
C
e

F
M
a

b

a

A
R
R
A
A

K
E
C
A
F

1

m
c
w
m
k
c
m
o

t
s

a

0
d

Talanta 83 (2011) 966–973

Contents lists available at ScienceDirect

Talanta

journa l homepage: www.e lsev ier .com/ locate / ta lanta

itrinin (CIT) determination in rice samples using a micro fluidic
lectrochemical immunosensor

ernando Javier Arévaloa, Adrián Marcelo Graneroa, Héctor Fernándeza,∗, Julio Rabab,
aría Alicia Zóna,∗∗

Departamento de Química, Facultad de Ciencias Exactas, Físico-Químicas y Naturales, Universidad Nacional de Río Cuarto, Agencia Postal No 3, (5800)-Río Cuarto, Argentina
INQUISAL, Departamento de Química, Universidad Nacional de San Luis, CONICET, Chacabuco y Pedernera, D5700BWS, San Luis, Argentina

r t i c l e i n f o

rticle history:
eceived 27 September 2010
eceived in revised form 29 October 2010
ccepted 1 November 2010
vailable online 10 November 2010

eywords:
nzyme immunoassays
itrinin
mperometric immunosensor
low injection analysis

a b s t r a c t

The development of an electrochemical immunosensor incorporated in a micro fluidic cell for quan-
tification of citrinin (CIT) mycotoxin in rice samples is described for the first time. Both CIT present
in rice samples and immobilized on a gold surface electrodeposited on a glassy carbon (GC) electrode
modified with a cysteamine self-assembled monolayer were allowed to compete for the monoclonal
mouse anti-CIT IgG antibody (mAb-CIT) present in solution. Then, an excess of rabbit anti mouse IgG
(H + L) labelled with the horseradish peroxidase (secAb-HRP) was added, which reacts with the mAb-
CIT which is in the immuno-complex formed with the immobilized CIT on the electrode surface. The
HPR, in the presence of hydrogen peroxide (H2O2) catalyzes the oxidation of catechol (H2Q) whose back
electrochemical reduction was detected on a GC electrode at −0.15 V vs Ag/AgCl by amperometric mea-
surements. The current measured is proportional to the enzymatic activity and inversely proportional to
the amount of CIT present in the rice samples. This immunosensor for CIT showed a range of work between
0.5 and 50 ng mL−1. The detection (LOD) and the quantification (LOQ) limits were 0.1 and 0.5 ng mL−1,

respectively. The coefficients of variation intra- and inter-assays were less than 6%. The electrochemi-
cal detection could be done within 2 min and the assay total time was 45 min. The immunosensor was
provided to undertake at least 80 determinations for different samples with a minimum previous pre-
treatment. Our electrochemical immunosensor showed a higher sensitivity and reduced analysis time
compared to other analytical methods such as chromatographic methods. This methodology is fast, selec-

hus,
y rice
tive and very sensitive. T
samples of cereals, mainl

. Introduction

Mycotoxins are a structurally diverse group of secondary
etabolites produced by fungi of different species. These toxic

ompounds may contaminate cereals, foodstuffs and their products
orldwide. The ingestion of mycotoxins can be pathogenic to ani-
als and humans causing serious health problems such as liver and

idney diseases, nervous system damage, immunosuppresion and
arcinogenicity [1]. Thus, it is necessary to establish maximum per-
itted levels of these mycotoxins in different foods for the purpose
f protecting public health [2].
Citrinin (C13H14O5, or (3R,4S)-4,6-dihydro-8-hydroxy-3, 4,5-

rimethyl-6-oxo-3H-2-benzopyran-7-carboxylic acid, CIT) is a
econdary metabolite produced by fungi of the Aspergillus,

∗ Corresponding author.
∗∗ Corresponding author. Tel.: +54 358 467 6233; fax: +54 358 467 6233.

E-mail addresses: hfernandez@exa.unrc.edu.ar (H. Fernández),
zon@exa.unrc.edu.ar, alicia zon@hotmail.com (M.A. Zón).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2010.11.007
the immunosensor showed to be a very useful tool to determine CIT in
samples.

© 2010 Elsevier B.V. All rights reserved.

Monascus and Penicillium genera especially P. citrinum, P. verrus-
cosum and P. expansum. CIT was one of the first mycotoxin isolated.
However, its mechanism of toxicity is controversial so far. The Inter-
national Agency for Cancer Research (IARC) classifies CIT in the
Group III because there is little evidence of its toxicity in experi-
ments conducted on animals and no evidence for human [3].

