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In this work, we investigated modification and characterizations of modified-Polyvinyl Chloride (PVC) mem-
branes for mycotoxin detections. The modification of PVC is a successfully nucleophilic substitution of Chloride
atoms on the PVC membranes. The chemical compositions and characteristics of modified-PVC were charac-
terized by Raman Microscope, NMR, GPC, DSC and FE-SEM. Sulfo-N-hydroxysuccinimide (Sulfo-NHS) and
Carbodiimide EDC were used as an active ester functionalities with amino groups of modified-PVC membranes

for covalent bonding of antibody. The antibody and mycotoxin interactions can be transduced directly by
measuring the Differential Pulse Voltammetry (DPV). It was found that the zearalenone (ZEN) detections can be
accomplished with these performances: sensitivity 14.1 = 3 pA/ug, linear range 10~2 - 10> pg/ml and linearity

0.999.

1. Introduction

Mycotoxins are toxic group of secondary metabolites produced by
various fungi such as Fusarium, Penicillium and Aspergillus [1]. These
mycotoxins are found commonly in food and agriculture products
including aflatoxins (AFs), ochratoxin A (OTA), fumonisins (FUM),
deoxynivalenol and zearalenone (ZEN) [2-4]. Mycotoxins can enter
human body through food chain which can cause serious hazards such as
teratogenic and mutagenic. Mycotoxin pollution is not only caused huge
economic losses but also became a major hidden danger to human health
and safety. Therefore, strengthening prevention and control of myco-
toxins have become urgent needs to ensure food safety and environ-
mental safety worldwide.

Zearalenone (ZEN) is a white crystal produced by Fusarium species.
ZEN has been classified as a category 2A carcinogen by The International
Agency for Research and Cancer (IRAC). Contaminants in foodstuffs
were limited by the maximum concentration of mycotoxin utilized by
Commission regulation (EC) NO 1881/2006. The European Food Safety
states the mean level daily intake of ZEN should be below 250 pg/kg [5].
Many methods to quantify mycotoxin including HPLC [6], LC-MS [7,8],
GC-MS [9] and thin-layer chromatography [10] have been reported.
Although these published works show splendid method performances,
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these methods still require expensive equipment and complicated sam-
ple preparations. To improve the limitation of ZEN detection, The direct
enzyme-linked immunosorbent assay (ELISA) technique was developed
by this study as an electrochemical immunosensor to assay ZEN. An
Electrochemical immunosensors are based on the principle that antigen-
antibody interaction is performed in an apparatus of at least two elec-
trodes electrochemical cell: one is the working electrode and the other is
a reference electrode. The redox reaction of the analyst takes place on
the working electrode which can be constructed from various materials
including Platinum, Gold, Silver and Palladium. This modern electro-
analytical technique combining the sensitivity and specificity of the
antigen-antibody binding interaction gaining a high sensitivity and
relative simplicity technique leads to the production of electrochemical
immunosensor promising for clinical diagnostics [11,12], mycotoxins
[13-16], foods [17] and pesticides [18].

Electrochemical immunosensor was prepared by coating Amino-PVC
membrane on the gold electrode. EDC and sulfo-NHS react with amino
group of Amino-PVC membrane for covalent bonding of antibody and
detect antibody interaction due to measurement of ZEN using Differ-
ential Pulse Voltammetry (DPV). Modification of polymers was used to
enhance sensitivity such as formaldehyde gas sensors [19], Nitrate-
ISFET sensors [20-22], Covalent p- Galactosidase [23], Biomaterial
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[24], and anion-exchange membrane [25].

In this study, to develop an electrochemical immunosensor to assay
ZEN, Amino-PVC was modified by nucleophilic substitution with eth-
ylenediamine. Raman Microscope, Nuclear Magnetic Resonance (NMR),
Differential Scanning Calorimeter (DSC), Field Emission Scanning
Electron Microscope (FE-SEM) and Gel Permeation Chromatography
(GPC) were used to characterize The chemical compositions and char-
acteristics of Amino-PVC. Finally, Differential Pulse Voltammetry (DPV)
was utilized to detect ZEN. The study found that ZEN detection can be
accomplished these performances: sensitivity 14.1 pA/pg, linear range
1072 -107° pg/ml and linearity 0.999.

2. Experimental
2.1. Chemicals and immunochemical

Polyvinyl Chloride (Selectophore™), 2-Nitrophenyloctylether (2-
NPOE), thylenediamine.

(EDA), Potassium Ferrocyanide (K4Fe(CN)g), Tetrahydrofuran
(THF), Potassium Ferricyanide (KsFe(CN)g), 1-Ethyl-3(3-dimethylami-
nopropyl) carbodiimide (EDC), Potassium Chloride (KCl) and Sulfo-N-
hydroxy-succinimide (Sulfo-NHS) came from Sigma-Aldrich. ZEN stan-
dard solution (1 mg/ml) and antibody were supplied by Abcam.

