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Abstract
Due to the similar electrochemical properties to graphene oxide (GO), graphene quantum dots (GQDs) are considered as a highly
potential candidate for designing an electrochemical biosensor. In this report, GQDs were synthesized having an average
diameter of 7 nm and utilized for the fabrication of an electrochemical immunosensor for the detection of food toxin, aflatoxin
B1 (AFB1). An electrophoretic deposition technique was utilized to deposit the chemically synthesized GQDs onto indium tin
oxide (ITO)-coated glass substrate. Further, the monoclonal antibodies of AFB1 were covalently immobilized onto deposited
electrode GQDs/ITO using EDC-NHS as a crosslinker. The structural and morphological studies of GQDs and conjugated anti-
AFB1 with GQDs have been investigated using UV-visible spectroscopy, photoluminescence spectroscopy, Raman spectroscopy,
transmission electron microscopy, scanning electron microscopy techniques, etc. The electrochemical impedance spectroscopy
and cyclic voltammetry measurements were carried out for electrical characterization and biosensing studies. This simple
monodisperse GQDs-based platform yields heterogeneous electron transfer (97.63 × 10−5 cm s−1), the time constant (0.005 s)
resulting in improved biosensing performance. The electrochemical immunosensor shows high sensitivity 213.88 Ω
(ng mL−1)−1 cm−2. The limit of detection for standard samples and contaminated maize samples was found to be
0.03 ng mL−1 and 0.05 ng g−1, respectively, which is lower than the maximum acceptable limit according to the European
Union. This result indicates its potential application for aflatoxin B1 detection in food contents.
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Introduction

Aflatoxins are a naturally occurring secondary metabolite
produced by Aspergillus flavus and Aspergillus parasiticus
[1]. There are mainly four groups of aflatoxins, namely B1,
B2, G1, and G2, among which AFB1 is a highly toxic furano-
coumarin derivative of double furan ring and coumarin moiety

chemical product which is responsible for liver cancer [2].
AFB1 is mostly found in the daily usage of food products like
maize, groundnut, corn, cereals, rice, pistachio, wheat, species,
etc. AFB1 is classified as a group I carcinogenic compound
according to the International Agency for Research on Cancer
(IARC) [3]. The European Commission has set the maximum
permissible limit of aflatoxin B1 4 μg kg

−1 and content of total
aflatoxins in food products are 10μg kg−1 [4]. Although, some
conventional techniques are available to detect the aflatoxin
B1 such as thin layer chromatography (TLC), high-
performance liquid chromatography (HPLC), liquid chroma-
tography combined with mass spectroscopy (LC-MS) and so
on. However, these techniques are expensive and time-
consuming with complex handling procedure and require
highly skilled personnel [5]. Thus, to overcome these draw-
backs, there is an urgent need for rapid, accurate, and specific
detecting tool to determine the content of aflatoxins in food
products. Hence, the electrochemical biosensor could be one
of the most suitable, sensitive, simple, and alternate tool which
may ensure the safety of daily usage of food products.
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The carbon-based materials such as GO, fullerenes,
graphene sheets, GQDs commonly used as a remarkable
nanomaterial for the bioanalytical field, owing to their inher-
ent properties such as biocompatible, structural flexibility,
ease of synthesis, etc. [6]. Moreover, graphene is one of the
widely used nanomaterials in the field of biosensor because of
their attractive properties such as the large surface area, high
charge carrier mobility, and mechanical flexibility [7].
Although, graphene is zero-band gap material and their sheets
are not easily dispersed in an aqueous medium. However, the
band gap of the nanomaterials can be altered by altering the
size, shape, thickness, and fraction of SP2 domain behavior.
Thus, reducing the size of graphene sheets in the smaller nano-
scale region perhaps leads to change the several desirable
properties especially optical and electronic properties. The
GQDs are nanocrystals belonging to a nanometer scale with
a lateral dimension less than 100 nm having single to few
layers of graphene sheets in a tiny dot structure which shows
their tremendous interest in the biosensing and bioimaging
research field, owing to their remarkable properties such as
low toxicity, photostability, biocompatibility, wide absorption,
narrow emission band spectra, low reactivity, and
dispersibility [8]. The presence of hydrophobic edges as well
as hydrophilic planes in GQDs and a large surface to volume
ratio as well as a favorable electron donor and acceptor ability
tend to improve the adsorption capability for biomolecules
upon the electrode surface and enhance the electrochemical
signal [9]. For example, Yang et al. demonstrated the applica-
tion for tumor marker detection using nanocomposite and
GQDs, leading to enhance the electrical conductivity and sur-
face area of the matrix [10]. Graphene quantum dots beads
being utilized in an immunochromatographic assay for ultra-
sensitive detection of aflatoxin B1 where the limit of detection
found to be 0.42 pg mL−1 [11]. Moreover, Qian et al. have
developed ultrasensitive DNA nanosensor based on fluores-
cence resonance energy transfer (FRET) phenomenon be-
tween biocompatible GQDs and carbon nanotubes (CNT),
where the labeled probe of GQDs served as an electron donor
property along with an electroluminescent behavior [12].
Zhang et al. developed the sensor for hydrogen peroxide
(H2O2) detection using the GQDs/Au electrode where GQDs
act as an electron transporter [13]. Moreover, Deng et al. dem-
onstrate specific cell surface protein imaging based on the
gold nanocube@silica@GQDs hybrid, where GQDs act as
an electron transfer channel [14]. And, GQDs contain a lot
of functional groups moieties such as carboxylic, hydroxyl,
and epoxy at the edge planes that able to improve their disper-
sion ability in an aqueous medium. Various synthesis routes
have been developed for the synthesis of GQDs, especially
categorized in two ways as a top-down and bottom-up ap-
proach, but to obtain the stable, uniform shape and size of
QDs, a top-down approach widely used [15]. In the previous
reports, GQDs modified electrodes were fabricated simply by

