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ABSTRACT

An amperometric sensor for detection of toxin aflatoxin B, from aspergillus flavus based on conducting polyaniline probe using
monoclonal anti-aflatoxin B; (Mc-1gGs-a-AFB;) antibodies after activation with 3% Bovine Serum Albumin (BSA) through
electrochemical polymerization has been proposed. The electrode was fabricated by immobilizing Mc-1gGs-a-AFB; antibodies
molecules onto electrode surface and characterized by cyclic voltammetry (CV), scanning electron microscopy (SEM) and
fourier transform infrared spectroscopic (FT-IR) etc. The proposed amperometric immune-sensor has demonstrated excellent
electro-analytical properties relative to Aflatoxin B; in a linear range from 0.20 to 1.30 AngmL™ with a relatively low detection
limit of 0.059 AngmL™. The present study will help in improving for quantitative determination of mycotoxins in food samples
may provide significant improvements in quality control of food safety through a simple, rapid, and sensitive testing system for
agricultural products monitoring. Copyright © 2014 VBRI press.
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Introduction

Analysis for mycotoxin in foods is a very important
practice to ensure food quality and safety and to eliminate
and control the risk of consuming contaminated foods.
Hence, being able to analyse and detect mycotoxins in
foods and drinks is a priority to comply with the legislative
limits set by food authorities worldwide. Mycotoxins
(fungal toxins) come under the top ten environmental toxins
which can cause a range of health problems with exposure
to only a small amount. The presence of aflatoxins which
are the most studied group of mycotoxins in many food
products and the outbreak of serious aflatoxicosis in India
in 1974 in which nearly 100 people died from acute
aflatoxicosis [1] calls for fast and cost-effective analytical
techniques to be used in extensive monitoring programs.
Aflatoxins  are carcinogenic, teratogenic  and
immunosuppressive secondary metabolites produced by
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Aspergillus flavus and Aspergillus parasiticus. Among
them aflatoxin B; (AFB;) being the most toxic in terms of
both acute and chronic toxicoses [2]. Aflatoxins have been
found in several human foods like baby food, peanut and
corn products dietary products animal feed, imported wheat
and barley, rice, black tea, alcoholic beverages, deep-red
ground pepper, edible oils, eggs, milk, meat and meat
products [3-6] etc. Further, humans are exposed to AFB; by
ingestion [7]. Due to various acute and chronic toxicity of
AFB; much emphasis has been on the control or
elimination of these fungi and/or their toxic metabolites.
However, the determination of toxins has not easy due to
their being found in complex matrixes and should be
detected in low concentrations. This has led to development
of various new methodologies, which can significantly
differ, from the conventional macro and semi-micro
analytical approaches. Considering the severe toxic effects
of AFBy, it is of great importance to develop rapid and
sensitive sensing platforms for AFB,; monitoring to ensure
food safety issues and avoid the risk of AFB; consumption.

The most commonly used analytical methods for the
determination of AFB; includes High performance liquid
chromatography (HPLC) with various detectors and couple
with different cleanup procedures are HPLC-Fluorescence
detection [8-9] HPLC-UV [10], HPLC-FID [11], UHPLC-
FLD [12] HPLC with post-column photochemical
derivatization and fluorescence detection [13], HPLC-
photo diode array detector [14], micellar electrokinetic
capillary chromatography [15]. Liquid chromatography
couples with tandem mass spectrometry methods (LC-MS)
were employed to detect and quantify AFB; in various
matrixs such as medicinal herbs, human serum,
pharmaceuticals, hazelnuts, cereals, lotus seeds, wines,
urine [16-17]. Other various methods adopted for AFB;
also includes Enzymatic Spectrophotometric Method [18],
Conductometric immune-biosensor [19],) and Thin layer
chromatography [20]. Recently, various electrochemical
sensors were also given special attention due to their fast,
simple, and low-cost detection capabilities for biological
binding events [21-23]. Further, the requirements of both
time and costs in most traditional and commonly used
analytical methods viz. chromatographic methods often
constitute an important obstacle for their application on
regular basis.

