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Abstract

Electrochemical immunosensor for aflatoxin B1 (AFB1) is described that uses a composite prepared from graphene quantum
dots (GQDs) and gold nanoparticles (Au NPs). The GQD-AuNP conjugate was obtained by using 2-aminothiophenol (ATP) as a
linker where the carboxy groups of GQD bind to the amino groups of crosslinker via conjugation of thiol binding to the AuNP. To
evaluate the conjugation of the GQD-AuNP composite, Fourier transform infrared spectroscopy (FT-IR), and transmission
electron microscopy (TEM) was applied. The composite was placed on an indium tin oxide (ITO) electrode and then modified
with an antibody against AFB1. By using hexacyanoferrate as the electrochemical probe, the sensor works in the 0.1 to
3.0 ng mL™" AFBI concentration range, is highly specific, has good reproducibility and acceptable stability. The biosensor
was applied to the analysis of (spiked) maize samples. Conceivably, the method can be utilized to sense other mycotoxins by

using their respective antibodies.
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Introduction

A significant amount of, theoretical and experimental studies
elucidate the unique structural and electrical properties of
graphene with potential application in nanotechnology and
nanofabrication area [1]. It is sp> hybridized two-
dimensional (2-D) material with packed of hexagonal struc-
ture. Graphene sheets being considered as the desired material
for sensing, imaging, or diagnostic application because of
their large surface area, biocompatibility, highly stable, and
electrically conductive [2]. However, graphene sheets contain
a limited number of edge planes, as well as zero bandgaps that
restrict their utilization in many areas [3]. The material
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characteristic properties can be altered by tuning their struc-
ture, which leads to change in several intrinsic properties in
the device. The transformation of nanostructure material of 2-
D graphene sheets to zero-dimensional (O-D) quantum dots,
numerous advantages properties get improved such as elec-
tronic, optical, robust chemical inertness, and stabilities.
GQDs one of the most attracted nanomaterials for electro-
optical devices because of the high surface reactivity,
dispersibility, biocompatibility, and wide absorption and nar-
row emission band spectra that significantly amplify the out-
put signal. GQDs lateral dimension is less than 100 nm along
with single, double, or few numbers of layers (i.e., 3—10)
where dot size varies to several nanometers [4]. In addition,
improvement in the ratio of edge-to-basal planes directly al-
lows the favorable environment for strong bio-nano conjuga-
tion in terms of chemical functionalities and reactivity [5]. The
existence of this special feature in GQDs remarkably increases
the rate of heterogeneous electron transfer, facilitate the con-
jugation of biomolecules along with dispersion in an aqueous
solution that significantly improves the characteristic of bio-
sensors like sensitivity, specificity, and stability.

The noble metal NPs such as gold and silver (Ag), play a
vital role in the fabrication of biosensing or bioimaging de-
vices due to their high electrical, optical, and catalytic proper-
ties [6]. Au NP is an obvious choice of material that offer
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multifold signal enhancement for the construction biosensor
due to their non-toxic behaviour, high conductivity, and good
catalytic properties. Luo et al. 2006, reported that Au NPs
provide a benign environment and attractive analytical behav-
ior that improve multiple times electron transfer rate between
electrodes and the active center of biomolecules [7]. These
suitable properties provide favorable support to construct pre-
cise, accurate, and sensible electrochemical biosensor. Also, it
has been reported that structural features, shape, and morphol-
ogy of the nanomaterials effectively contribute towards the
performance of biosensor. From the past few years, the com-
posite of GQDs-AuNPs has paved a great interest in the de-
velopment of electroanalytical devices due to the combination
of interesting properties such as large surface-to-volume ratio
and high catalytic activity. Huang et al. 2011, studied the com-
posite of amine-functionalized graphene and Au NPs for di-
rect electrochemistry and electrocatalysis hydrogen peroxide
(H,0O,) sensor [8]. They reported that bioelectrode surface
retained their biocatalytic activity, offered fast and sensitive
H,0, quantification using the graphene and Au NP. Also, Ju
et al. 2015, demonstrated in-situ growth of Au NPs on N-
GQDs for electrochemical H,O, detection, and these synthe-
sized nanomaterials deposited on glassy carbon electrode
(GCE) using a drop-casting method [9]. Similarly, Li et al.
2016, fabricated an electrochemical sensor for Quercetin de-
tection based on GQDs and AuNPs composite and drop-cast
method was applied to deposit the composite GQDs-AuNPs
[10]. However, drop-cast method have a lot of limitations
including poor uniformity of the film, limited coverage area,
leaching of nanomaterials in compared to other technique
such as electrophoretic deposition (EPD). EPD is an electro-
chemical process that used to migrate the colloidal suspended
charged particles or molecules/ions toward an electrode sur-
face (cathode or anode) by applying an appropriate electric
field in a two-electrode cell. EPD technique has been used to
attain a controlled thickness and to obtain a homogenous mor-
phology of the film on electrode surface that play a significant
role in obtaining the better electrochemical sensing
performance.

Over the last decade, nano-bio sensing techniques have
also been considered as an advanced analytical tool for
foodborne as mycotoxin detection due to huge agricultural
and industrial losses in billions of dollars. Among the various
toxins, AFBI is the most hazardous chemical produced by
strains of Aspergillus flavus and Aspergillus parasiticus fungi
species [11]. International Agency for Research on Cancer
(IARC) classified AFBI as a Group-I Human Carcinogen, is
responsible for carcinogenic, mutagenic, and immunosuppres-
sive disorders in human beings as well as in animals [12]. The
toxicity of AFB1 mainly found in food products such as
maize, cereals, groundnuts, pistachio, almond, wheat, etc.
Although, there are various conventional techniques available
for AFB1 detection such as Thin Layer Chromatography
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(TLC), High-Performance Liquid Chromatography (HPLC),
Gas Chromatography, and Mass Spectroscopy (GC-MS).
These techniques have some demerits includes time-consum-
ing, need tedious sample pre-treatment, laborious personnel
required as well as expensive equipment. Among these avail-
able detection techniques, there is a need of sensitive and
selective sophisticated device for reliable and specific detec-
tion of AFB1. The electrochemical biosensor is one of the
most appropriate, accurate, label-free, reliable techniques to
enumerate the toxicity in foodstuff.

In this context, electrochemical label-free immunosensor
was fabricated to detect the present AFB1 via antigen-
antibodies interactions. Composite of GQDs-AuNPs was pre-
pared by following the chemical method and deposit onto
hydrolyzed ITO glass electrode surface using EPD technique.
The antibodies of AFB1 were immobilized using N-ethyl-
N-(3-dimethylamino propyl) carbodiimide (EDC) and N-
hydroxy succinimide (NHS) cross-coupling chemistry.
Electrochemical performance of the immunosensor was inves-
tigated using Electrochemical Impedance Spectroscopy (EIS)
and Cyclic Voltammetry (CV) techniques in a
hexacyanoferrate redox probe.

Materials and methods
Reagents and materials

Monoclonal antibodies of AFB1 (anti-AFB1) and respective
antigen AFB1 were procured from Sigma-Aldrich (www.
sigmaaldrich.com). Sulfuric acid (PubChem CID: 1118,
H,S0,), nitric acid (PubChem CID: 944, HNO3), H,O,
(PubChem CID: 784, 30%), sodium citrate (PubChem CID:
6224), citric acid (PubChem CID: 311, CA), magnesium
nitrate (PubChem CID: 202877, Mg(NO3),.6H,0), EDC
(PubChem CID: 2723939), NHS (PubChem CID: 80170,),
potassium ferrocyanide (PubChem CID: 129689883,
K4Fe(CN)g), potassium ferricyanide (PubChem CID: 26250,
K;3Fe(CN)g), ATP, bovine serum albumin (BSA) purchased
from Sigma-Aldrich (www.sigmaaldrich.com), H,O,
(PubChem CID: 784, 30% w/v) from Thomas Baker (www.
thomasbaker.com) and chloroauric acid (PubChem CID:
28133, HAuCl4.4H,0) procured from Molychem (www.
molychem.net). The Milli-Q-purified water Millipore (18.2
MQ cm) was used for the synthesis of nanomaterials and
preparation of buffer solutions. All chemicals were of the an-
alytical grade used as such without any further purification.

Instruments
Synthesized GQDs-AuNPs were deposited on ITO coated

glass substrate using an EPD technique. Structural, morpho-
logical and optical characterization were carried out using
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spectroscopy, diffractometry, microscopic techniques such as
UV-visible spectroscopy (Lambda 950, PerkinElmer),
Photoluminescence spectroscopy (PL, Jobin Yvon-Horiba,
Model 3-11), X-ray diffractometry (XRD, Cu K« radiation,
Rigaku), FT-IR (Spectrum BX, Perkin Elmer), TEM
(Technaii-G2F30 STWIN), Scanning electron microscopy
(SEM, LEO 440) equipped with Energy-dispersive X-ray
(EDX) spectroscopy. Confocal fluorescence microscopic
analysis was carried out by an Olympus IX51 inverted system.
Electrochemical studies were carried out using CV and EIS
(Autolab Galvanostat/Potentiostat Eco Chemie, the
Netherlands, model AUT 84275) in phosphate buffer saline
(PBS, 50 mM containing 0.9% NaCl, pH 7.4) having 5 mM
[Fe(CN)6]37/ + using as a redox probe in three-electrode cell
containing working electrode (ITO), counter electrode (Pt) as
well as reference electrode (Ag/AgCl).

Synthesis of gold nanoparticles

Au NPs was synthesized using a previously reported method
with slight modifications [13]. In a 100 mL of the conical flask,
50 mL of HAuCl,.4H,0 solution (0.25 mM) was taken and kept
on a heating mantle was brought to boiling. Under mild stirring,
1% of sodium citrate was added. Sodium citrate initially acts as
areducing agent after that capped on the Au NPs to prevent the
agglomeration. During the reaction period, the color of the mix-
ture changed from pale yellow to colorless then to blue and
finally to ruby red. After that conical flask removed from the
magnetic stirrer and cools down at room temperature. Kept it in
a refrigerator 4 °C by covering with foil paper.

Synthesis of graphene quantum dots and its
composite with gold nanoparticles

GQDs was synthesized by pyrolysis reduction method using
CA as a precursor [14]. In a typical, 2 g of CA was taken in
5 mL of the beaker and heated to 200 °C on a heating mantle.
After 5 minute, CA was liquated, and after 30 minute, the
color of the reaction mixture was changed from colorless to
pale yellow then to orange indicate the formation of GQDs.
After that, 100 mL of 10 mg mL™" sodium hydroxide (NaOH)
was added drop by drop in the above solution under vigorous
stirring, and an aqueous solution of GQDs was obtained.
Further, the composite of GQDs and AuNPs was synthesized
by the chemical conjugation. Briefly, in a 10 mL of the beaker,
an aqueous solution of GQDs (0.5 mg mL™") and Au NPs
(2 mL) was taken, and ATP (0.25 mg) was added into the
above reaction mixture which was used as a crosslinker and
kept on stirring for 3 hour at 30 °C. The yellowish-red color of
GQDs-AuNPs was obtained. Finally, the suspension was
ultracentrifuged at 5000 rpm followed by washing with dis-
tilled water two times to remove the impurities.

Electrophoretic deposition of composite GQDs-AuNPs

Figure 1 illustrates the synthesis of composite GQDs-AuNPs
followed by transfer of composite on the electrode surface,
and fabrication of electrochemical immunosensor for AFB1
detection. The synthesized colloidal suspension of composite
GQDs-AuNPs was deposited on the ITO electrode substrate
using EPD technique. Before to carried out EPD process, ITO
coated glass substrate was hydrolyzed by dipped them into a
solution mixture of H,O,/NH3/H,O (1:1:5 v/) and kept in the
oven for half an hour at 80 °C then dried at room temperature.
Synthesized composite GQDs-AuNPs (1000 puL) were dis-
persed in distilled water (10 mL) and Mg(NO5),.6H,0
(107°-10"* M) was added as an electrolyte further sonicated
for 20 minute. For the deposition process, the colloidal sus-
pension was taken into two-electrode cells separated by 1 cm,
and the DC potential of 10 V was applied for 30 second. Due
to the presence of a positive charge in colloidal suspension,
composite migrated towards the ITO electrode surface under
the applied potential. After that electrode was removed from
the suspension rinsed with distilled water and dried at room
temperature.

Fabrication of bioelectrodes using antibody
of aflatoxin B1

Before to carried out the immobilization process, electrodes
were treated with EDC-NHS crosslinker to activate the func-
tional groups of a composite. Crosslinker EDC (0.2 M) act as
a coupling agent and NHS (0.05 M) act as an activator [15].
50 uL of EDC-NHS was dispersed over the surface of the
electrode of GQDs/ITO, and GQDs-AuNPs/ITO kept under
the humid condition at room temperature for 4 hour. After
that, 50 uL of anti-AFB1 (10 pg mL™") was dispersed over
electrodes surface and kept in a humid chamber for 12 hour at
25 °C. Finally, electrodes were treated with 1% of BSA to
block nonspecific adsorption sites and stored it in a refrigera-
tor 4 °C for further use.

Preparation of real sample

Uncontaminated maize samples purchased from the local mar-
ket was used for the real sample analysis against faricated
immunosensor. For sample preparation, 1 g of maize sample
weighed and spiked with AFBI1 concentration. After that,
5 mL of ethanol (80% v/v) was added and shake on a vortex
shaker for 45 minute [16]. Various concentration of the solu-
tion was obtained by diluted with phosphate buffer and tested
against fabricated bioelectrode of anti-AFB1/GQDs-AuNPs/
ITO in 50 mM of PBS containing 5 mM of [Fe(CN)6]3_/ +
using CV technique (Fig. 1).
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Immobilization
of anti-AFB1

GQDs-AuNPs/ITO

Electrophoretic
deposition

GQDs-AuNPs colloidal solution

Fig. 1 Schematic representation of the synthesis of composite graphene
quantum dots-gold nanoparticles (GQDs-AuNPs) and Electrophoretic
Deposition (EPD) of synthesized composite onto ITO electrode and

Results and discussion
Optical studies

The UV-visible spectrum of synthesized GQDs, Au NPs, and
composite of GQDs-AuNPs is shown in Fig. 2 (a-b). As seen
from the Fig. 2 curve (a) of AuNPs, the peak appeared at 525 nm
attributed to surface plasmon resonance absorption band indi-
cates the formation of Au NPs [17]. The UV-visible spectrum of
GQDs shown in inset image of Fig. 2. The broad absorption
peak appeared at 320 nm due to n-7t* electronic transition, which
corresponds to aromatic sp® domains behaviour. This study

0.10-
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Wavelength (nm)

0.05-

Absorbance

0.00 -

300 400 500 600 700 800
Wavelength (nm)

Fig. 2 UV-visible spectrum of (a) Gold nanoparticles (Au NPs), (b)
composite of GQDs-AuNPs [inset image: represents UV-visible spectrum
of GQDs]
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fabrication of anti-AFB1/GQDs-AuNPs/ITO bioelectrode for Aflatoxin
B1 detection

indicates that functional groups of moieties are present in the
structure of GQDs [18]. The UV-visible spectrum of composite
GQDs-AuNPs is shown in Fig. 2 curve (b), two absorption
peaks appear at 528 nm, and 312 nm indicates the formation
of composite GQDs-AuNPs. However, the absorption peak of
Au NPs and GQDs are slightly shifted towards the higher wave-
length from 525 nm to 528 nm and a lower wavelength from
320 nm to 312 nm respectively, indicates the binding of GQDs
to Au NPs.

PL Spectroscopy study of GQDs aqueous solution under the
excitation of wavelength at 320 nm was carried out. Fig. S1 (a)
shows PL emission spectrum, the peak appeared at 420 nm
wavelength due to polyaromatic sp? carbon nanostructure as well
as the various edge and surface functional groups [19].

X-ray diffraction studies

XRD technique was utilized to investigate the purity and crys-
tallinity of the synthesized nanomaterial. As shown in Fig.
S1(b) curve (a), a narrow diffraction peak appeared at 23.6°
found to be lower than graphite diffraction peak (dyp, =25°)
indicates the formation of GQDs. Further, synthesized AuNPs
have also been characterized, and the results are shown in
curve (b). Several diffraction peaks appeared at 38°, 45°,
64.3°, 76.9° corresponds to (111) (d;;;=2.36A°), (200)
(d29p =2.05A°), (220), (311) planes attributed to face-
centered cubic (FCC) structure [JCPDS 89-3697] [20].
Also, XRD diffraction pattern of synthesized composite
GQDs-AuNPs depicts in the curve (¢) where characteristic
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diffraction peaks are appeared along with the difference in the
peak intensity. The primary diffraction peak of GQDs ap-
peared at 23.6° due to 002 plane. Moreover, several diffraction
peaks appeared at 38°, 64.3°, 76.9° corresponds to AuNPs and
rest of the peak appeared at 30.5°, 31.8°, 35.1°, 50.8°, 60.0°
due to ITO surface [JCPDS 89-4596] [20].

Spectroscopic analysis

FT-IR studies were carried out to determine the present func-
tional groups in nanomaterials (GQDs/ITO, GQDs-AuNPs/
ITO) as well as conjugated biomolecules (anti-AFB1/GQDs-
AuNPs/ITO). Figure 3(a) shows the FT-IR spectrum of
GQDs/ITO electrode, a broad peak appeared at 3500 cm '
corresponds to hydroxyl (-OH) groups of carboxylic acid
and other peaks appeared at 1650 1400, 845 cm " attributed
to -C=0, -C=C, aromatic C-H bending groups in GQDs, re-
spectively. Moreover, FT-IR spectrum of composite GQDs-
AuNPs is shown in Fig. 3(b), the peak appeared at
3463 cm ' attributed to amide bond formation between
GQDs-AuNPs through crosslinker. Also, characteristic peaks
appeared at 2814, 1600, and 1385 cm | indicates the forma-
tion of thiolate bonds, amide bonds, and amine bonding in the
composites, respectively. This amide bond is appeared be-
cause of the ATP groups which act as a crosslinker for binding
of GQDs to AuNPs. Further, FT-IR spectrum of anti-AFB1/
GQDs-AuNPs/ITO has also been taken and shown in Fig.
3(c). In addition to above-mentioned peaks, some additional
peaks appeared at 3568, and 1492 cm™' corresponds to N-H
stretching bond amide bond (II) formation, respectively [21].
These peaks confirmed the covalent linkage occurred between
biomolecules with GQDs-AuNPs electrode surface.

Microscopic studies

TEM technique was utilized to determine the shape and
size of NPs. Dispersed colloidal solutions of GQDs,
AuNPs, and GQDs-AuNPs composite was prepared in
distilled water and drop-cast onto carbon-coated copper
grids (3.05 mm). TEM images of GQDs are depicted in
Fig. 4(a, b) shows synthesized GQDs are spherical and
monodispersed. The average size in diameter of GQDs
is 6—8 nm. TEM images of AuNPs are shown in Fig.
4(c, d) illustrates that Au NPs well-dispersed as well as
uniformly distributed. The average size of the AuNPs lies
in the range of 15 to 20 nm. Moreover, the atomic scale in
selected area electron diffraction (SAED) pattern is shown
in inset image 4(d), and the interplanar lattice fringes
found to be 0.23 nm which corresponds to (111) diffrac-
tion plane. Figure 4(e, f) depicts the TEM images of com-
posite GQDs-AuNPs, which confirmed the conjugation of
GQDs and AuNPs. Lattice fringes of the composite found
to be 0.33 nm and 0.23 nm.

Morphology studies

SEM studies were carried out to determine the surface mor-
phology of nanocrystals (GQDs and GQDs-AuNPs) on ITO
surface as well as immobilized biomolecules of anti-AFB1 on
GQDs-AuNPs/ITO surface and acquired images is depicted in
Fig. S2(a-d). The GQDs nanocrystals were deposit electro-
phoretic by applying a small amount of voltage to obtain
well-ordered distribution over the electrode surface [Fig.
S2(a)]. It is found that nanocrystals (GQDs) uniformly depos-
ited over ITO electrode surface with an even morphology
along with the appearance of small grains. Moreover, SEM

Fig.3 Fourier Transform Infrared
spectrum (FT-IR) of (a)
GQDs/ITO, (b) nanocomposite
GQDs-AuNPs/ITO, (c) antibody
immobilized on composite \?
GQDs-AuNPs/ITO electrode 2o
Qo
(%)
c
]
)
=t
£
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N i
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0.23 nm

GQDs-Au N{s

7

Fig. 4 Transmission Electron Microscopy (TEM) images (a-b) of GQDs (inset image: showing lattice fringes), (c-d) of AuNPs (inset image: showing
the selected area electron diffraction (SEAD pattern)) and (e-f) composites of GQDs-AuNPs with lattice fringes

image of nanocrystals GQDs-AuNPs acquired and micro-
graph is shown in Fig. S2(b), revealed the uniform deposition
of a composite over the ITO electrode surface. It can be seen
that the surface morphology of the composite nanocrystals elec-
trode (GQDs-AuNPs) is different from the nanocrystals electrode
(GQDs) in terms of the distribution of particles and the appear-
ance of grains. Furethermore, immobilization of biomolecules of
anti-AFB1 on GQDs-AuNPs/ITO electrode also confirmed by
SEM technique and images is shown in Fig. S2(c). The appear-
ance of the globular structure along with uniform coverage con-
firmed the successful immobilization of biomolecules on the
electrode surface. Further, elemental analysis was carried out
using EDX spectroscopy, and results are depicted in Fig. S2(d).
The presence of elemental composition of anti-AFB1/GQDs-
AuNPs/ITO fabricated electrode surface was confirmed by
EDX analysis. EDX spectrum, shown in Fig. S2(d), contains
carbon, Au, oxygen of the composite GQDs-AuNPs and biomol-
ecules while the presence of some ions such as sodium, magne-
sium, sulphur elements attributed to biomolecule ions. Moreover,
the appearance of indium element is due to the ITO electrode
surface. It can be concluded from the above result that nano-bio
interface region is successfully formed.

Before performing the electrochemical experiments with
immobilized antibodies anti-AFB1/GQDs-AuNPs/ITO elec-
trodes, presence of antibodies on the fabricated surface was
confirmed by the confocal fluorescent imaging technique.
Fluorescence imaging studies were carried out by
immobilizing the primary antibody (Ab-AFBI1) and
Fluorescein isothiocyanate (FITC) tagged monoclonal anti-
body as secondary antibody onto the GQDs-AuNPs/ITO

@ Springer

surface. The fluorescence images were recorded using a con-
focal fluorescence microscope and results are shown in Fig.
S3. These FITC-tagged secondary antibody absorb UV light
in the range of 470 to 490 nm to excite the molecules corre-
spondingly emit a visible yellow or green light. The appear-
ance of bright dark green color after the immobilization sig-
nifies that antobodies of AFB1 successlfully attached
with GQDs-AuNPs/ITO surface.

Electrochemical studies

Electrochemical characterization studies were carried out for
GQDs/ITO, GQDs-AuNPs/ITO, and anti-AFB1/GQDs-
AuNPs/ITO electrodes using the electrochemical technique
such as CV and EIS technique.

In a three-electrode system, CV studies were carried out to
measure the interaction between biomolecules and the solid
surface under Potentiodynamic conditions which record cur-
rent response while the potential scan is applied to the working
electrode at a constant scan rate. CV studies were performed
for GQDs/ITO, GQDs-AuNPs/ITO, anti-AFB1/GQDs-
AuNPs/ITO, BSA/anti-AFB1/GQDs-AuNPs/ITO electrodes
at 50 mV s~ in 50 mM PBS (0.9% NaCl) containing 5 mM
[Fe(CN)]> "+ pH 7.4 redox probe [Fig. 5(a)]. The anodic and
cathodic peak current response of GQDs/ITO electrode found
to be 5.0 x 10 *A and — 4.3 x 10 *A, for GQDs-AuNPs/ITO
electrode found to be 1.1 x 10°A and — 9.8 x 10 *A whereas
for immobilized electrodes anti-AFB1/GQDs-AuNPs/ITO
and BSA/anti-AFB1/GQDs-AuNPs/ITO anodic peak current
found to be 8.1 x 10 %A and 7.3 x 10 A respectively.
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Fig.5 (a) Cyclic Voltammetry (CV) studies of (a) GQDs/ITO, (b) GQDs-
AuNPs/ITO, (c) anti-AFB1/GQDs-AuNPs/ITO, (d) BSA/anti-AFB1/
GQDs-AuNPs/ITO, (b) Cyclic voltammetry response of BSA/anti-
AFB1/GQDs-AuNPs/ITO as a function of antigen (0.1-3.0 ng mL ™" as
0.1,0.2,04,0.6,0.8,1.0,1.5,2.0,3.0 ng mL ") and (¢) Calibration curve

Relative to the GQDs electrode surface, electrocatalytic activ-
ity of AuNPs correspondingly improves an electronic as well
as optical properties of the composite GQDs-AuNPs. The cur-
rent response of GQDs-AuNPs composite in terms of oxida-
tion and reduction peak significantly enhanced may be due to
the existence of the synergistic effect between GQDs and
AuNPs. However, in the case of biomolecules meant after
immobilization of anti-AFB1 on GQDs-AuNPs electrode sur-
face, current response found to be decreased because of higher
loading of an antibody that creates a hindrance in transferring
the electrons between electrodes and electrolyte system.
Further, the current response significantly decreased after the
interaction with BSA, which blocks non-active available sites
over the electrode surface [22]. The electrochemical scan rate
study of BSA/anti-AFB;/GQDs-AuNPs/ITO bioelectrode
was also investigated by CV technique at various scan rate
from 10 mV s™' to 100 mV s ' [Fig. S4]. The anodic and
cathodic peak current value (I, and L,.) and potential peak
values (E,, and E;,) found to increased towards the positive as
well as negative direction as by varying the scan rate, indicat-
ing good electrochemical reaction ability and fast electron

plot of current response as a function of antigen concentration AFBI (0.1,
0.2,04,0.6,0.8, 1.0, 1.5, 2.0, 3.0 ng mLﬁl) [inset image: linear plot of
current response as a function of antigen AFB1 concentration 0.1, 0.2,
0.4,0.6,0.8, 1.0 ngmL "]

transfer kinetics. Fig. S4 inset image shows the redox current
response which found to vary proportionally with the square
root of the scan rate, specifies the quasi-reversible diffusion-
controlled process [23]. The anodic and cathodic peak current
values are shown in egs. (1-2),

Loe = 7.190x107 A+ 1.22x107 (A2 m V' 5)""? (1)
X [scan rate (mV sil)]]/Z;R2 = 0.99

Lee = —1.923x107A-8.3079x107 (A2 m V' 5)"? (2)
X [scan rate (mV sﬁI)}I/z;RZ =0.99

According to the Randles-Sevcik equation, the intensity of
peak current mainly depends upon the two factors, i.e., the
surface area of the working electrode and secondly, on the
concentration of electro-active species. The diffusion coeffi-
cient (D) of the electrode and bioelectrodes was calculated
using the Randles-Sevcik eq. (3) [24].