CIT may contaminate corn [4], wheat [5,6], rye and oat [6], bar-
ley [7], and rice [8] as well as other commodities. CIT contamination
has been reported in a number of agricultural commodities, foods,
feedstuffs as well as biological fluids from different geographical
regions [9–13]. At the present, there is not a specific legislation on
CIT permitted maximum levels in different foods. The main reason
is the lack of an official analytical method [2] and its instability in
food as a result of structural changes that CIT suffers in water at
temperatures above 140 ◦C [14]. Various analytical methods have

been described in the literature related to the determination of CIT,
which have different sensitivity and accuracy. The methods used
to determine CIT qualitatively and quantitatively are thin-layer
chromatography (TLC) [2,12], high-performance liquid chromatog-
raphy (HPLC) with UV or fluorescence detection (FD) [2,15], and
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Table 1
Reference values reported in different countries for CIT in contaminated rice
samples.

Commodity
contaminated

Reporting
country

CIT contents
(�g kg−1)

Reference

Rice India 49–92 [8]
Japan 700–1130
Taiwan – 4200–251,000 [19]
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China
China 200–140,000 [21]

nzyme immunoassays (EIA) [16,17]. Recently, LC–MS and GC–MS
2,8,18] techniques have also become available for CIT determina-
ion. CIT values found in contaminated rice samples in different
ountries are shown in Table 1 [19].

In recent years, the immunosensors have attracted a great inter-
st in the field of analytical chemistry due to their quick response,
ensitivity and highly selective to the determination of a given sub-
trate. The high selectivity and high affinity of antibodies to their
pecific antigen has been widely explored in the development of
adio immunoassays (RIAs) and enzyme-linked immunosorbent
ssay (ELISA). However, these techniques require of highly train-
ng personnel, have a long tedious time of analysis and high cost
quipment [20]. Anyway, the immunoassay methods are faster
nd simpler than to the conventional chromatographic methods.
hus, many immunosensors have been described in the literature.
ome of them combine the ELISA classic format with chromato-
raphic, photometric or amperometric methods. Therefore, the
evelopment of electrochemical immunosensors has gained great

mportance in recent years trying to improve statistical parame-
ers such as sensibility, selectivity, reliability, facility of production
nd use and low cost. Thus, the use of electrochemical immunosen-
ors as a very effective analytical tool is well known in the fields of
linical diagnosis and environmental and agro-alimentary control
21–24].

The amperometric immunosensors are based mainly on the
LISA format, measuring the enzymatic reactions products that are
lectrochemically active or using a redox mediator [25,26]. There-
ore, amperometric immunosensors require, in most cases, that
ntigen or antibody must be labelled with an enzyme. In competi-
ive assays generally the antigen and a labelled antigen compete for
limited number of binding sites to specific antibody. The amount
f labelled antigen is inversely proportional to the amount of anti-
en in the sample. The conjugated enzyme is used to generate
lectrochemical signals that will determine the concentration of
he antigen in the sample [27]. The immobilization of antigens
r antibodies is vital in the construction of the immunosensor,
s it plays a fundamental role in what concerns the stability,
eproducibility and sensibility of the measured signal [28,29].
mmobilization processes found in the literature are based on the
se of polymeric membranes [27,30–38], Langmuir–Blodgett films
39], pre-modification with the protein A [40–43], gold nanopar-
icles [32,42,44–46] and thiol self-assembled monolayers (SAM)
47–50]. The SAM technique offers some of the simplest way to gen-
rate reproducible, ultrafine and very ordered monolayers, which
an then be modified with the antigen or antibody [51].

In this work we have developed a heterogeneous enzymatic
mmunoassay based on the CIT immobilization on an electrode
urface. Moreover, the competition takes place between the spe-
ific antibody with the CIT from the sample in solution, and CIT
mmobilized.
It is necessary to use an enzyme-labelled antibody to reveal the
mmune response (antigen-antibody) at the stage of detection. The

aximum signal is reached when the concentration of antigen in
he sample is close to zero [26,52].
83 (2011) 966–973 967

Heterogeneous enzymatic immunoassays, coupled to a flow
injection (FI) system with amperometric detection, represent a
powerful analytical tool to determine low levels of different sub-
strates, such as hormones, antibodies, drugs, tumor markers, and
viruses [53]. The amperometric detection offers a good sensitiv-
ity combined with a simple and low-cost instrumentation [54,55].
One approach used is the use of an enzymatic conjugated which
generates an electrochemically active product [56–58]. To our
knowledge, any electrochemical immunosensor for determining
the CIT mycotoxin has been reported in the literature.