the drop-casting method or through crosslinkers. Casting
method is not easy to get uniform coating and not well to
control the desired thickness of the film. Moreover, materials
from the electrode leached out due to the existence of weak
interactions. Thus, to overcome these major disadvantages, an
electrophoretic deposition (EPD) technique has been utilized
to resolve the deposit problem. EPD is one of the most suitable
deposition tool to obtain the desired thickness, uniformity, and
smoothness of the film [13].

Herein, we have constructed the label-free electrochemical
immunosensor using biocompatible GQDs nanomaterial to
detect the AFB1. The aim of this study was to exploit the
synthesis of GQDs, the direct EPD of chemically synthesized
GQDs onto the electrode surface to obtain the uniform shape,
size, and surface morphology and to fabricate the label-free
immunosensor with specificity, stability, and high sensitivity.
To the best of our knowledge, this is the first time we are
reporting electrophoretic deposit GQDs-based platform which
is utilized for fabrication of electrochemical immunosensor
for AFB1 detection.

Experimental

Materials

Monoclonal antibodies of aflatoxin B1 (anti-AFB1) ofmouse and
antigen of aflatoxin B1 (AFB1) were procured from Sigma-
Aldrich, India. Graphite powder flakes (45 μm, 99.99 wt%),
sulfuric acid (H2SO4), nitric acid (HNO3), ammonia (NH3), mag-
nesium nitrate hexahydrate (Mg(NO3)2.6H2O), H2O2, potassium
permanganate (KMnO4) N-ethyl-N-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), bovine se-
rum albumin (BSA), and all other chemicals were purchased
from Sigma-Aldrich, India, and were used as received.
Deionized water (Milli-Q, Millipore, 18.2 M Ω cm) was used
for the preparation of buffers and aqueous solutions. BSA
(1 mg mL−1) and anti-AFB1 solutions were prepared in
(50 mM) phosphate buffer saline (PBS) pH 7.4.

Instruments

EPD (Bio-rad, model 200/2.0) has been used to deposit GQDs
onto ITO-coated glass substrate. Structural analysis has been
investigated by spectroscopic and diffraction techniques such
as UV-visible spectrophotometer (Lambda 950, Perkin-
Elmer), Photoluminescence spectrophotometer (PL, Jobin
Yvon-Horiba, model 3–11), Raman spectrometer (HR800
LabRam, Horiba/Jobin-Yvon), X-ray diffractometer (Cu Kα
radiation, Rigaku), Fourier Transform Infrared spectrometer
(FT-IR, Spectrum BX, Perkin-Elmer), and transmission elec-
tron microscopy (TEM, Tecnaii-G2F30 STWIN). The mor-
phology characterization has been done using scanning
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electron microscopy technique (SEM, LEO440). The electro-
chemical studies such as electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) has been
carried out using Autolab Galvanostat/Potentiostat (Eco
Chemie, the Nether lands , model AUT84275) in
phosphate-buffered saline (PBS, 50 mM, 0.9% NaCl,
pH 7.4) containing mediator 5 mM [Fe(CN)6]

3−/4- in a
three-electrode system where ITO was considered as the
working electrode, Ag/AgCl as the reference electrode,
and platinum act as the counter electrode.