Ip = 2.69x10° /:AD' >V /> (3)

@ Springer
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Where Ip is the peak current (A), n is the no. of electrons, C
is the concentration of redox species (5 mM), D is the diffu-
sion coefficient, A is the area of the electrode, and V is the
scan rate (50 mV s '). The D value found to be
5.3x107° cm? ! for GQDs-AuNPs, 4.12x 10> em? s~ for
anti-AFB1/GQDs-AuNPs/ITO and 3.7 x 107 c¢m? s~' for
BSA/anti-AFB1/GQDs-AuNPs/ITO electrode. The surface
concentration of the GQDs/ITO, GQDs-AuNP/ITO electrodes
and anti-AFB1/GQDs-AuNPs/ITO bioelectrode was deter-
mined using Brown-Anson model eq. (4) [20],

Ip = n*F’I"Av/4RT (4)

Where, n is the number of electrons transferred (1), F is the
Faraday constant (96,584 C molﬁl), I* the surface concentra-
tion of films (mol cmﬁz), A is the surface area of electrode, V is
the scan rate (50 mV s '), R is the gas constant (8.314 J/
(mol K)), and T is the absolute temperature (298 K). The
surface concentration of the electrode GQDs-AuNPs (4.6 x
10~® mol cm ) found to be higher than GQDs (2.12x 10°®
mol cm ?). This increment indicates electroactive surface area
increases due to the composite of GQDs-AuNPs matrix.
However, the surface concentration of the bioelectrode found
to be 4.0 x 10® mol cm 2.

Electrochemical impedance spectroscopy studies

EIS technique is the powerful diagnostic tool to execute the
resistive, capacitive, and inductive behavior of the three-
electrode cell at a particular frequency. Frequency response
analyzer (FRA) is used to impose a small amplitude of AC
signal as a function of frequency 0.01—10° Hz at bias potential
0.25 V. This technique used for the determination of biomol-
ecules interaction, adsorption behavior, interfacial properties
between the electrode and the electrolyte using Randel’s
equivalent circuit possess solution phase resistance (Ry), ca-
pacitance of double layer (Cy;), charge transfer resistance
(Ret) and Warburg diffusion element (W) from bulk solution
to the electrode surface [25]. EIS spectrum of the (a)
GQDs/ITO, (b) GQDs-AuNPs/ITO, (c) anti-AFB1/GQDs-
AuNPs/ITO, (d) BSA/anti-AFB1/GQDs-AuNPs/ITO elec-
trodes depicted in Fig. S5, experiments were carried out in
50 mM PBS (pH 7.4, 0.9% NaCl) containing 5 mM
[Fe(CN)G]H “_ It is observed that Rer value for (b) GQDs-
AuNPs/ITO electrode found to be 201.8 €2, after the immobi-
lization of antibody on electrode (c¢) anti-AFB1/GQDs-
AuNPs/ITO, Rt value found to be increased 506 €2 because
of the higher loading of biomolecules over the electrode sur-
face which enhanced charge transfer resistance between the
interfacial layer of electrode/electrolyte. Moreover, Rt value
further increased up to 532 2 after the treatment with BSA,
which block their non-active sites on the electrode surface.
Here, Ret value of the (b) GQDs-AuNPs/ITO found to be
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low (201.8 €2) as compared to (a) GQDs/ITO (297.94 Q) elec-
trode because of GQDs-AuNPs composite served as a medi-
ator for electron transport between electrode surface and bulk
solution containing redox probe [Fe(CN)s]*’*". Hence, these
results signify that electron tunneling distance get reduced
which leads to enhance electron transfer process.

Heterogeneous Electron Transfer kinetics of the redox
probe occurred at the electrode and electrolyte interface which
vary accordingly with the modification of the electrode sur-
face. Any insulating modification such as biomolecules ex-
pected to retard the electron transfer process through increas-
ing the resistance in charge transfer value. The change in het-
erogeneous electron transfer value indicates the speed of elec-
tron exchange between the electrochemical redox probe
[Fe(CN)q]? 4 and the electrode surface. Heterogeneous elec-
tron transfer for GQDs-AuNPs/ITO electrode and BSA/anti-
AFB;/GQD-AuNPs/ITO bioelectrode was calculated using
eq. (5) [26],

RT

- — 5
n? F?AR -~ C ®)

e

Where, R is the gas constant (8.314 J mol ! Kil), Tis
the temperature (298 K), n is the no. of the electron trans-
fer constant of the redox couple (n=1), F is the Faraday
constant (96485.3 C mol ), A is the effective area of the
electrode (cm?), Rer is the charge transfer resistance (£2),
C is the concentration of redox species (5 mM). The Ke
value of the GQDs-AuNPs/ITO electrode found to be 5 x
10> cm s whereas the Ke value of BSA/anti-AFB1/
GQDs-AuNPs/ITO electrode found to be 2.0 x 107> cm
s . The lower Ke value for immobilized antibody as
compared to material electrode probably due to heavier
bulky groups present in the structure of antibody, which
creates hindrance in transferring the electrons. Moreover,
the surface coverage of antibodies over the GQDs-
AuNPs/ITO electrode estimated by using the relationship
of Eq. (6),

Reretectrode

0= l7Rc T(elsclrz()de+bweliclmde) (6)

Here, 0 is the fraction of occupied binding sites and Rct of
electrode and bioelectrode are the charge transfer resistance
before and after the immobilization of antibodies. The value of
surface coverage found to be 0.62, indicating more than 60%
surface coverage of GQDs-AuNPs/ITO by antibodies of
AFBI.

Electrochemical response studies

CV studies were carried out to examine sensing response of
BSA/anti-AFB1/GQD-AuNPs/ITO bioelectrode with varying



Microchim Acta (2019) 186:592

Page 9 of 12 592

the concentration of AFB1 from 0.1 to 3.0 ng mL ™" in a redox
probe containing 50 mM PBS (pH 7.4, 0.9%NaCl) having
5 mM [Fe(CN)g]*"* redox species [Fig. 5(b, ¢)]. It is ob-
served that the current response in terms of the anodic peak
of BSA/anti-AFB;/GQD-AuNPs/ITO bioelectrode increases
proportionally by increasing the analyte concentration from
0.1 to 1.0 ng mL™". This signal improvement mentioned here
is most likely due to the interaction that occurred between
AFB1 and anti-AFBI1 specifically on the surface platform of
GQDs-AuNPs layer.

During the formation of immunocomplex between antigen
and antibodies, current response increases, which can be ex-
plained by some causing factor such as the formation of the
electron transfer layer and the occurrence of changes in con-
formational structure. For example, Sharma et al. 2015, re-
ported that the magnitude of the current response increases
as in addition to analyte concentration revealed the formation
of the electron transfer layer [27]. Moreover, Okuno et al.
2007, reported that the current response of immunoelectrode
increases as by increasing the concentration of antigen be-
cause of the conformational changes occurred during the bind-
ing process, this change may permit the transfer of electron
more readily through the electrolyte [28]. However, these
findings of results revealed that GQDs-AuNPs based platform
improve conducting path between redox couples and sensing
electrode [29]. Hence, the composite of GQDs-AuNPs played
an important role in enhancing the current response as a func-
tion of the concentration of AFB1 due to the facile charge
transfer accelerating layer. Calibration plot of the bioelectrode
depicts in Fig. 5(c), inset image indicates the linear variation
of anodic peak current with analyte concentration from 0.1 to
1.0 ng mL !, After that, on further addition of AFB1 concen-
tration, the little increment is observed in the current signal
indicates the interaction of AFB1 antibody and antigen on the
electrode surface.

I, = 3.8052 x 107°(A) +3.8210 x 10*(Ang 'mL)

(7)

x Concentration (ngmL ™" ) Regression coefficient (R?) = 0.99

The sensitivity of immunosensor and limit of detection
found to be 382 uA/ng mL™'/cm? and 0.008 ng mL™". The
limit of detection was calculated using the expression (30/m)
where m is the slope of the calibration plot, and o is the stan-
dard deviation (S N' = 3). These findings of improved sensi-
tivity and limit of detection probably due to the composite of
GQDs-AuNPs that enhanced electrochemical properties of the
immunosensor. Improved surface-to-volume ratio provides
more surface area for a large number of biomolecules attach-
ment over the nanomaterials electrode surface; thereby, it
modifies the redox conversion probe during the reaction.
Composite of GQDs-AuNPs is also increase the conductivity
path by increasing the electron transfer signal as compared to
the GQDs alone. Ju et al. 2015, studied the Au-GQDs matrix

for H,O, detection resulted in the better electrochemical per-
formance of sensor [9]. Moreover, Li et al. 2016, reported that
the composite of GQDs/AuNPs involves fast electron transfer
capacity and attained high electrochemical activity, which acts
as a promising candidate for electrochemical sensing perfor-
mance [10]. The obtained sensing results from the designed
immunosensor have been reported in the Table 1 [30-35], in
comparison to other reported work for the detection of a small
molecule as AFBI.

Intriguingly, three causative factors mainly matter for
better electrochemical activity of immunosensor integrat-
ed nanostructured materials such as accelerating the
electron transfer rate, enlarging the surface area, and
improving nano-bio conjugation for the target analyte.
In addition, improved surface-to-volume ratio, present
large number of functional groups, remarkably enhance
interfacial properties, decrease electron transportation
distance, and diffusion length implies to acehive better
performance of biosensor for AFB1 detection.

Optimization of antibody aflatoxin B1

The concentration of antibody plays an important role in
influencing the sensitivity of the immunosensor. The optimum
concentration of anti-AFB1 for this study was examined by
CV technique. The different concentration of anti-AFB1 (1—
20 ug mL ") was immobilized, and study was carried out in
50 mM PBS containing (0.9% NaCl) 5 mM [Fe(CN)sJ]> 7+
using the same protocol as mentioned in the ecarlier
'Fabrication of bioelectrodes using antibody of Aflatoxin B1'
section. The current response is increased up to the concentra-
tion of antibody 10 pg mL ™" after that insignificant changes is
observed [Fig. S6]. This may be ascribed to the molecular
bonding between antibody and composite, which gets saturat-
ed at 10 ug mL™' concentration of anti-AFBI1.