In this work, a micro fluidic electrochemical immunosensor
system to detect and quantify CIT in rice samples is developed
for the first time. CIT detection was performed using heteroge-
neous competitive immunoassays. A limited amount of monoclonal
mouse anti-CIT IgG antibody (mAb-CIT) solution was added to CIT
of the rice samples, which competed immunologically with CIT
labelled with a chicken egg ovalbumin (OVA) (CIT-OVA) bonded
at the GC electrode surface using glutaraldehyde. Previously, the
GC electrode surface was modified by electrodeposition of gold and
subsequent modification with a cysteamine SAM. The addition of an
excess of rabbit anti mouse IgG (H + L) conjugated with horseradish
peroxidase (IgG (H + L)-HRP) reacted with mAb-CIT, which is form-
ing an immune-complex with CIT bonded to the gold disk electrode
(Fig. 1.A). The horseradish peroxidase (HRP) catalyzes the oxidation
of catechol (H2Q) to benzoquinone (Q) in the presence of hydro-
gen peroxide (H2O2). Its back electrochemical reduction to catechol
can be detected on the GC electrode surface at −0.15 V vs Ag/AgCl
through amperometric measurements. The current obtained from
the product of enzymatic reaction is proportional to the activity of
the enzyme and inversely proportional to the amount of CIT in rice
samples. Our micro fluidic immunosensor showed a very low sen-
sitivity to determine trace levels of CIT in rice samples, compared
to other conventional techniques.

2. Material and methods

2.1. Chemicals

Citrinin (CIT), chicken egg ovalbumin (OVA), rabbit anti mouse
IgG (H + L) HRP conjugated (secAb-HRP), formaldehyde, dimethyl
sulfoxide (DMSO), catechol (H2Q), cysteamine and glutaralde-
hyde (25% aqueous solution) were obtained from Sigma Chemical
Company. Chloroform and acetonitrile (ACN) were Sintorgan,
HPLC grade. Monoclonal mouse anti-CIT IgG antibody (mAb-
CIT) was given kindly by VICAM LP, Watertown (USA). Gold
(III) chloride hydrate and potassium nitrate were obtained from
Aldrich. 0.01 mol L−1 phosphate buffer solutions (PBS) (pH 7.20),
0.01 mol L−1 citrate-phosphate buffer solutions (pH 5.00), 0.20 M
carbonate buffer solution (pH 10.00), 0.10 mol L−1 glycine–HCl (pH
2.00), 0.10 mol L−1 sodium acetate (pH 4.20), hydrogen peroxide
(H2O2), sodium bicarbonate (NaHCO3), hydrochloric acid (HCl) and
potassium chloride (KCl) were from Merck (Darmstadt, Germany).
Aqueous solutions were prepared using purified water from a Milli-
Q system. All reagents were used as received. Rice was obtained
from local supermarket. The Departamento de Microbiología e
Inmunología, Facultad de Ciencias Exactas, Físico-Químicas y Natu-
rales, Universidad Nacional de Río Cuarto kindly collaborated with
us to prepare the rice samples contaminated with CIT.

2.2. Sample preparation
Two rice samples were contaminated by inoculation of the fun-
gus Penicillium citrinum. Water was added to contaminated rice
samples in a 40:60 (w/w) ratio and allowed the fungus grows up in
a shaker at 25 ◦C for 7 days. Half of each of these rice samples were
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ig. 1. (A) Schematic representation of the citrinin immunosensor based on elect
ith chicken egg ovalbumin; mAb-CIT: monoclonal mouse anti-CIT IgG antibody an

HRP). (B) Schematic representation of the micro fluidic immunosensor cell. (a and b
re given in millimeters. Flow channels have an inner diameter (i.d). of 0.100 mm.

issolved in 0.01 mol L−1 PBS (pH 7.20) and filtered to be used for
lectrochemical measurements. The other halves of the samples
ere used to perform fluorimetric measurements. A CIT extrac-

ion pretreatment was necessary to perform to these samples. The
xtraction of CIT from the contaminated rice samples was carried
ut following a procedure proposed by Pfohl-Leszkowicz et al. [59]
ith some modifications. Therefore, CIT was extracted from about

5 g of the contaminated rice samples with 125 mL ACN + 4% aque-
us solution of KCl (9:1). The pH of the solution was adjusted to
.00 using a diluted hydrochloric acid solution. Then, the solution
as shaken for 20 min at room temperature and filtered using a
hatman No. 4 filter paper. The purification of the mycotoxin was

erformed by adding 125 mL of n-heptane to the filtrate, which was
haken for 10 min and, finally, the n-heptane was discarded. This
xtraction procedure was repeated for three times using 50 mL of n-
eptane. Then, the lower phase was separated and was added 50 mL

f distilled water and 50 mL of chloroform. This solution was shaken
or 10 min and, then, the lower phase (chloroform) was collected.

oreover, the aqueous phase was re-extracted twice with 25 mL
f chloroform using the same procedure described previously. The
hloroform phase was extracted with 50 mL of 5% NaHCO3 aque-
mical detection using competitive assays. CIT: citrinin; CIT-OVA: citrinin labelled
b-HRP: rabbit anti mouse IgG (H + L)-HRP conjugated with horseradish peroxidase

sy carbon electrodes, (c) reference electrode, (d) inflow, (e) outflow. Units of length

ous solution and then acidified to pH 2.00 with diluted hydrochloric
acid. The acidified extract was re-extracted with 50 mL of chloro-
form. Finally, the chloroform was evaporated and CIT was dissolved
in 200 mL of methanol.