To overcome the above limitations, alternatives to
conducting polymer polyaniline modified with antibodies
IgGs based immuno-sensors for analytical applications are
an area of active research. The design of immuno-sensors is
probably one of the most alternative approaches to solve
some problems concerning sensitive, fast and cheap
measurements. There is considerable interest towards the
application of conducting polymers to immuno and
biosensors. This has been attributed to their many
interesting properties such as biocompatibility, redox
characteristics and the possibility of direct electron transfer
between electrode and active sites of biomolecules [24-27].
Among the various conducting polymers, polyaniline has
attracted much attention due to ease of preparation, high
conductivity and good stability in environment. However,
efforts are being made to find solutions to the problems
relating to processability and poor thermal stability of
PANI for application of this electrically conducting
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polymer in aflatoxin B; immuno-sensor. In this regard,
immuno-sensors detection of AFB; based conducting PANI
reveals to be a suitable alternative or complementary
analytical tool. In the present study deals with the
development of AFB; immuno-sensor based on
electrochemically polymerized PANI modified with
monoclonal anti-aflatoxin B; (Mc-1gGs-a-AFB;) antibodies
by a one-step immune reaction between the immobilized
Aflatoxin Bj. In this first-hand approach, the validated
developed methods are simple, selective, and sensitive with
effective testing procedures which could provide an
affordable and practical means of rapidly monitoring
toxicity in agricultural products that will help in improving
the quality of life and this is closely related to a better
control of diseases, quality and safety of food, and last but
not the least, the quality of our environment.

Experimental
Materials

Aflatoxin Bl (AFB;) from aspergillus flavus and
monoclonal anti-aflatoxin B; (Mc-1gGs-a-AFB;) antibodies
were procured from Sigma-Aldrich, USA. Aniline (99.5%)
and hydrochloric acid (32%) of analytical grade were
procured from Sigma-Aldrich, Germany. Bovine serum
albumin (BSA; 98% purity) was procured Merck, India.
Sodium azide (NaNjz, 99.5% purity) was procured from
Sigma-Aldrich, USA. Sodium phosphate dibasic and
sodium phosphate mono basic (Na,HPO,, 99.95% and
NaH,P0O,4.H,0, 98%) were procured Sigma-Aldrich, USA.
All the reagents used in the present study were of analytical
and molecular biology grade and obtained from Sigma
Aldrich.

Preparation of solution

Mc-1gGs-a-AFB; solution was prepared in 0.1M phosphate
buffer solution (PBS) at pH 7.01 and a 0.15M NaN; was
used as a preservative. 3% Bovine serum albumin (BSA,;
98%) dissolved in PBS was used as the blocking agent.
AFB; solution was prepared by dissolving in PBS with
10% methanol. Phosphate buffer solution of 200 mL
capacity with ionic strength 0.1 in the pH range 2 - 12 were
prepared in deionized water by adding appropriately
measured amounts of 85% H;PO,, KH,PO,, Na,HPQO,, and
NasPO,4 and used as supporting electrolyte.

Instrumentation

Electrochemical measurements were performed using a
Potentiostat/Galvanostat/ZRA (Gamry Reference 3000,
United States of America) with Gamry Echem Analyst
Software. Platinum electrode, Ag/AgCl (3 M KCI) and a
platinum wire were used as working, reference and
auxiliary electrode, respectively. Film surface areas for
sensor on platinum (Pt) electrode were 3 mm in diameter.
Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were carried out in a 20 mL Dr Bob’s
electrochemical cell stand. Alumina micropolish and
polishing pads were used for electrode polishing. The FT-
IR spectrum of solid complex was recorded using KBr
pellets on an IR, spectrophotometer (Spectrum 100 with
software version CPU32). The surface morphology of films
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was studied using Scanning Electron Microscopy (JEOL- 40 mVs™) in PBS (0.1 M, pH 7.01 and 0.9% NaCl). Plot of

JSM-6390LV). ip against v (Fig. 2b) have evidenced significant straight
line relationship of Randles-Sevcik nature with positive
Electrochemical polymerization of PANI film correlation coefficient of 0.992 supporting mass transport

