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a  b  s  t r  a  c  t

An electrochemical  immunosensor  is developed  to  determine  zearalenone  (ZEA)  mycotoxin  in  maize
samples.  It is  based  on  the  use of  a composite,  which  was  prepared  from  anti-ZEA  poly-clonal  antibody
bonded  to gold  nanoparticles  immobilized  on  multi-walled  carbon  nanotubes/polyethyleneimine  dis-
persions.  Carbon  screen  printed-electrodes  (CSPE)  were  used  in  the electrochemical  transduction  stage.
The immunoassay  is based  on  a direct  competitive  assay  between  ZEA  in maize  samples  and  ZEA  labeled
with  horseradish  peroxidase  enzyme  (ZEA-HRP).  ZEA  determination  was  performed  by  amperometry,
using  an  applied  potential  of  −0.3  V.  The  H2O2, which  was not  consumed  by HRP,  was  reduced  at  the
electrochemical  immunosensor  surface.  Thus,  the  reduction  current  was  proportional  to  the amount  of
ZEA present  in  samples.  All experimental  variables  involved  in  the  construction  of  the  electrochemical
immunosensor  were  optimized.  The  linear  concentration  range  is from  1 × 10−4 to  1 × 10−1 ng mL−1. The
limit  of detection  and  SC50 were  0.15 pg  mL−1 and  2 pg  mL−1, respectively.  In  addition,  an  acceptable  accu-
racy,  with  a percentual  coefficient  of variation  (%CV)  less  than  20%,  and recovery  percentages  close  to

105%  were found.  The  electrochemical  immunosensor  has  great  advantages  such  as  no  pre-treatment  of
the sample  is required,  the sample  volume  is of  20  �L, the  experiments  require  short  times  and  a very  low
limit  of  detection  is  obtained.  Results  obtained  with  this  electrochemical  immunosensor  were  compared
with  those  determined  by  HPLC-fluorescence  detection,  obtaining  a very  good  correlation.  The  proposed
immunosensor  is a valuable  alternative  tool  to  determine  ZEA  in  maize  samples.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Zearalenone (ZEA) is a mycotoxin produced by different fila-
entous fungi such as Fusarium graminearum schwabe, Fusarium

ulmorum and Fusarium crookwellense [1]. ZEA is found in cereals,
ainly maize, and manufactured foods. It is one of the most widely

istributed mycotoxins in the world, making ZEA study of great
nterest [2–34]. ZEA contamination can occur before and/or after

arvest, and during grain processing. However, the main contami-
ation whit ZEA occurs during storage, where moisture conditions
llow the production of ZEA at high levels [5]. ZEA is a non-highly

∗ Corresponding authors.
E-mail addresses: farevalo@exa.unrc.edu.ar, farevalo02@yahoo.com.ar

F.J. Arévalo), hfernandez@exa.unrc.edu.ar, hfernandezster@gmail.com
H. Fernández).

ttp://dx.doi.org/10.1016/j.snb.2017.07.113
925-4005/© 2017 Elsevier B.V. All rights reserved.
toxic mycotoxin; however, there are suspicions that it may  be car-
cinogenic. Its lethal dose is between 4,000 and 10,000 mg  kg−1 of
corporal weight [5]. In addition, it is known that chronic exposure
to ZEA can produce reproductive disorders, estrogenism, abortions
and sterility [3,4,6,7], and hepatotoxic, immunotoxic and hemato-
toxic effects [8,9].

In order to prevent and improve the public health, national
and international agencies adopted regulations for the control
of ZEA contamination. Thus, the Food and Agriculture Organiza-
tion of the United Nations (FAO), provides worldwide regulatory
methods [10]. There are three official methods to determine ZEA
in maize samples. They were established by the Association of
Official Analytical Chemists (AOAC), and are based on thin layer

chromatography (TLC) (976.22), HPLC with fluorescence detection
(985.18), and a colorimetric immunoassay (994.01). In Argentina,
the allowed maximum level of ZEA in maize is 200 �g kg−1 [11].
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The ZEA detection and quantification are mainly based on chro-
atographic techniques such as TLC [12,13], and HPLC [14,15]

ombined with mass spectrometry, uv-visible and/or fluorescence
pectroscopies. Immunoaffinity columns (IC) are used if a pre-
reatment of samples is necessary [15,18,19]. In addition, ZEA
uantification was also performed by reflectance lateral flow [21].
owever, all these techniques have several disadvantages such as