2.3. Flow-through reactor/detector unit and apparatus

The electrochemical flow cell used was BAS, model CC-5, Bio-
analytical Systems, Inc., USA (see Fig. 1.B). The cell consists of two
bodies. The top body was made of stainless steel body and it was
used as the counter electrode. The top body has internal holes that
allow entry and exit of solution flow (d and e, respectively) as well
as another channel that communicates with the reference electrode
(c). The working electrodes were incorporated in the bottom body
made of insulating material. They are two GC (a and b) disks of
dia. 3 mm (BAS, model MR-3608, Bioanalytical Systems, Inc., USA).

To separate the top stainless steel body from the working elec-
trodes, two sheets of teflon of 0.075 cm of thickness were used,
which possess an appropriated hole that permitted the solution
passage. The a electrode was used to immobilize the CIT-OVA con-
jugated as indicated below (Section 2.5), while the b electrode was
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sed as detection unit. The cell volume was 7.50 �L. The reference
lectrode was a Ag/AgCl, 3.0 mol L−1 NaCl, (BAS, model MW-2030,
ioanalytical Systems, Inc, USA). Before using, the a and b GC elec-
rodes were mechanically polished successively with wet alumina
owder (0.3 and 0.05 mm, respectively, from Fischer), and washed
ltrasonically in distilled water. The GC electrodes were dried
nder a nitrogen flow. The a GC electrode was immersed in a 0.1%
AuCl4 solution containing 0.1 mol L−1 KNO3 as supporting elec-

rolyte, where the electrochemical gold deposition was performed
t −0.200 V vs Ag/AgCl for 300 s applying a single step potential.

A Rheodyne injector, Dual Mode, model 7725 (i), Rheodyne LLC,
SA, was used. The inner diameter (i.d.) of flow channels was
.100 mm and the length of flow channels was 10 mm. A Pump
Baby Bee Syringe Pump, Bioanalytical System, West Lafayette, IN,
SA) was used for pumping, sample introduction and stopping the
ow.

The measuring system for performing cyclic voltammetry (CV)
nd amperommetry was constructed from an AUTOLAB PGSTAT30
otentiostat (Ecochemie, The Netherlands) and run with the GPES
version 4.9) electrochemical analysis software. The potential
pplied to the b electrode to carry out amperometric measurements
as −0.15 V vs Ag/AgCl. A catalytic current was well established

t this potential. The pH measurements were carried out with an
ANNA instruments, Bench Meters, model pH 211, Romania. The
uffers solutions were thermostatized to 37 ◦C using a stove NEO
INE thermostat, Argentina. Absorbance measurements were per-
ormed using Bio-Rad Benchmark micro plate readers (Japan) and a
ewlett–Packard spectrophotometer, Model 8452A, equipped with
temperature controller. Fluorescence spectra were measured at

oom temperature using a Spex Fluoromax Spectrofluorometer.

.4. Conjugation of CIT with OVA

CIT conjugated with OVA was immobilized on the a electrode
urface modified with Au/SAM. The conjugation of CIT was carried
ut through the reaction of Mannich. It consists of amino alkyla-
ion of an acidic proton close to a carbonyl functional group with
ormaldehyde and ammonia or any primary o secondary amine.
he obtained product is a �-amine carbonyl compound, known as
ase of Mannich [16,60]. Briefly, 0.2 mg of CIT (dissolved in 40 (L of
MSO) and 10 mg of OVA (dissolved in 2 mL of 0.1 mol L−1 sodium
cetate buffer, pH 4.20) were mixed and 100 (L of formaldehyde
as added to the solution. The resulting solution was allowed

o react for 24 h at room temperature under stirring. The molar
atio between CIT and OVA was 3.6. The reaction product (CIT-OVA
onjugated) was then purified using a PD-10 column by means
f gel filtration (packed with SephadexTM 25) and then dialyzed
ith a cellulose membrane (cut-off molecular weight 12 kDa) in

.01 mol L−1 PBS solution (pH 7.40) for 2 days. The reaction prod-
ct was confirmed by UV–vis spectrophotometry given that CIT
nd OVA have absorption bands with maxima at 328 and 278 nm,
espectively [17]. UV–vis spectra obtained for OVA (curve a), CIT
curve b) and CIT-OVA conjugated after purification (curve c) are
hown in Fig. 2. The curve c in Fig. 2 shows both the absorption
and of the protein and the absorption band of CIT. On the other
and, conventional ELISA experiments were carried out (data not
hown). The results suggest that the union between OVA and CIT
as carried out successfully. Finally, the CIT-OVA conjugated was

tored at 4 ◦C.

.5. Immobilization of CIT-OVA at the gold electrode surface
The surface of the a electrode, which has been modified by
lectrochemical deposition of gold was then modified by the for-
ation of a cysteamine SAM. The clean a electrode was immersed

n 0.01 mol L−1 cysteamine ethanolic solution at room temperature
Fig. 2. UV–vis spectra of (a) OVA, (b) CIT and (c) CIT-OVA conjugated in 0.01 mol L−1

PBS solution (pH 7.40).

overnight and then washed sequentially with ethanol and distilled
water to remove any cysteamine physically adsorbed. Then, the
cysteamine modified gold electrode was allowed to react with an
aqueous solution of glutaraldehyde 5% (w/w) in a 0.20 mol L−1 car-
bonate solution (pH 10.00) for 2 h at room temperature. An imine
bond between the aldehyde and the terminal amine group of cys-
teamine was generated. Besides, after three steps of washing with
purified water, 0.01 mol L−1 PBS (pH 7.20) and 30 �L of 10 �g mL−1

CIT-OVA were allowed to react with residual aldehyde groups of
glutaraldehyde overnight at 4 ◦C, generating an imine bond with
terminal amine groups present in the chains of lysine of the OVA.
Then, 30 �L of 0.1 mol L−1 glycine solution was added to block the
remaining reactive groups for 2 h at room temperature and then it
was copiously rinsed with water. Then, aldehyde carbonyl groups
were reduced with 30 �L of 0.5% NaBH4 aqueous solution for 2 h at
room temperature. Finally, the CIT-OVA conjugated was washed
with 0.01 mol L−1 PBS (pH 7.20) and stored in the same buffer
solution at 4 ◦C between measurements. The immobilized CIT-OVA
conjugated was stable for at least 1 month.

2.6. Amperometric measurements of CIT in rice samples

The determination of CIT through competitive assays in different
rice samples has been carried out through amperometric measure-
ments. Non-specific bindings on the electrode surface were blocked
by treatment with 3% low-fat milk in a 0.01 mol L−1 PBS (pH 7.20)
at 37 ◦C for 10 min under stopped flow conditions. Finally, the elec-
trode surface was washed with 0.01 mol L−1 PBS (pH 7.20) at a
flow rate of 400 �L min−1 for 2 min. Solutions of CIT obtained from
rice samples (see Section 2.2) and mAb-CIT in 30 �L 0.01 mol L−1

PBS (pH 7.20) were injected into the carrier stream and incubated
at 37 ◦C under stopped flow conditions for 20 min (competitive
assay). Then, the immunoreactor was washed using a 0.01 mol L−1

PBS (pH 7.20) for 2 min at a flow rate of 400 �L min−1 in order
to eliminate any traces of unbound mAb-CIT. The secAb-HRP in
30 �L 0.01 mol L−1 PBS (pH 7.20) was injected into carrier stream
and incubated at 37 ◦C under stopped flow conditions for 20 min.
The immunoreactor was then washed using a 0.01 mol L−1 PBS (pH
7.20) for 2 min at a flow rate of 400 �L min−1 in order to elimi-
nate any traces of unbound secAb-HRP. Finally, the flow line of

−1
the immunosensor was washed with 0.1 mol L phosphate–citrate
buffer (pH 5.00) at a flow rate of 400 �L min−1. Then, 25 �L of
substrate solution (1 × 10−3 mol L−1 H2O2 + 1 × 10−3 mol L−1 H2Q
in the same buffer solution) was injected at the flow rate previously
indicated and the enzymatic reaction product (Q) was measured on
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he b electrode surface at −0.15 V vs Ag/AgCl under continuous flow
onditions for 2 min.

For the next assays, the immunoreactor was reconditioned
y desorption using injections of buffer solution (0.1 mol L−1

lycine–HCl, pH 2.00) for 2 min and then washed with 0.01 mol L−1

BS (pH 7.20). The desorption efficiency was checked by the
bsence of the reduction current of enzymatic reaction product
t b electrode surface at −0.15 V vs Ag/AgCl after addition of
2O2 + H2Q, which indicates the absence of secAb-HRP.