Synthesis of graphene quantum dots

GO was synthesized using a modified Hummer’s method with
slight modification [16]. In brief, for pre-oxidation, graphite
(1 g) and sodium nitrate (0.5 g) were mixed in 40 mL of con-
centrated H2SO4 under constant stirring. After 2 h, 3.5 g of
KMnO4 was added by keeping the temperature less than
20 °C. After that, the reaction mixture was continuously stirred
at 35 °C for 12 h, then 10 mL of H2O2 (30%) was added
dropwise. The resulting solution was washed with distilled wa-
ter five times and dried in a vacuum oven at 80 °C. Further,
GQDs were synthesized by prepared GO nanomaterials using
the hydrothermal method [17]. In a 250-mL flask, 50 mg GO
was dispersed in concentrated HNO3 (30 mL) and concentrated
H2SO4 (10mL) and ultrasonicated (40W, 0.25 A) for 15 h. The
mixture was diluted with 200 mL of distilled water and filtered
by a microporous membrane (0.22 μm) to remove the acids
from the reaction mixture. The resulting suspension was dis-
persed in 40 mL of distilled water followed by adjusting the pH
of the reaction mixture at 8.0 using 1 M sodium hydroxide.
After that, the final solution was transferred in 50 mL Teflon-
lined autoclave and heated at 200 °C for 10 h. After cooling at
room temperature, the black suspension was filtered through a

microporous membrane (0.22 μm), and the brown solution was
separated out. Thus, the colloidal solution contained graphene
sheets with some smaller molecules and ions. To improve the
purity of GQDs, this colloidal solution was taken in a dialysis
bag with a molecular weight of 1 KDa which was placed in an
aqueous solution under constant stirring at room temperature
for 3 days, and the dispersion medium was changed in every
15 h. Dissolved ions and small molecules are allowed to pass
through this semi-permeable membrane which leads to improv-
ing the purity of GQDs. Thus, this colloidal solution as such
remains in the dialysis tube while impurities get emerged out
from it into the aqueous solution. The color of the solution
changing from a brown solution to light brown yellow color
indicates the purity of GQDs.

Electrophoretic deposition of graphene quantum dots

Schematic representation of synthesized GQDs, deposition
and fabrication of immunosensor are depicted in Fig. 1. The
synthesized GQDs are highly stable and uniformly dispersed
in aqueous solution. The EPD technique was used to deposit
GQDs onto ITO-coated glass electrode. Firstly, GQDs
(1000 μL) of colloidal solution were dispersed in 10 mL dis-
tilled water and sonicated for 1 h at 30 °C to form a well-
dispersed suspension followed by the addition of
Mg(NO3)2.6H2O (10−4 to 10−5 mol). The Mg(NO3)2.6H2O
has been used as an electrolyte to provide the positive charge
onto the surface of GQDs where Mg2+ ions adsorbed by
GQDs nanosheets [see Electronic Supplementary Material
(ESM), Fig. S6]. Dispersed solution was taken in two elec-
trode cells separated by 1 cm where platinum foil act as a
cathode and hydrolyzed ITO-coated glass electrode (H2O2/
NH3/H20; 1:1:5 ratio heated at 80 °C) act as an anode [18].
By applying the constant potential (5 V) to an ITO electrode

Fig. 1 Schematic representation
(a) synthesis of GQDs from
graphite and (b) EPD of GQDs
onto ITO-coated glass substrate
and immobilization of antibody
using EDC-NHS chemistry
followed by the AFB1 detection
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(0.5 cm2, 20Ω cm−1) for less than 1 min, GQDs easily depos-
ited onto the ITO electrode substrate without disturbing their
structure and surface morphology. