate and GAT from a sample
competes with the limited binding sites in the
anti-GAT antibody. Horseradish peroxidase (HRP)
conjugated to goat anti-rabbit IgG was added as an
enzymatic label. A carbon fiber working electrode
was fabricated to detect current signals on the ELISA
plate caused by the electroreaction with hydrogen
peroxide as the substrate and hydroquinone (HQ) as
the electrochemical mediator. The current response
was used to indicate the competition of GAT with
coating antigen for binding with the anti-GAT anti-
body (Ni et al., 2006). The electrochemical immu-
noassay was evaluated by analysis of GAT in buffer
or swine urine. This electrochemical immunoassay
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shows good performance in terms of sensitivity and
specificity and could be used as a screening method to
detect GAT residues in foods and food products.

2 Materials and methods
2.1 Chemicals and materials

GAT, lomefloxacin, ofloxacin, ciprofloxacin,
fleroxacin, enrofloxacin, enoxacin, norfloxacin, pe-
floxacin, sarafloxacin, danofloxacin and pipemidic
acid were obtained from the Institute of Veterinary
Medicine of China (Beijing, China). 1-Ethyl-3-
(dimethylaminopropyl) carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), bovine serum
albumin (BSA), and ovalbumin (OVA) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).
Goat anti-rabbit IgG-HRP conjugate was provided by
the Military Medical Institute (Beijing, China). HQ
was purchased from Hongye Chemical Technology
(Tianjin, China). Dimethylformamide (DMF), hy-
drogen peroxide [H,0,, 30% (mass fraction)], and
other reagents were purchased from Guangmang
Chemical Co. (Jinan, China).

Sodium phosphate buffer (PBS, pH 7.4) con-
sisted of NaCl (138 mmol/L), KH,POy4 (1.5 mmol/L),
Na,HPO,-12H,0 (7 mmol/L), and KCI (2.7 mmol/L).
Washing buffer (PBST) comprised the PBS solution
containing 0.05% (v/v) Tween 20. Carbonate buffer
(pH 9.6) containing 15 mmol/L Na,CO; and 35 mmol/L
NaHCO; was used as a coating buffer. The blocking
buffer was 0.1 mol/L PBS mixed with 0.01 g/ml of
OVA and 0.05% of Tween 20. Ultrapure deionized
water with resistivity >18 MQ-cm (Milli-Q) was used
throughout this study. The 2.0 mmol/L H,O, was used
as the substrate solution. The mediator solution was
2.0 mmol/L HQ solution, prepared by dissolving
17.6 mg HQ in 20 ml of PBS.

2.2 Apparatus

Amperometric signal was monitored by an
electrochemical potentiometer (CHI 800, Shanghai
Chenhua Instrument Ltd., China). The electrochemi-
cal system consisted of a three-electrode system in
which a carbon fiber electrode was used as a working
electrode (Fig. 2), a platinum wire was used as an
auxiliary electrode, and filamentous silver was used
as a reference electrode. The electrochemical reaction

was carried out in one well of a polystyrene 12-well
microtiter plate (Bio Basic Inc., Ontario, Canada).
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Fig. 2 Fabrication of carbon fiber working electrode
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2.3 Construction of carbon fiber working electrode

Carbon fiber working electrodes are widely used
as probes for biochemical detection in the wells of
microplates (Jin et al., 2003; He et al., 2003). Our
electrode was constructed as described in Fig. 2. First,
20-30 carbon fibers (6 pm diameter) soaking in ace-
tone were carefully inserted into a fused silica capil-
lary (250 pum i.d., 375 pum o.d., 0.6 cm length) by
gluing end A using ethyl a-cyanoacrylate. The fused
silica capillary was then inserted into a glass capillary
(2 mmi.d., 3 mm o.d., 3 cm length) with end B sealed
using epoxy AB adhesive. Mercury (2.0 cm height)
was then injected into one end of the glass capillary
while at the other end, copper wire was inserted and
sealed with epoxy AB adhesive. Before each use, the
end A was sonicated for 10 min in ethanol and de-
ionized water (Milli-Q water, >18 MQ-cm).