 high cost of equipment, and an excessive uses of solvents [22,23].
n the other hand, there are also immunological methods to deter-
ine ZEA, which have the advantage of being selective, accurate,

ensitive, and with low limits of detections (LOD) [24]. Enzyme
inked immunosorbent assay (ELISA) is the most used methodol-
gy. Thus, 994.01 AOAC method was developed to determine ZEA

n maize, wheat, and feed samples [13]. In addition, ZEA was  deter-
ined in maize, wheat, and milk samples by ELISA [13,14,25–28].
n the other hand, it is known that electroanalytical techniques are
ery sensitive [29]. Thus, ZEA electrochemical determination was
eveloped, reaching low LOD [30,31].

Enzyme immunoassays with electrochemical detection, which
ombines the selectivity of antibodies with the sensitivity of elec-
rochemical techniques, are particularly suitable for a rapid and
irect detection of antibody–antigen interactions. The immobi-

ization of antibodies at solid surfaces is the key stage, which
etermines the stability, reproducibility and sensibility of the mea-
ured signal [32]. Thus, the use of multi-walled carbon nanotubes
MWCNT) is an important option. It has been demonstrated that
lectrodes modified with MWCNT show an increment in the lin-
ar analytical response and lower LOD [33]. It is necessary to work
ith MWCNT homogeneous dispersions for obtaining reproducible

esults. Therefore, it is necessary to use soluble or hydrophilic poly-
ers to promote homogeneous dispersions if aqueous solutions are

sed [34]. Polyethyleneimine (PEI) is a widely used polymer. It does
ot only allow to obtain homogeneous dispersions of MWCNT, but
lso allows to retein the biological activity of biomolecules such
s enzymes, proteins and antibodies. PEI is a polycationic poly-
er, capable to interact with the carboxylate groups present on

he proteins [35,36].
On the other hand, gold nanoparticles (AuNPs) have the ability

o adsorb biological molecules without loss of their activity, and
o promote electron transfer between electroactive molecules and
lectrodes [37]. In additions, AuNPs favor an adequate distribution
nd orientation of antibodies at the electrode surface [38].

In this paper, we report the development of an electrochemical
mmunosensor (EI) to quantify ZEA in maize whit a minimum pre-
reatment of samples. The EI was constructed by a layer-by-layer
ssembled at carbon screen printed-electrodes (CSPE). Therefore,
WCNT/PEI dispersions were deposited at the SPCE surface. Then,

he modified CSPE was submerged in solution of AuNPs, which
ere adsorbed on amine groups present in the polymer. Finally,

he anti-ZEA poly-clonal antibody (ZEA-pAb) was added. The ZEA
etermination was based on a direct competitive immunoassay.
EA concentration was determined by amperometry through the
2O2 reduction currents, which was not consumed by the HRP

onjugated to ZEA (ZEA-HRP) (Scheme 1). These currents were pro-
ortional to ZEA concentration in maize.

. Experimental

.1. Reagents

ZEA, ZEA-pAb, glycine, bovine serum albumin (BSA), HRP

type VI), N-(3-dimethylaminopropyl)-N-(ethylcarbodiimide)-
ydrochloride) (EDAC), ortho-phenylenediamine, branched
olyethyleneimine (PEI 25 K), MW of 25000 (25 K) and
olyethyleneimine solution (PEI 750 K), MW of 750000 (750 K),
tors B 254 (2018) 1271–1277

with a purity grade of 99% were purchased from Sigma-Aldrich.
ZEA was  dissolved in acetonitrile (ACN) at a final concentration of
2.5 mg  mL−1 and stored in the refrigerator at 4 ◦C.

The following buffer solutions were prepared from their salts
(Merck, p.a.): 1 × 10−2 M phosphate buffer solutions, 0.137 M NaCl
and 2.70 × 10−3 M KCl, pH 7.5 (PBS); 5 × 10−2 M citrate + 5 × 10−2 M
phosphate buffer solution, pH 5.00 (CBS). ZEA dilutions were per-
formed in 1 mM phosphate buffer solutions (PBS), pH 7.50. The
ZEA-pAb solutions were prepared in 1 mM PBS at final concentra-
tions as they are detailed for each experiment.

Pyridine, benzene, ethyl acetate, N,N’-dimethylformamide,
methanol (MeOH), water and acetonitrile were Sintorgan, HPLC
grade. MWCNT, 95% purity, 20 nm inner diameter and 1–5 �m
length, were purchased from Nano-Lab.

Maize samples, sterilized by gamma  irradiation (1200 krads),
was provided by Dr. Sofía Chulze, Departamento de Microbiología
e Immunología, Facultad de Ciencias Exactas, Físico-Químicas y
Naturales, Universidad Nacional de Río Cuarto.

2.2. Instrumentation

The CSPE (PalmSens BV, The Netherlands) was  based on car-
bon working and counter electrodes, and a Ag/AgCl (0.137 M
NaCl + 2.70 × 10−3 M KCl) reference electrode which is formed
by contact between silver electrode and chloride ions of PBS.
Before use, CSPE surface was electrochemically pre-treated by
electro-oxidation in alkaline medium [39]. Amperometric and
cyclic voltammetry (CV) measurements were performed with an
Epsilon potentiostat (BASi Bioanalytical System, USA) coupled to a
PC with electrochemical software incorporated.

2.3. Methods

2.3.1. Synthesis of HRP-labeled zearalenone (ZEA-HRP)
The ZEA-HRP conjugate was synthesized by the method devel-

oped by Thouvenot and Morfin [40], with some modifications. Thus,
0.5 mL  of ZEA solution in ACN (2 mg  mL−1) was evaporated with
argon, and then ZEA was  solubilized in 200 �L of pyridine. Then,
3 mg  of glycine was added to the ZEA solution, and allowed to react
at room temperature with continuous stirring during 24 h. Then,
the pH of the solution was  adjusted to 8 by the addition of a 0.1 M
NaOH aqueous solution. Three extractions were performed with
benzene. The aqueous phase was  acidified with HCl (pH 3), where
a ZEA-glycine precipitate was observed. The solid was extracted
with ethyl acetate, and then the organic solvent was evaporated.
ZEA-glycine was solubilized in 100 �L N,N’-dimethylformamide.

On the other hand, a HRP solution (1 mg mL−1) was prepared
in PBS. The HRP and ZEA-glycine solutions were mixed with a
HRP:ZEA-glycine ratio of 60:1. Then, 30 mg  of EDAC was added,
and the pH was  adjusted to 6 with HCl. The reaction was per-
formed at room temperature with continuous stirring during 24 h.
Finally, 3 mg  of EDAC was  added and allowed reacting during 24 h.
The product was  purified by dialysis in PBS during 96 h using a
dialysis membrane (10 kDa of cutoff). The ZEA-HRP conjugate was
confirmed by uv-visible spectroscopy, and the ELISA test using sen-
sitized wells with ZEA-pAb.

2.3.2. Preparation of multi-walled carbon
nanotubes/polyethyleneimine dispersions

The preparation of (MWCNT)/PEI dispersions was  studied and
optimized varying the concentration of MWCNT and PEI, and the
sonication time.
Thus, aqueous solutions of PEI 25 K and PEI 750 K at a concen-
tration of 14 mg  mL−1 each of them were prepared the previous
day. A complete solubilization of the polymers was achieved. The
optimum dispersion was  that which showed the highest homo-
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Scheme 1. Schematic representation of the electrochemical immun

eneity and stability. This was obtained by adding MWCNT to a
olution of both polymers. Final concentrations were 1 mg  mL−1 of
WCNT, 0.67 mg  mL−1 of PEI 25 K and 2.30 mg  mL−1 of PEI 750 K.

hree cycles of five min  each one, with manual agitation between
ach cycle were the optimal conditions for sonication. Resulting
ispersions were stored in darkness at room temperature and were
table by two months. Then, they started to show aggregates.

.3.3. Preparation of gold nanoparticles
The AuNPs were prepared following known methodologies

41,42]. Thus, 74 mL  of 0.1 mg  mL−1 HAuCl4 solution was heated to
oiling during fifteen min  with continuous stirring. Then, 1.85 mL
f 1% w/v aqueous sodium citrate solution was added. The mixture
as boiled until the appearance of a red color, and then allowed to

ool under continuous stirring. The size of AuNPs were estimated
y uv-visible spectroscopy, according to the procedure described by
aiss et al. [43]. The diameter of AuNPs was of 31 nm.  The AuNPs
ere stored in a dark glass bottle at 4 ◦C for further use.