Electrochemical polymerization of aniline on platinum (Pt) as a means of diffusion [32].

electrode was carried out by adding 0.2M aniline into 1M

HCI solution prepared in 10 mL of de-ionized water (TKA 0'0036'_ ' ' ' '
Millipore water system). The active electrode surface area 0.0030

for immono-sensor was 3 mm, which was controlled by ; J
placing a physical mask during thin film formation. Prior to 0.0024 -

the electro-polymerization, the Pt electrode was polished on 1

1, 0.3 and 0.05 um alumina slurries (make Buehler-Gamma < 40081 i
Micropolish) and then thoroughly rinsed with de-ionized = 0.00124

water after each polishing step. Polymerization was g ]

achieved in a potentiodynamic mode in 0.2 M aniline per 1 3 0.0006 4

M HCI solution following standard methodology of Olsson 1
and Ogren [28]. Based on the optimum increasing trend (8 0.0000

cycles) of amperometric immune-sensor response the -ooooe-.

potential was cycled between -0.2 V to 1.1 V at a scan rate J

of 50 mVs™. -0.0012 4

Immobilization of Mc-1gGs-a-AFB; on PANI film 02 00 02 04 06 08 10 12
. . Potential (V)

Mc-1gGs-a-AFB; solution in 0.1M phosphate buffer

solution (PBS) at pH 7.01 was directly immobilized with Fig. 1. Electrochemical polymerization of PANI film in 1M HCI on

PANI electrode by adsorption technique (overnight dipping platinum disk electrode at a scan rate of 50 mV s™.

in a special assembled cell to allow the uniform distribution i i i i

of IgGs on the surface of P/PANI matrix). The conditions ' ‘Aa '

for the immobilization of the bio-molecules were selected 0.0024 (a)

based on prior studies [29-31]. The IgGs immobilized
electrodes were washed with PBS to remove unbounded
sites. Bovine serum albumin (BSA, 98% purity) dissolved
in PBS was immobilized for 6 h at 4 °C to prevent
nonspecific interactions of AFB; at the surface.

Current (A)

Electrochemical measurements

The detection of the AFB;, 1gGs immobilized working
electrodes was placed in 10 mL PBS (0.1 M, pH 7.01 and
0.9% NaCl) and 10 pL volume with different

concentrations of AFB; was added by stirring for 30s — —— b". —
before the measurements. Platinum wire and Ag/AgCI were 02 00 0.2 0.4 0.6 0.8 1.0
used as counter and reference electrodes; respectively Potential (V)

between the frequency ranges 0.01 and 105 Hz at constant
5mV amplitude and 250 mV initial potential for all the
measurements. Cyclic Voltammograms were performed at a
scan rate of 5 mVs™ at concentration range of studied AFB; 0.001 -
ranging from 0.2 to 1.3 ngmL™.

0.002 +

. . < 0.000-

Results and discussion £
CV Studies 3 -0.001 i
Fig. 1 described the electro-polymerization of PANI on to
the Pt electrode in 0.2 M aniline with 1M HCI solution for -0.0024 .
eight cycle process at potential window of -0.2 V to +1.1V
with a scan rate of 50 mVs™. The voltametric peak current 0,003
and number of cycles as a measure of immuno-sensor 2 3 4 5 6 7
response have shown positive relationship up to eight V" (mVis)
electro-polymerizations and beyond that it demonstrates
negativity. Fig. 2. (a) Cyclic voltammograms of the Pt/PANI in PBS (0.1 M, pH

The reversibility in reduction process was investigated 7.01 and 0.9% NaCl) at different scan rate of 5-40 mV s™* (b) Effect of
by using CV. The cyclic voltammogram behavior of the peak current reduction a’, a” and peak current oxidation b’, b” scan rates