2.4 Preparation of polyclonal antibody for GAT

The immunogen cationized BSA (cBSA)-GAT
and coating antigen cOVA-GAT for GAT were pre-
pared via the carbodiimide-modified active ester
method, with EDC and NHS used as crosslinking
agents. Two male New Zealand white rabbits were
subcutaneously immunized to obtain polyclonal an-
tibody for GAT. The synthesis procedure and immu-
nization design were the same as those reported in our
previous study (Zhao et al., 2007). The purified an-
tiserum was aliquotted and stored at —70 °C.

2.5 Immunoassay procedure

The immunoassay was developed on the basis of
an indirect competition scheme (Fig. 3), in which
GAT and goat anti-rabbit IgG-HRP compete for the
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binding sites of the anti-GAT antibody. First, the
coating antigen cOVA-GAT (10 pg/ml, 100 pl/well)
was immobilized onto the surface of ELISA plates for
the capture of the antibody. The microplates were
incubated overnight at 4 °C and were then blocked
with 250 upl/well of blocking buffer, followed by in-
cubation for 2 h at 37 °C. Between each step, the
microplates were washed three times with washing
buffer. Then, 100 pul of anti-GAT antibody was added,
followed by addition of buffer or competitor solution
(GAT samples or similar compounds analyzed), and
the plates were incubated for 2 h. Goat anti-rabbit
IgG-HRP (1:1000, 100 pl/well) was added. The
competitive immunoreaction was then allowed to
proceed for 70 min at 37 °C. Then HQ mediator so-
lution and H,O, substrate solution were added
(50 pl/well). The HRP enzymatic reaction progressed
for another 10 min at room temperature. Then, the
carbon fiber working electrode was inserted and
amperometric signals were determined at —0.15 V.
The result was expressed in percent inhibition as
follows: 1/1,x100%, where I is the peak current in the
linear sweep voltammetry (LSV) profile for the well
containing competitor and /; is that for the well
without competitor.
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Fig. 3 Electrochemical immunoassay procedure

3 Results and discussion
3.1 Optimization of the assay

As ideal chemical sensors, microelectrodes have
attracted widespread research interest and have been
studied intensively in many fields (Wightman et al.,

1988; Huang et al., 2001) to facilitate rapid meas-
urement of chemical compounds. Carbon fiber mi-
croelectrodes are important components of the wider
microelectrode family. Several electrochemical as-
says for rapid analysis with carbon fiber microelec-
trodes have been described, including amperometry,
differential pulse voltammetry, and cyclic voltam-
metry (Pihel et al., 1996; Blanco et al., 1999; Netchi-
porouk et al., 2001). The carbon fiber electrodes used
in this study were fabricated using a traditional prep-
aration method. The competitive immunoassay was
performed on ELISA microplate wells, in which GAT
from the sample and the immobilized coating antigen
compete for the binding sites of the antibody. When
the analyte molecular recognition event happens, the
extent of the reaction is evaluated by the electro-
chemical detection of the mediator (HQ) based di-
rectly on the activity of the enzyme tracer (goat-
anti-rabbit IgG-HRP). Hydrogen peroxide was used
to facilitate the enzymatic reaction (Lei ef al., 2004;
Hervas et al., 2009). After the reaction was allowed to
proceed for 10 min, the electrode was inserted and
LSV evaluation was employed to examine current
signals for each group with the potential fixed. The
response was determined at —0.15 V (previously op-
timized) on the carbon fiber working electrode where
the reduction of the enzymatically oxidized mediator
HQ took place.

The concentrations of substrate (H,0,), mediator
(HQ), and enzyme tracer (HRP) are important factors
that affect the sensitivity of the immunoassay, and
were optimized by testing current values for each
group. The tested concentration of H,O, was in the
range of 0.4-3.2 mmol/L, using 1 pl/ml of IgG-HRP
and 2.0 mmol/L of HQ (Fig. 4a). The current response
increased gradually when the concentration of H,O,
increased until a peak was reached at 2.0 mmol/L,
then the current measured started to decrease as the
concentration of H,O, continued to increase (Fig. 4a).
As the concentration of H,0O, increased, electron
transfer was enhanced. However, when the concen-
tration of H,O, increased further from 2.0 to 3.2 mmol/L,
the reaction was inhibited by the excess of H,O,. Thus,
a concentration of 2.0 mmol/L of H,O, was selected
as the optimal concentration throughout the research.
The optimization result for the peroxide concentration
is in good agreement with Ordofiez and Fabregas
(2007).
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Fig. 4 Optimization of analytical conditions

It was reported that reducing substrates, such as
HQ, have a low specificity for catalyzing the oxida-
tion of H,O; (Zhang et al., 2008). To find out the most
suitable quantity of HQ, a series of concentrations in
the range of 0.4-3.2 mmol/L of HQ were evaluated,
with the concentrations of H,O, and IgG-HRP fixed
at 2.0 mmol/L and 1 pl/ml, respectively. The maxi-
mum current was observed when the concentration of
HQ was 2.0 mmol/L (Fig. 4b). The decrease in current
when the concentration of HQ was more than
2.0 mmol/L. was probably caused by the limited
enzyme-substrate kinetics (Lei et al., 2004). The op-
timized concentration of HQ, therefore, was deter-
mined to be 2.0 mmol/L and was used throughout this
research.

The effect of the immunochemical incubation
time was also investigated due to its importance. The
concentrations of both H,O, and HQ were fixed at
2.0 mmol/L, and the concentration of goat-anti-rabbit
IgG-HRP conjugate was fixed at 1 pl/ml. The current
was measured at 10 min intervals (Fig. 4c). Although,
the current measured can be increased to a high value,
we eventually chose a 10-min incubation time because
the current measured at this time was high enough to
make a judgment. More importantly, the experimental
time can thereby be shortened significantly.

Non-specific adsorption due to the direct ad-
sorption of enzyme tracer onto the working electrode
surface could produce a residual background signal
when the electrode is moved to the next well. This
effect was evaluated by comparing the relationship of
current response with IgG-HRP concentration while
ultrasonic and control electrodes were used. The re-
sults (Fig. 4d) showed that non-specific adsorption in
non-ultrasonic groups markedly affected the linear
relationship for GAT detection. Therefore, in our
research, the working electrode was sonicated in
PBST for 10 min to stabilize the background before
each measurement.

The influences of (a) H,O, (2.0 mmol/L HQ), (b) HQ

(2.0 mmol/L H,0,), (¢) incubation time (2.0 mmol/L HQ

and 2.0 mmol/L H,0,), and (d) ultrasonic for the working

electrode (2.0 mmol/L HQ, 2.0 mmol/L H,0,, and 10 min
for incubation) on current response in the competitive assay
are shown. The concentration of IgG-HRP conjugate was
1 ul/ml for protocols (a) to (c). The experiments were carried
out in PBST (pH 7.4) containing NaCl (138 mmol/L),
KH,PO4 (1.5 mmol/L), Na,HPO,4-12H,0 (7 mmol/L), KCI
(2.7 mmol/L), and Tween 20 (0.05%), with the applied
potential of —0.15 V

3.2 Sensitivity and specificity of the test

The electrochemical immunoassay was devel-
oped under the optimized condition (2.0 mmol/L H,O,,
2.0 mmol/L HQ, and 1 pl/ml IgG-HRP). Antiserum
with a dilution factor of 1:8000 was utilized as the
primary antibody and co-incubated with GAT from
0.01 to 1000 ng/ml to compete with the coating an-
tigen for binding the antiserum. The competitive
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inhibition curve and standard calibration curve
(Y=0.86—0.3 X, R”=0.99) are shown in Figs. 5a and 5b,
respectively. The GAT concentration with 50% inhi-
bition (ICs, value) was estimated to be 10.5 ng/ml and
the linear concentration range was from 1 to 100 ng/ml.
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Fig. 5 Competitive curve (a) and standard curve (b) of
GAT determination with GAT as competitor in PBST
cgar: concentration of GAT (ng/ml)

The specificity of the antibody was evaluated by
testing the cross-reactivity with various (fluoro)
quinolones. The cross-reactivity studies were carried
out with the electrochemical immunoassay by adding
various competitors in concentrations from 0.01 to
1000 ng/ml (Lu et al., 2006). The results confirmed
that the anti-GAT antibody was highly specific and
showed little cross-reactivity with lomefloxacin,
ciprofloxacin, or ofloxacin (Table 1).