.3.4. Construction of the electrochemical immunosensor and
escription of immunoassays

The EI was  constructed by modifications of the CSPE. Thus,
 �L of MWCNT/PEI dispersions were deposited onto the CSPE
urface and dried in an oven at 40 ◦C during 40 min, obtain-
ng the MWCNT/PEI/CSPE. Then, 4 �L of the AuNPs dispersion

as added on MWCNT/PEI/CSPE, and the modified electrode
as dried in an oven at 40 ◦C during 40 min, obtaining

he AuNPs/MWCNT/PEI/CSPE. Finally, 5 �L of ZEA-pAb solu-
ion (1:80 dilution) was added at the electrode surface and
ncubated during 24 h in a wet chamber to 4 ◦C. Thus, the ZEA-
Ab/AuNPs/MWCNT/PEI/CSPE composite electrode was obtained.

A direct competitive immunoassay was used to determine
EA using the EI (Scheme 1) [44]. ZEA and the ZEA-HRP
ompete for a limited amount of ZEA-pAb presents in ZEA-
Ab/AuNPs/MWCNT/PEI/CSPE composite electrode. Immunoas-
ays were performed as described below. First, 5 �L of 6% BSA in
BS was added on the immunosensor surface and incubated at 32 ◦C
uring 1 h in a wet chamber, to avoid non-specific adsorptions [45].
fter incubation, the EI was washed with PBS to eliminate non-
dsorbed BSA. Then, 2.5 �L of ZEA and 2.5 �L of ZEA-HRP solutions
ere added on the immunosensor surface and incubated during

 h at 32 ◦C in wet chamber. Then, the immunosensor surface was
ashed with PBS, and 17 �L of CBS, pH 5.00 was added, at an applied

otential of −0.3 V during 200 s. After 100 s, 3 �L of 6 �M H2O2
olution was added, and a steady state current (Iss) was  obtained,
hich was measured at a time of 100 s. It is well known that HRP
educes H2O2 to H2O in first state of its catalytic cycle. The H2O2,
hich is not consumed by the HRP, was reduced at EI surface. Iss

btained are inversely proportional to the amount of ZEA-HRP at
he electrode surface, and proportional to the amount of ZEA in
or to determine ZEA using the ZEA-pAb/AuNPs/MWCNT/PEI/CSPE.

maize samples. Iss obtained were normalized respect to the elec-
trode electroactive area, obtaining steady state current densities
(Jss). The electrode electroactive area was determined by chrono-
coulometry using K3[Fe(CN)6] [46].

2.3.5. Sample preparation
25 g of sterilized maize sample (free ZEA) was triturated and

dried at 40 ◦C during 24 h. Then, 1.2 g of triturated sample was
spiked with 1.2 �L of 1.17 × 10−3 M ZEA and mixed during 10 min.
The final concentration of ZEA was  372 �g kg−1. Then, 12 mL  of
a MeOH/ACN (50:50) mixture was added and mixed at 250 rpm.
The solution was  filtered and collected obtaining the ZEA final
concentration of 47.07 ng mL−1. Then, 1 mL  of collected solution
was evaporated by bubbling argon. Before performing EI measure-
ments, the solid was  solubilized in 1 mL  PBS. On the other hand,
extracts of maize samples in MeOH/ACN were treated to perform
HPLC measurements using a procedure similar to that described
previously by Urraca et al. [16], with some modifications. ZEA
presents in collected solutions were purified by passing the extract
through a column of reverse phase Strata-X 33 �, using MeOH:ACN
(90:10) as mobile phase. Collected extracts were introduced in the
HPLC chromatograph.

A negative control (without ZEA added) was prepared as previ-
ously described.

3. Results and discussion

3.1. H2O2 reduction on AuNPs/MWCNT/PEI/CSPE electrode

Fig. 1 shows cyclic voltammograms recorded for the H2O2
reduction in CBS. A reduction peak is observed at a potential of
about − 0.26 V during the cathodic sweep, which is attributed to
the reduction of H2O2 to H2O. The cathodic peak current (Ip,c) was
proportional to the bulk H2O2 concentration, c∗

H2O2
up to c∗

H2O2
≤ 150 �M.  At c∗

H2O2
> 300 �M,  the current reaches constant val-

ues (inset Fig. 1). Based on these results, a potential of −0.3 V was
chosen as the applied potential to perform amperometric measure-
ments.

3.2. Determination of ZEA-pAb and ZEA-HRP concentrations

The optimization of ZEA-pAb and ZEA-HRP concentrations was
performed by a colorimetric assay (ELISA), and the EI. Two-fold
serial dilutions of ZEA-pAb starting at 1:20 dilution were applied
to the wells of A–H for the ELISA experiments. After incubating
during 24 h at 4 ◦C the wells were washed with PBS and blocked

with 3% BSA in PBS (w/v). Then, the wells were washed with
PBST (PBS containing 0.05% Tween 20). Two-fold serial dilutions
of ZEA-HRP starting at 1:20 were added to columns 1–11 and incu-
bated during 1 h at room temperature. Wells were washed with
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Fig. 1. Cyclic voltammograms recorded at AuNPs/MWCNT/PEI/CSPE in CBS.
∗

cH2 O2:
(a,  —) 1; (b, ) 10; (c, ) 100 and (d, ) 1000 �M.  Scan rate = 0.025 V s-1. Inset:

Plot of Ip,c as a function of
∗

cH2 O2. Each point is the average of three replicated
measurements. The reference electrode used was Ag/AgCl (0.137 M NaCl + 2.70x10−3

M KCl).

Table 1
Density current values obtained for different factor dilution of ZEA-pAb and ZEA
concentrations.

ZEA concentrations/ng mL−1 Dilution factor of ZEA-pAb

1:80 1:160 1:320
Density current/�A cm−2

10 0.68 ± 0.07 0.58 ± 0.07 0.38 ± 0.06
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Fig. 2. Dependence of Jss with
∗

cH2 O2. Dilution factors of ZEA-pAb and ZEA-HRP were
1:80 and 1:160, respectively. Cell volume = 35 �L. Applied potential = −0.3 V. Each
point is the average of three replicated measurements.

Fig. 3. Amperograms obtained for the following cell volumes: a) 30 �L; b) 25 �L

and  c) 20 �L.
∗

cH2 O2 = 6 �M.  Dilution factors of ZEA-pAb and ZEA-HRP were 1:80 and
1:160; respectively. Applied potential = −0.3 V.

Table 2
Current density obtained by different cell volume.

Cell volume/�L -JSS/�A cm−2

20 0.65 ± 0.01
25 0.48 ± 0.05
50 0.50 ± 0.05 0.46 ± 0.07 0.27 ± 0.03
100 0.20 ± 0.04 0.25 ± 0.05 0.20 ± 0.04

BST. Then, 100 �L of the HRP substrate (2.5 mg  mL−1 of ortho-
henylenediamine and 0.1 mL  of 1% H2O2 in a total volume of
.5 mL  of CBS) was dispensed into each well. The enzymatic reac-
ion was stopped after 15–20 min  by adding 50 �L of 2 M H2SO, and
he absorbance was measured at 450 nm (corrected at 600 nm).
he ZEA-pAb dilutions of 1:80; 1:160; and 1:320; and ZEA-HRP
ilutions of 1:80 and 1:160 showed absorbance values of 50% of
aximum absorbance (data not shown). The ZEA-pAb and ZEA-HRP

ilutions above mentioned were tested for three ZEA concentra-
ions (c∗

ZEA) (10, 50 and 100 ng mL−1) using the EI, following the
ethodology described in Section 2.3.4. Therefore, when a ZEA-
RP dilution of 1:80 was used, a small difference in the Iss was  found

or the three ZEA concentrations. On the other hand, the largest dif-
erence in Iss was found when the ZEA-pAb and ZEA-HRP dilutions

ere 1:80 and 1:160, respectively (see Table 1). Each point is the
verage of three replicated measurements.

.3. Study of the effects of H2O2 concentration and cell volume on
he electrochemical responses

Different c∗
H2O2

were studied in the range from 1 to 1000 �M.  At
 constant c∗

ZEA, it was found an increase of current as the c∗
H2O2

was
ncreased (Fig. 2). On the other hand, as the c∗

H2O2
increased, it was

ot found a marked difference between the magnitudes of Iss for
he different c∗

ZEA, which can be explained considering that there is
 great excess of H2O2 respect to HRP. Thus, a compromise between
he magnitude of Iss and the possibility of differentiating very close

ycotoxin concentrations was necessary. Based on these results,

c∗

H2O2
= 6 �M was chosen. In addition, the cell volume on CSPE was

lso studied. Iss increased as the cell volume decreased (Fig. 3). The
urrent values for different cell volume are show in Table 2. There-
30 0.25 ± 0.04

fore, a cell volume of 20 �L was chosen. In Figs. 2 and 3, each point
is the average of three replicated measurements.