Real sample analysis

To validate the performance of fabricated biosensor, analysis
with real samples is one of the important aspects. Non-
contaminated maize samples were used, and various spiked
concentrations of AFB1 were examined against fabricated
bioelectrode anti-AFB1/GQDs-AuNPs/ITO using CV tech-
nique, and results depicted in Fig. S8(a-b). It is observed that
current signal increases as by increasing the concentration of
AFBI from 0.1 ng mL! (0.32nM)to2.5ng mL ! (8 nM) and
regression coefficient found to be 0.99 revealed high degree of
dependence of current signal to concentration variable.
Therefore, this study demonstrating that fabricated
immunosensor can be utilized for AFB1 detection in the anal-
ysis of maize samples.
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Table 1 the comparative studies of reported immunosensor for Aflatoxin B1 detection with present work

S.No. Bioelectrode Technique Detection limit (ng/mL) Detection range (ng/mL) sensitivity References
1. PTHY/Aw/GCE® "Dpv 0.07 0.6-2.4 1.23 x 10 °A/ng/mL [30]

2. CNTs/PDDA/Pd-Au DPV 0.03 0.05-25 - [31]

3. 9PEDOT/AuNPS/ITO icv 0.004 1-25 3.72 pA ng/mL [32]

4. SWCNTs®/Chitosan DPV 0.003 0.01-100 - [33]

5. f{CS-AuNPs/gold microelectrode  CV 0.12 0.2-2.0 72.3 uA [34]

6. £GO/ITO Cv 0.12 0.125-1.5 68 pHA [35]

7. GQDs-AuNPs/ITO cv 0.008 0.1-3.0 382 pAng ' mL cm > Present work

# PTH-polythionine, ® GCE-glassy carbon electrode, ¢ PDDA-poly(diallyldimethylammoniumchloride),
¢ PEDOT-poly(3,4-ethylenedioxythiophene), ° SWCNT-single walled carbon nanotubes, "CS-Chitosan

21GO-Reduced graphene oxide, " DPV- Differential Pulse Voltammetry,
'CV- Cyclic Voltammetry

Reproducibility, stability and selectivity studies
of bioelectrode

Along with the biosensing performance of the immunosensor,
some important parameters such as reproducibility, stability,
selectivity play a crucial role in the development of sensitive
and stable biosensor. Reproducibility studies of BSA/anti-
AFB1/GQDs-AuNPs/ITO immunosensor were carried out
by CV technique on different working electrodes under a sim-
ilar experimental condition with AFB1 antigen concentration
(1.0 ng mL™"). It is found that immunosensor shows good
reproducibility with their negligible variation in current re-
sponse (Fig. S7(a)). For six working electrodes, relative stan-
dard deviation (RSD) found to be 2.65% (mean value 0.0011
A). Low RSD value of fabricating immunosensor shows good
precision.

Storage stability of fabricated immunosensor was deter-
mined by observing the change in current response of BSA/
anti-AFB1/GQDs-AuNPs/ITO bioelectrode per week up to
the consecutive 8 weeks under the similar experimental con-
ditions. The results of this study show that the electrode signal
retained 94% of its initial response up to the fourth week, and
after that signal, response decreases significantly that indicates
the denaturation of biomolecules. Further, immunoelectrode
was stored in the refrigerator (4 °C) when not in use. Stability
of the immunoelectrode attributed to the well-ordered
uniformed assembly of GQDs-AuNPs (as shown in SEM im-
age), covalent immobilization of antibodies AFBI1, where
AFB1 biomolecules attached strongly in an effective manner
thereby it reduces the leaching problem of biomolecules from
the sensor surface. Therefore, fabricated immunosensor offers
the stability of bioelectrode up to 8 weeks with a significant
decrement in the response signal.

As shown in Fig. S7(b), selectivity studies were carried out
to determine the interference potential with another toxin as
ochratoxin-A. The bioelectrode BSA/anti-AFB1/GQDs-
AuNPs/ITO was tested against the AFB1 (0.2 ng mL™") and
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ochratoxin (0.2 ngmL ") in 1:1 ratio using CV technique. The
insignificant change in the current signal is observed in Fig.
S7(b), indicates insufficient interference taken place with an-
other analyte. This study revealed that fabricated
immunosensor is highly selective towards the analyte AFBI.

Conclusions

An electrochemical immunoassay is described for sensitive
and selective detection of AFB1 using a composite of
GQDs-AuNPs as a transducer. The chemical process was uti-
lized to conjugate the GQDs and AuNPs using 2-ATP as a
linker where carboxy groups of GQDs bind to the amino
groups of crosslinker via conjugation of thiol binding to the
AuNPs. The structure and morphology of composite GQDs-
AuNPs examined by various spectroscopic techniques.
Further, biomolecules of AFB1 covalently immobilized over
the electrode surface of GQDs-AuNPs/ITO using EDC-NHS
crosslinkers. To study the electrochemical properties, electro-
chemical techniques such as CV and EIS were applied results
revealed that GQDs-AuNPs composite improved not only
conductivity but also offered a large surface areca and good
biocompatibility for the immobilization of antibodies. The
electrochemical sensing response of fabricated immunosensor
was determined using CV technique resulted that current sig-
nal increases as by increasing the concentration of AFBI1 in
the range of 0.1-3.0 ng mL', is highly specific, has good
reproducibility, and acceptable stability. The practicability of
fabricated immunosensor spiked (maize) samples were ana-
lyzed by CV technique which shows current response depen-
dency on concentration of AFBI1 in the range of AFB1 from
0.1 to 2.5 ng mL™" and limit of detection of this sensor is
0.11 ng mL™" which is lower than the maximum tolerance
level for AFBI1 in EU regulations. The method potentially
can be utilized for detection of other mycotoxins such as och-
ratoxin, citrinin, etc. by using their respective antibodies.
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