3.3 Detection of GAT in swine urine

Urine, composed of various electrochemical in-
terferents, such as wuric acid, ascorbic xanthine,
ascorbic acid, and p-aminophenol (Jamal et al., 2005),
was selected to study the matrix effect (Yang et al.,
2006). Swine urine was centrifuged at 15000 r/min
for 15 min and the supernatant obtained was diluted
with PBST. The competitive curves with final GAT
concentrations of 0.01, 0.1, 1, 5, 10, 50, 100, 1000

and 10000 ng/ml were run in PBST and in various
dilutions (1:2, 1:5, 1:10, and 1:20) of the extraction to
determine the matrix effect (Fig. 6). The 1Csy values
with GAT as the competitor were 66.07, 29.36, 12.37,
and 12.59 ng/ml when the dilution factors were 1:2,
1:5, 1:10, and 1:20, respectively. It was possible that
electrochemical interferents would restrain the elec-
tron transfer, resulting in an increase in background
current signal. The results were in good agreement
with those observed in a milk system (Zhao et al.,
2007). The average ICsy value of a 1:10 dilution was
close to that in PBST (8.9 ng/ml), and was chosen for
performance of the immunoassay. Based on the
standard curve obtained in 1:10 dilution, swine urine
was used as a real system to test the applicability of
the electrochemical immunoassay (Table 2). A series
of GAT solutions with concentrations of 1, 5, 10, 50,
and 100 ng/ml were added to the urine sample, and
the recovery rate and coefficient of variation (CV)
were calculated. The CVs were below 13.38% and the
recovery rates were between 93% and 118%, indi-
cating the reliable accuracy of the test when applied to
swine urine (Table 2).

Table 1 ICsy values and cross-reactivity of anti-GAT
antibody toward selected (fluoro)quinolones by the
electrochemical immunoassay

Compound ICso (ng/ml)  Cross-reactivity (%)
Gatifloxacin 10.5 100.0
Lomefloxacin 280 3.0
Ciprofloxacin 345 3.0
Ofloxacin 548 1.9
Enrofloxacin >1000 <1
Sarafloxacin >1000 <1
Flerfloxacin >1000 <1
Pipemidic acid >1000 <1
Pefloxacin >1000 <1
Norfloxacin >1000 <1
Enoxacin >1000 <1

Table 2 Recovery rate and coefficient of variation
(CV) of swine urine spiked with GAT and detected by
the electrochemical method

GAT level Measured GAT  Recovery (Y
(ng/ml) level (ng/ml) (%) (%)

1 3 1.13+0.09 112.54 8.16

5 3 4.69+0.62 93.72 13.38

10 3 11.74+0.38 117.36 3.27

50 3 48.30+1.62 96.60 3.35
100 3 105.06+£2.27 105.06 2.16
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4 Conclusions

In this work, a carbon fiber working electrode
was prepared and a sensitive electrochemical immu-
noassay was developed to detect GAT residue in
swine urine. The average ICs, value for this test was
found to be 8.9 ng/ml, and there was little cross-
reactivity with other common (fluoro)quinolones.
The utilization of the assay was also tested by using it
to detect GAT in spiked swine urine samples. Satis-
factory results were obtained (CV<13.38%; recovery
rates<20%).

In summary, the potential application of the
electrochemical immunoassay for the detection of
GAT residue in swine urine was demonstrated. The
method developed could be commercialized in the
form of a hand-held device to detect GAT residue in
foods.
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