3.4. Calibration curve for ZEA using the electrochemical
immunosensor

A dose-response titration was  carried out in the ZEA concentra-
tion range from 1 × 10−5 to 1 × 102 ng mL−1 using the EI (Fig. 4). The
calibration curve was constructed using sterile extracts of a maize
sample spiked with ZEA known amounts. The calibration curve was
plotted as binding grade (B/B0) vs.c∗

ZEA, using a logarithmic scale for

ZEA concentration, where B is the corresponding Jss, and B0 is the J0ss
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Fig. 4. Calibration curve obtained with the EI. Curve parameters for the compet-
itive assay were as follows: SC50 = 2 pg mL-1, LOD = 0.15 pg mL-1, Hill Slope: 0.424,
r  = 0.9999 and �2 = 0.013. Each point is the average of four replicated measurements.
Inset of the figure shows the amperograms recorded for different ZEA concentra-
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Table 3
Reproducibility of electrochemical immunosensor for ZEA determination in maize
sample.

ZEA concentration/ ng mL−1 Inter-assay

Mean %VC

T
D

ions corresponding to the calibration curve. ZEA concentrations of inset curve: (—)
lank, ( ) 1x10-5, ( ) 1x10-4, ( ) 1x10-3, ( ) 1x10-2, ( ) 1x10-1 and ( )

 ng mL-1.

btained at a ZEA saturation concentration. The calibration curve
as fitted using the Eq. (1) [47].

 = A1 + (A2 − A1)

(1 + 10((log SC50− logc∗
ZEA

)(Hill Slope)))
(1)

here A1 and A2 are the maximum and minimum B/B0 values,
espectively, SC50 is the ZEA concentration which produces 50% of
aturation signal and is a measure of the sensitivity of immunoas-
ay, and Hill Slope is the slope at the midpoint of the sigmoid curve.
he LOD of the assay was calculated as the concentration of ZEA that
roduces an increase in signal equal to three times the standard
eviation of the blank [48]. The LOD was 0.15 pg mL−1, the limit
f quantification (LOQ) was 0.58 pg mL−1 for a 10:1 signal-to-noise
atio, and the SC50 = 2 pg mL−1. The reproducibility of the EI was
hecked using ZEA standard solutions of 1 × 10−3 and 0.1 ng mL−1

n sterile extracts of the maize sample. Inter-assay parameters were
hecked by measuring each sample for three consecutive days. The

I showed a goodreproducibility as it is shown in Table 3.

Table 4 shows the LOD obtained for ZEA determination in sam-
les of different nature using different methodologies. As it can be
bserved, the EI proposed by us shows the highest sensitivity. On

able 4
ifferent methods proposed to quantify ZEA.

Sample LOD Analytic Technique 

Maize 50 �g kg−1 HPLC (AOAC 985.18) with flu
Maize, wheat and feeds 800 �g kg−1 ELISA (AOAC 994.01) with UV
Maize 3 �g kg−1 Immunoaffinity column coup
Maize 6 �g kg−1 HPLC with fluorescence detec
Maize 0.9 �g kg−1 Immunoaffinity column coup
Maize 30 �g kg−1 Electroanalytical methods/Sq
Bread 0.4 �g kg−1 HPLC coupled with mass spec
Urine 1.4 ng mL−1 LC/Amperometry 

Maize 31.56 �g kg−1 Immunoaffinity column coup
Cereals for breakfast 0.12 ng mL−1 Electrochemical immunoassa
Maize 0.77 �g kg−1 Electrochemical immunoassa
Feed 0.41 �g kg−1 Electrochemical immunoassa
Maize 5 �g kg−1 HPLC coupled mass spectrosc
Buffer solution 3 pg mL−1 Fluorescence Immunoassay 

Maize 15 �g kg−1 Phage-based dot-immunoass
Milk 1.7 pg mL−1 Electrochemical immunoassa
Maize 0.15 pg mL−1 Electrochemical immunoassa
1 × 10−3 1.02 × 10−3 20.6
0.1  9.7 × 10−2 5.5

the other hand, the pre-treatment of samples was minimal, which
is a great advantage over the other methodologies. The EI was  sta-
ble for 4 days when this was  stored in a wet  chamber at 4 ◦C. From
day 5, the signal drops by 22%. At day 8, the signal is 45% of the
signal from the electrochemical immunosensor recently prepared.
4950515253

3.5. Analytical determination of ZEA in maize samples

ZEA concentration in maize samples was determined using EI
and HPLC coupled to a fluorescence detector. The maize samples
were prepared as described in Section 2.3.5.

3.5.1. Determination of ZEA by HPLC-fluorescence detection and
electrochemical immunosensor

The results obtained with the EI were compared with those
determined by HPLC-fluorescence detection using a methodology
similar to that proposed by Urraca et al. [16]. Therefore, a reverse
phase column C18 was  used, and the mobile phase was  MeOH:ACN
(90:10). The method requires a previous stage of extraction, which
was performed using a reverse phase column (Strata-X 33 �). The
excitation and emission wavelengths were 271 nm and 452 nm,
respectively. The flow rate was 0.8 mL  min−1, and the ZEA chro-
matographic peak appears at 4.05 min. To minimize the matrix
effect, the standard addition method was  used to determine ZEA in
maize samples by HPLC-fluorescence detection method. A standard
addition plot (peak area vs.c∗

ZEA) was  performed. A linear relation-
ship was found in the concentration range from 5 to 500 ng mL−1,
which can be expressed by Eq. (2):

A[AU] = (1.18 ± 0.08)103[AU] + (2.26 ± 0.06)102

[AU]

ng mL-1
xc∗

ZEA[ng mL-1] (2)
with a linear correlation coefficient, r = 0.9987. The LOD  (for
a 3:1 signal-to-noise ratio), and the LOQ obtained using the
HPLC-fluorescence detection method were 3.11 and 12.09 ng mL−1,
respectively.

Year Reference

orescence detection 1985 [14]
–vis photometric detection 2002 [13]
led to/HPLC with fluorescence detection 1998 [15]
tion 2004 [16]
led to/HPLC coupled with mass spectroscopy 2005 [18]
uare wave volammetry 2005 [30]
troscopy 2005 [49]

2008 [31]
led to HPLC coupled fluorescence detection 2008 [19]
y 2009 [50]
y 2010 [51]
y 2011 [52]
opy 2012 [20]

2013 [28]
ay with UV–vis spectroscopy detection 2014 [26]
y 2014 [53]
y This work
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Table 5
Recovery percentages to determine ZEA in maize samples using the EI and HPLC-
Fluorescence.

ZEA concentration in
maize sample

ZEA concentration determined

47.05 ng mL−1 HPLC-Fluorescence Electrochemical Immunosensor
47.23 ng mL−1 49.22 ng mL−1
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A sterile maize sample was spiked with ZEA at a final con-
entration of 372 �g kg−1 and was treated as described in Section
.3.5. The ZEA concentration in the extract was 47.05 ng mL−1.
hen, ZEA concentration was determined by both the EI and HPLC-
uorescence. Results are shown in Table 5. Very good recovery
ercentages (%R) were obtained. Thus, the ZEA concentration in
he spiked maize sample obtained by both methodologies are in a
atisfactory good agreement, indicating the very good performance
f the EI. These results demonstrate that the EI has a high potential
o determine ZEA in maize samples with a minimum pre-treatment
f samples.

. Conclusions

We  have developed an electrochemical immunosensor, which is
ased on the use of a composite material obtained by anti-ZEA poly-
lonal antibody bonded to gold nanoparticles, which was immo-
ilized on multi-walled carbon nanotubes/polyethyleneimines
ispersions at carbon screen printed electrodes.

This electrochemical immunosensor allowed determining ZEA
t trace levels in maize samples. All parameters of immune-affinity
eaction, and electrochemical measurements were optimized. The
mmunosensor showed a very good analytical performance in
erms of an excellent limit of detection (0.15 pg mL−1) and sen-
itivity (SC50 = 2 pg mL−1), good reproducibility and an acceptable
ccuracy. On the other hand, the immunosensor has several advan-
ages over other methods to determine ZEA in maize, such as
irect measurement with a minimum pre-treatment of the sam-
le, and the use of small volumes (harmful solvents are avoided).
he comparison between results obtained with the electrochemical

mmunosensor and those of HPLC-fluorescence detection chro-
atography demonstrates that the electrochemical immunosensor

an be a reliable tool to determine ZEA. All these features make this
evice a very good alternative to quantify ZEA in maize samples.
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