A calibration curve was constructed from amperometric mea-
urements following the protocol previously described. The CIT
alibration curve was linear from 0.5 to 50 ng mL−1. Amperometric
easurements were performed at 37 ◦C and the resulting anodic

urrent was displayed on the x–y digital recorder. The stock solu-
ion of H2Q was prepared freshly before the experiments and stored
n the dark.

. Results and discussion

The electrochemical behavior of H2Q was examined by cyclic
oltammetry. A cyclic voltammogram of 1 × 10−3 mol L−1 H2Q in
.1 mol L−1 phosphate–citrate buffer (pH 5.00) was obtained by
canning the potential from −0.25 to 0.60 V vs Ag/AgCl (results no
hown). The cyclic voltammogram showed a well-defined anodic
eak (Ep,a = 0.239 V vs Ag/AgC) and their corresponding cathodic
eak (Ep,c = 0.141 V vs Ag/AgCl) when the scan rate was reversed.
he oxidation of H2Q to Q and the reduction of Q back to H2Q is
quasi-reversible two-electron redox process [61]. Cyclic voltam-
ograms were obtained under the same experimental conditions

sed in the amperometric immunoreactor, but using a conventional
hree-electrode cell. The potential applied for the amperometric
etection was −0.15 V vs Ag/AgCl which ensures that all the pro-
uced Q is reduced back to H2Q. This must be taken into account,
onsidering that the shape of the cell and the distribution of elec-
rodes in the immunoreactor are different with respect to the
onventional three-electrode cell and the peak potential could be
isplaced.

.1. Optimum conditions for the immune reactions and the
etermination of enzymatic products

Studies related to the variation of concentrations of CIT-OVA
onjugated and mAb-CIT were carried out with the purpose to
etermine the best parameters for the immunoreaction using ELISA
xperiments. The ELISA experiments were performed in the con-
entration range from 1 to 10 �g mL−1 and 0.20–400 �g mL−1

or mAb-CIT and CIT-OVA conjugated, respectively. Absorbance
s CIT-OVA conjugated concentrations plots were obtained for
hree different mAb-CIT concentrations (1, 5 and 10 �g mL−1).
t was noted that the higher the concentration of mAb-CIT the
reater the absorbance values (Fig. 3). The mAb-CIT concentration
hosen was 10 �g mL−1 in order to achieve the best sensitiv-
ty. An increase of CIT-OVA conjugated concentration produced
n increase in absorbance values for different mAb-CIT concen-
rations (Fig. 3). CIT-OVA conjugated concentrations higher than
20 �g mL−1 produced the saturation of mAb-CIT in solution con-
idering that constant absorbance values were observed. Therefore,
ith the purpose that a true competition occurs between CIT of rice
amples and immobilized CIT-OVA conjugated on the a electrode
urface, a concentration of CIT-OVA conjugated bonded to the elec-
rode surface of 200 �g mL-1 was chosen. The dilution factor of
ecAb-HRP was 1:5000 which allows a maximum interaction with
Ab-CIT (results not shown).
Fig. 3. Optimization of CIT-OVA conjugated and mAb-CIT concentrations. ELISA
assays carried out for different mAb-CIT concentrations: (a) 10, (b) 5 and (c)
1 �g mL−1. The secAb-HRP dilution factor was of 1:5000. c∗

CIT-OVA is the CIT-OVA
conjugated concentration.

3.2. Detection and competitive immunoassays on the
immunoreactor

The enzymatic reaction rates under flow conditions as
well as the H2O2 and H2Q concentrations have been pre-
viously established [26,62]. Therefore, enzymatic reaction
responses showed maximum values at pH 5.00 in 0.1 mol L−1