_ -1
PANI film in Fig. 2a was studied at different scan rate (5 to ofthe S-40mV's™.
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Fig. 3 also shows the relative variation in CV (a)
Pt/PANI (b) Mec-lgGs-a-AFB;-PANI/Pt electrodes at
constant scan rate 5 mVs™ in PBS (0.1 M, pH 7.01 and
0.9% NaCl). During the bio-electrochemical reaction,
decrease in peak current in curve b is due to slow redox
process and also supported in EIS of Nyquist plot increases
the Rer values after immobilization of 1gGs on Pt-PANI.
Further, peak potential and peak current increases with
increasing scan rate suggest diffusion controlled nature of
the electrode process. Thus it can clearly be attributed that
the polymerization is electro-active in nature and
mechanism of diffusion took place through the polymer
chain. This has further demonstrated a rapid reversible
electron transfer undergoing on the thin film surface of the
conducting electro active polymer.

0.00018
0.00009 -
0.00000 - - =
-0.00009 -

0.00018- @)

Current (A)

-0.00027 -
-0.00036 -

-0.00045 -

' ——7
04 02 00 02 04 06 08 10 1.2
Potential (V)

Fig. 3. Cyclic voltammogram in 0.1 M phosphate buffer solution (PBS)
containing 0.9% NaCl at a scan rate of 5 mV s (a) at Pt/PANI electrode
and (b) at Mc-1gGs-a-AFB1-PANI/Pt.

FT-IR studies

FT-IR spectra of electrochemically polymerized PANI
films were obtained and characterized (Fig. 4a). The
absorption bands at 629 cm™" and 790 cm™' are attributed to
the C-H vibrations in the benzene ring. The in-plane
vibration of C-H bending mode in N=Q=N, Q-N*H-B or B-
N*H-B (where Q = quinoid and B = benzenoid) is observed
at 1105 cm™ in the FT-IR spectra. The presence of this
absorption band is due to the polymerization of PANI i.e.,
polar structure of the conducting protonated form. In the
spectra, bands between 1236 and 1391 cm™ are associated
with C-N stretching in aromatic amines and 1568 cm™ due
to C=C stretching of benzenoid rings and quinoid rings.
Strong peak at 2238 cm™ is associated with -N=N in
diazonium salts. IR band at 2922-3446 cm™ corresponds to
N-H stretching with hydrogen bonded amino groups and
free O-H stretching vibration. However, the presence of
1627 cm™ peak in the curve (b) of Mc-IgGs-a-AFB;-
PANI/Pt immuno-electrode corresponds to amide Il band
of 1gGs exhibiting immobilization of 1gGs on electrode
[32].
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Fig. 4. FT-IR spectra of (a) PANI/Pt (b) Mc-1gGs-a-AFB1-PANI/Pt.

SEM studies

The surface morphologies of PANI, and Mc-lIgGs-a-AFB;
film have been investigated using Scanning Electron
Microscopy (SEM) (Fig. 5a-b), respectively. SEM of
PANI film shows porous cage like, rough structure. After
the immobilization of Mec-1gGs-a-AFB; cage like
morphology of PANI has been changes into another regular
form resulting due to incorporation of Mc-1gGs-a-AFB;. It
may be noted that the affinity of Mc-1gGs-a-AFB; is very
strong with in PANI matrices may prevent the linkage of
antibodies during the immuno-sensing. The rough surface
morphology has added advantage and Mc-1gGs-a-AFB; are
expected to incorporation strongly on the surface of PANI
film. The observed change in the morphology of PANI by
the incorporation of Mc-1gGs-a-AFB; may provide
effective confirmation for the immobilization of antibodies.

EIS studies

Fig. 6 revealed that electrochemical impedance spectra
(EIS) of (&) PANI/Pt and (b) Mc-lgGs-a-AFB;-PANI/Pt
electrode, respectively. The charge transfer process in Mc-
1gGs-a-AFB,-PANI/Pt immuno-electrode has been studied
by monitoring charge transfer resistance (Rcr) at the
electrode and electrolyte interface. The value of the
electron transfer resistance (semicircle diameter) (Rcr)
depends on the dielectric and insulating features at the
electrode/electrolyte interface. The Rcr for the PANI/PY,
(0.329 kQ), and Mc-lgGs-a-AFB;-PANI/Pt (1.218 kQ),
immuno-electrode electrodes have been observed after
immobilization of Mc-1gGs-a-AFB;, Rcr drastically
increased as Mc-1gGs-a-AFB;-PANI/Pt immuno-electrode.
The electron transfer of the redox couple is hindered by the
presence of Mc-1gGs-a-AFB; on the electrode surface. The
increased Rcr value Mc-l1gGs-a-AFB;-PANI/Pt immuno-
electrode is due to the immobilization of antibodies on the
PANI/Pt surface.
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Fig. 5. SEM micrograph of (a) at Pt/PANI electrode and (b) at Mc-lgGs-
a-AFB1-PANI/PL.
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Fig. 6. Electrochemical impedance Nyquist plots of (a) at Pt/PANI
electrode and (b) at Mc-1gGs-a-AFB1-PANI/Pt in 0.1 M phosphate buffer
solution (PBS) containing 0.9% NaCl at a scan rate of 5 mV s,
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Reproducibility and storage stability of the biosensor

In order to check the performance of the Mc-1gGs-a-AFB;-
PANI/Pt immuno-electrode based sensor for determination
of AFB,, reproducibility and storage stability of the
immuno-sensor were carried out by keeping the immuno-
sensor electrode in the dark at 4°C for 15 days and were
analyzed at different times (every day). It has been seen that
repeatable peak currents of AFB; (0.20 ngmL™) occurred
up to 7 days and after that the peak current decreases.
Reproducibility and storage stability were calculated in
terms of residual standard deviation yielding a value of
1.05% (n = 5) which demonstrated better reproducibility
for a comparatively longer period and storage stability at 4
°C.

Application of method for detection of Aflatoxin B;

The developed amperometric immuno-sensor — was
successfully applied for detection of AFB; in aqueous
medium. Voltammograms of AFB; in 0.1 M phosphate
buffer solution of pH 7.01 containing 0.9% NaCl exhibit
well defined cathodic peak at the potential range 0.40 +
0.05 V. in Fig. 7a. The current is due to partial diffusion-
adsorption controlled and proportional to the concentration
over a convenient range.
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Potential (V)

) M ) M ) M )

-0.00024-. ( b)

-0.00025 .
-0.00026
-0.00027

-0.00028

Current (A)

-0.00029
-0.00030 N

-0.00031

— v
0.2 0.4 0.6 0.8 1.0 1.2 1.4
Conc (ng mL™)

Fig. 7. (a) Immuno-sensor response with increases in concentration of
aflatoxin B in 0.1 M phosphate buffer solution (PBS) containing 0.9%
NaCl at a scan rate of 5 mV s and (b) calibration curve shows linearity
for aflatoxin By as 0.20 to 1.30 ngmL™.
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In the Fig. 7b, a linear relationship has been found over
the concentration range 0.20-1.30 ngmL™ of AFB,. The
limit of detection is given by the expression LOD= 3
S.D/m, where S.D. is the standard deviation of replicate
determination values and ‘m’ is the slope of the calibration
curve. However, S.D. = 1.0211 x 10 and m= 5.1783
x10°°, hence LOD= 0.059 ngmL™ with %RSD (1.03+0.05).
The LOQ is defined as 10 S.D./m [33], and was found to be
0.197 ngmL™. Representative voltammograms and
calibration curve are shown in (Fig. 7b). The obtained
result demonstrated good precision of our experimental
task.

Conclusion

This study shows that the developed electrochemical
immune-sensor is a potentially very useful device that
offers the unique possibility to detect and quantify one of
the most potent environmental toxins AFB;. The electro-
activity of AFB; on antibody-based immuno-sensor on
Pt/PANI electrode was developed and studied. The
electrochemical behavior of AFB,; under the conditions
described in this work is an irreversible process controlled
by diffusion. In spite of the simplicity, the resulting
proposed sensor exhibited high sensitivity as 0.059 AngmL’
! and good stability, indicating the composite film can
retain antibodies activity which exhibited promising
application prospect as sensor for AFB;.
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