2.2. Modification of PVC

The preparation of Amino-PVC was performed by treating it with
large excess ethylenediamine solution and using pyridine as a catalyst.
The PVC was functioned by replacing chloride atom with ethylenedi-
amine to give the Amino-PVC a primary amino group. The excess eth-
ylenediamine could prevent formation of crosslinking between different
polymer chains as well as formation of cyclic derivatives. The reaction
was performed at room temperature to avoid dehydrochlorination. After
the reaction, the light yellowish colored Animate-PVC was filtered and
washed with 10% methanol dilute to remove excess ethylenediamine.
Pure Animate-PVC was obtained by recrystallizing from ethyl acetate
methanol mixture.

2.3. Electrochemical immunosensor fabrication

Electrochemical immunosensor was fabricated on a structure of gold
working electrodes by drop-casting Amino-PVC membrane then left it
dry at room temperature. The Amino-PVC membrane solution,
composed of 80 mg Amino-PVC and 450 mg 2-NPOE, was diluted in 2.5
ml THF. The gold working electrodes were applied with a drop of
phosphate buffer solution and incubated overnight. After the gold
working electrodes dried, were functionalized with EDC and NHS for 30
min. Then, immobilized with 10 pl of 20 pg/ml of antibody solution that
was dropped on the gold working electrodes to create covalent bonding
through EDC/Sulfo-NHS crosslinker then incubated for at least 3 h at
room temperature. After antibody incubation, the gold working elec-
trodes were rinsed with phosphate buffer solution to remove excess
antibody. Finally, the gold working electrodes were incubated in 10 pl of
various ZEN concentrations (1072-107°> pg/ml) for 1 h at room
temperature.

2.4. Characterization methodologies

Confocal Raman Microscope was used to characterize functional
groups of Amino-PVC using excitation wavelength 785 nm, laser diode
power 500 pW, spectral range from 200 to 3200 em™}, exposure time 20
s and resolution of 1 cm™! (Renishaw inVia Reflex). The chemical
structure was assured by Nuclear Magnetic Resonance (NMR) at the
frequency of 600 MHz (Bruker Instrument Crop., Ascend 600, Germany)
and molecular weight analysis was done by Gel Permeation Chroma-
tography (GPC e2695, Waters Corp., USA).
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Fig. 2. Raman spectra of (a) PVC and (b) Amino-PVC.
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Fig. 3. NMR Spectra of (a) PVC and (b) Amino-PVC.

To study glass transition temperature (Tg) of PVC and Amino-PVC,
Differential Scanning Calorimeter (DSC) was used with a heating rate
of 20 °C/min in atmospheric Nitrogen and temperature range of 20 to
160 °C. A Schottky field-emission scanning electron microscope (FE-
SEM), Hitachi SU-500, was used to capture the morphology of the
immunosensor at 5 keV power.

Differential Pulse Voltammetry (DPV) was utilized to measure elec-
trochemical characteristics (CHI660D, CHI Instruments, USA). Gold
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Fig. 4. GPC spectra of (a) PVC and (b) Amino-PVC.
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Fig. 5. DSC curves of (a) PVC and (b) Amino-PVC.

working electrode was selected as desired material; Platinum was cho-
sen to be a counter electrode and Silver Chloride was used as a reference
electrode. DPV measurements using 100 mM KCl solution contain 1 mM
KsFe(CN)g and 1 mM K4Fe(CN)g was utilized following these conditions:
initial voltage 0.5 V, increate voltage 0.004 V, final voltage 0 V, sample
width 0.0167, amplitude 0.05 V, pulse width 0.05 s and pulse period 0.5

NCTC 5.0kV 6.2mm x10.0k SE(L) 5.00pm

NCTC 5.0kV 5.0mm x10.0k SE(L)
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3. Results and discussion
3.1. Characterizations

The structures of modified PVC were confirmed by Raman Micro-
scope, NMR and GPC. The Raman Microscope was used to analyze
structural fingerprints by vibration modes of molecules. Fig. 2 shows the
new Raman shift of Amino-PVC at 1512 cm ™}, represents a methylamine
group [26]. (See Fig. 1.)

Fig. 3 shows the result of the NMR spectrum of the Amino-PVC
indicated different signals of amino group at 3.3 ppm and reduces the
signal of C-Cl group at 2.1-2.4 ppm. The molecular weight of Amino-
PVC was measured using GPC as shown in Fig. 4, the chromatogram
was increased from 30,372 g/mol to 33,488 g/mol. An increment of
molecular weight implied an effect of PVC crosslinking with ethyl-
enediamine to form Amino-PVC. All of characterize results indicated
that the modification PVC achieved nucleophilic substitution of Chlo-
ride atoms on the PVC to produce Amino-PVC.

Thermal properties of PVC and Amino-PVC were evaluated by glass
transition temperature (Tg) using the DSC technique (Fig. 5). The Tg of
Amino-PVC and PVC are 68.4C  and 85.2C’, respectively. The Tg of
Amino-PVC is lower than that of PVC indicates that PVC reacts with
ethylenediamine, increases the molecule of Amino-PVC and decreases
molecular mobility of Amino-PVC affects a change in Ty of Amino-PVC
[271.

Differential Scanning Calorimeter (DSC) was performed in order to
analyze thermal properties of the modified PVC and affect amino group

o

NCTC 5.0kV 5.1mm x10.0k SE(L) " 5.00um

' 5.I00pmI

Fig. 6. FE-SEM images of Amino-PVC (a) as-deposited; (b) immobilized antibody and (c) then immobilized ZEN.
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Fig. 7. (a) DPV responses for various antibody concentrations after incubating
with a fixed concentration of ZEN at 0.01 pg/ml, (b) Peak current change versus
concentration of antibody (n = 3) for optimization.

on Tg. The value of Tg depends on chain flexibility and side group of the
polymer. Tg is independent of molecular weight of the polymer and
polymers with more chain flexibility have lower Tg values.

Increasing in molecular weight was a result of PVC crosslinking with
ethylenediamine to form the Amino-PVC shown in Fig. 4. The Amino-
PVC chain is more flexible than that of PVC leading to decrement of Tg.

The FE-SEM photographs of surface morphology of the Amino-PVC,
immobilized antibody and immobilized ZEN are presented in Fig. 6 (a) -
6 (c). The image of the Amino-PVC displays a uniform surface with
microstructures in Fig. 6 (a). After antibody immobilization, the surface
was induced to form small spheres Fig. 6 (b). Finally, a uniform sphere
morphology that confirms the immunosensor to assay ZEN based on
indirect competitive ELISA technique has been successful shown in
Fig. 6 (c).

3.2. Optimal antibody and detection of ZEN using DPV

Differential Pulse Voltammetry (DPV) was used to make the trans-
duction mechanism for this immunosensor by which performed linear
sweep voltammetry at series of regular voltage pulses modulated on the
linear potential sweep itself. The current was simultaneously measured
at each potential to minimize the effect of the charging current. This
method then gains high sensitivity of measurement since the concen-
trations of a specific antibody were an important parameter leading to
high sensitivity of the immunosensor such as low antibody concentra-
tion can render a high sensitivity detection [28].

In this study, the optimization of antibody loading concentrations on
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Fig. 8. (a) DPV responses for various ZEN concentrations with a fixed con-
centration of antibody at 20 pg/ml, (b) Calibration curve for the detection
of ZEN.

this immunosensor for effective detection of ZEN. The DPV responses
vary the number of antibody concentrations of 5, 10, 20, 40, 60, 80 and
100 pg/ml loading on the Amino-PVC membranes and then incubating
with a fixed 0.01 pg/ml of ZEN (as the maximum concentration of an-
tigen in this study). The DPV results were performed using 100 mM KCI
solution consisting of 1 mM KsFe(CN)g and K4Fe(CN)g in Fig. 7 (a). The
peak currents decreased with increasing concentrations of antibody that
the maximum peak current occurs at 20 pg/ml of antibody, indicating
the optimum formation of antibody-antigen complex and insulating ef-
fect. Hence, 20 pg/ml of antibody was selected as the optimal for ZEN
detection in Fig. 7 (b).

The approach to direct detection of ZEN using voltammetry involves
incorporating redox-active moieties directly onto the electroactive sur-
face and relied on inhibition of efficient electrons transfer caused by the
formation on insulating layer through accumulation of the target on the
surface. Fig. 8 (a) shows the current response of various ZEN concen-
trations based on the activity of antibody (using the optimized antibody
fixed concentration at 20 pg/ml) was immobilized onto the electrode
surface and changed in the electrochemical response of the redox core
upon binding of mycotoxin which could be measured using DPV. Cur-
rent outputs showed reverse proportional to the concentration gradients
because the higher concentration of antigen (ZEN) is, the lower con-
ductivity on the surface will be due to increment of surface resistivity.
Since a higher concentration of ZEN, more binding sites of available
antibody were fully been occupied and then being washed out from the
system during the cleaning step [29]. The calibration curve was per-
formed by using obtained results in a logarithm of ZEN concentration
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range 107> - 1072 pg/ml. The correlation coefficient for linear fitting
was 0.999 and sensitivity (slope) was 14.11 pA/decade as Fig. 8 (b).

4. Conclusions

Modification of Amino-Polyvinyl Chloride membrane as a detector of
zearalenone (ZEN) based on indirect competitive enzyme-linked
immunosorbent assay (ELISA) technique was demonstrated. The
chemical compositions and morphology characterizations of the sam-
ples were characterized using FTIR, NMR, GPC and FE-SEM assuring the
correct results. Using the optimized antibody concentration at 20 pg/ml
for immobilization that was found that the ZEN detections can be
accomplished these performances: sensitivity = 14.11 pA/pg, linear
range 1072 - 107> pg/ml and linearity 0.999. The electrochemical
immunosensor provides high sensitivity and reproducibility which may
conveniently be utilized in many applications in foods and agriculture
products.
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