phosphate–citrate buffer. The effect of varying H2O2 concentration
from 7.0 × 10−4 to 5.0 × 10−3 mol L−1 at a given H2Q concentration
(1.0 × 10−3 mol L−1) as well as the effect of varying H2Q con-
centration from 1.0 × 10−4 to 3.6 × 10−2 mol L−1 at a given H2O2
concentration (1.0 × 10−3 mol L−1) was evaluated on immunosen-
sor responses. The optimal H2O2 and H2Q concentrations found
were 1.0 × 10−3 mol L−1 and 1.0 × 10−3 mol L−1, respectively (data
not shown). On the other hand, it is well known that the optimal
temperature of immunoreactions is about at 37 ◦C [63]. Thus, all
measurements were performed at this temperature. The variation
of current responses was studied varying the flow rate and the
enzymatic substrate injection volume for a standard concentration
of 10 ng mL−1 for CIT. It was found that the smaller is the flow rate
during the amperometric measurement the greater the current
response; however, the peak widens (Fig. 4.a). On the other hand,
the peak obtained is wide and of low amplitude when working
under conditions of stopped flow. In addition, the peak time of
occurrence is higher (results not shown). This is due to that the
arrival of Q from the a electrode to b electrode is carried out only
by diffusion. Therefore, the purpose of obtaining greater sensitivity
and fast responses a flow rate of 400 �L min−1 was chosen. On the
other hand, the added volume of H2O2 + H2Q was optimized. It
can be observed in Fig. 4.b the greater volume of H2O2 + H2Q was
injected (injections for duplicate), the higher the current response.
Volumes greater than 25 �L did not produce significant changes in
current values. Therefore, 25 �L was injected in all experiments for
the purpose of working with minimum consumption of reagents. In
addition, a volume of 25 �L allowed to minimize the characteristic
convective and dispersive effects in a FI system as well as to obtain
a complete filling of the cell immunoreactor.
3.3. Quantitative assay for the determination of CIT in the micro
fluidic immunosensor

The currents obtained for the reduction of Q in 0.1 mol L−1

phosphate–citrate buffer (pH 5.00) were indirectly proportional to



F.J. Arévalo et al. / Talanta 83 (2011) 966–973 971

Fig. 4. (a) Effect of flow rate on the electrochemical responses. c∗
CIT = 10 ng mL−1,

c∗
CIT-OVA = 200 �g mL−1 and c∗

mAb-CIT
= 10 �g mL−1. Injected volume: 25 �L. Flow

rates: (1) 400 �L min−1, (2) 1000 �L min−1 and (3) 1600 �L min−1. (b) Effect of
injected volumes. Flow rate: 400 �L min−1. Injected volumes: (1) 15 �L, (2) 25 �L
and (3) 50 �L. Cell volume = 7.5 �L. The substrate enzymatic solution was 0.1 mol L−1

phosphate–citrate buffer, pH 5.00, 1.0 × 10−3 mol L−1 H2O2 and 1.0 × 10−3 mol L−1

H2Q.
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t
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Table 2
Comparison between intra-assays accuracy (five measurements performed for the
same control sample) and inter-assays accuracy (five measurements for each control
sample, repeated for 3 consecutive days).

aCIT concentration Intra-assays Inter-assays

Mean %VC Mean %VC

ods and found a linear correlation coefficient close to 1, indicating a
good correspondence between methods (Fig. 6). Our electroanalyt-
ig. 5. Calibration curve obtained for CIT in rice samples. Each point was the average
f five replicated measurements.
he amount of CIT in the sample, under the experimental condi-
ions previously described. A linear calibration curve was found in
he range from 0.5 to 50 ng mL−1 for CIT in the samples (Fig. 5). The
5 5.07 5.1 4.89 6.0
50 49.5 5.8 50.1 4.5

a ng mL−1.

linear regression equation was:

−I [nA] = (163.61 ± 1.05) [nA] − (1.71 ± 0.04) [nA ng−1 mL]

× c∗
CIT [ng mL−1] (1)

with linear regression coefficient r = −0.9950. Each experimental
point was the average of five replicated measurements. The per-
centage variation coefficient (%VC) for 5 ng mL−1 was 5.1%, showing
a very good accuracy. The detection (LOD) and the quantification
(LOQ) limits were 0.1 and 0.5 ng mL−1, respectively. The LOD was
determined as the lowest concentration experimentally measured
for a signal to noise ratio of 3:1. The sensitivity was (1.71 ± 0.04)
nA ng−1 mL in the range from 0.5 to 50 ng mL−1. These values
demonstrate that our micro fluidic immunosensor can be used to
quantify CIT in rice samples.

The accuracy of the electrochemical assays was checked using
standard solutions at concentrations of CITof 5 and 50 ng mL−1.
The intra-assay accuracy was tested through five consecutive mea-
surements of the same sample. These measurement series were
repeated for 3 consecutive days to estimate the inter-assay accu-
racy. The results obtained are summarized in Table 2. The CIT assays
showed a good accuracy. The %VC intra-assays and inter-assays
were 5.8% and 6%, respectively.

CIT has a planar conjugated chemical structure, and as a result,
CIT has natural fluorescence. This makes possible the qualitative
and quantitative determination of CIT using a fluorometer. A rapid
semi-quantitative fluorimetric assay has been used for CIT testing
in corn, barley, and peanuts [64]. The weak fluorescence of CIT can
be greatly enhanced in acidic media. In recent years, the CIT fluores-
cence detection has been universally adopted considering that this
technique shows a greater sensitivity than HPLC chromatographic
technique with UV–vis detection. The fluorescence allows the anal-
ysis of a large number of samples using micro plates system. CIT
has an absorption maximum at � = 332 nm and an emission max-
imum at � = 521 nm. It was built a calibration curve for CIT using
the technique of fluorescence and the commercial reagent, which
was dissolved in ACN + 1% acetic acid. The intensity of fluorescence
was plotted as a function of CIT concentration in the range between
3 and 50 ng mL−1. The linear regression equation can be expressed
by:

If [A.U] = (1.61 ± 0.02)106 [A.U] + (3.22 ± 0.09)104 [A.U ng−1 mL]

× c∗
CIT [ng mL−1] (2)

where If is the fluorescence intensity and A.U are arbitrary units.
The linear regression coefficient was r = 0.9962. The LOD and LOQ
were 1.1 ng mL−1 and 3 ng mL−1, respectively. The %VC was 4.5% at
CIT concentration of 10 ng mL−1 for five replicated measurements.
The results obtained with the technique of fluorescence were com-
pared with those obtained by the amperometric immunosensor.
We performed a plot of CIT concentrations obtained by both meth-
ical method showed a LOD and LOQ less than those obtained from
fluorimetric assays. In addition, the sensitivity obtained with the
electrochemical immunosensor was high enough to allow deter-
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ig. 6. Correlation between the CIT concentration values obtained from the elec-
rochemical immunosensor and those obtained from the fluorimetric method.
lope = (0.998 ± 0.012), intercept = (0.18 ± 0.09), r = 0.9982.

ining CIT at trace levels in rice samples. Other advantages of our
ethod are the use of small volumes of reagents and samples as
ell as a marked decrease in the time required for analysis. More-

ver, the high selectivity of our immunoreactor allows working
n complex matrices without pretreatment unlike of colorimetric

ethods that require separation steps using, for example, chro-
atographic techniques.
Two rice samples were analyzed using our electrochemical

mmunoreactor and the fluorimetric method. The rice samples
ere milled, homogenized and each one was divided in two parts.
ne of these parts was treated as previously described (see Sec-

ion 2.2) and it was used to perform the fluorimetric assays. The
ther part was dissolved in 0.01 mol L−1 PBS (pH 7.20), filtered and
sed to carry out electrochemical immunoassays. Values obtained
y both methods were similar (see Table 3). This behavior suggests
hat our electrochemical immunosensor can be used to determine
IT in rice samples. CIT concentration values determined from the
uorimetric method were lower than those obtained from our

mmunosensor. This behavior could be due to the loss of CIT in
he different extraction steps.

The immunosensor stability was tested for nearly 25 days at
CIT constant concentration in the immunoreactor system. Cur-

ent responses were practically constant during this period. The
mmunoreactor was regenerated by injection of a desorption buffer
0.1 mol L−1 glycine–HCl, pH 2.00) for 2 min and then washed
ith 0.01 mol L−1 in PBS (pH 7.20), which allowed us to use the

mmunoreactor to perform about of 80 determinations. CIT stan-
ard solutions as well as rice samples were employed alternatively

or performing these measurements. The comparison with other

ethods reported in the literature show that our electrochemi-
al immunosensor has lower LOD, i.e. 0.1 �g L−1 as compared to
–10 �g kg−1 [2,8,18]. However, the advantages of the methodol-

able 3
IT mycotoxin determination in rice samples.

Method Sample 1 Sample 2

aConcentration %VC aConcentration %VC

Electrochemical
immunoreactor

30.8 6.1 36.6 5.5

Fluorimetric method 28.2 4.0 33.4 4.3

a �g kg−1.

[
[

[
[

[
[

[
[

[
[

[

[
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ogy here proposed are the use of smaller volumes of reagents and
samples and the fact that it is not required any pretreatment of the
samples.

4. Conclusions

We have developed for the first time a micro fluidic electro-
chemical immunosensor coupled with flow injection system that
can be used for the rapid, sensitive and selective quantification
of CIT at trace levels in rice samples using electrochemical detec-
tion. Determinations performed without any sample pre-treatment
would indicate the high selectivity of the antibody. The immunore-
actor developed can operate as a fast, selective, and sensitive
detector when it is incorporated into a flow injection analysis
system. The immunoreactor also minimizes the use of expensive
antibodies and other reagents. It also shows physical and chemical
stability, a wide working range and accuracy. It does not require
highly skilled technicians or expensive and dedicated equipments.
The electrochemical detection was carried out within 2 min and the
total analysis time does not exceed 45 min. Immunosensor based
on specific reactions between monoclonal antibody and CIT may
make a significant contribution to faster, direct, and secure anal-
ysis of CIT in many areas such as clinical, environmental and food
fields.
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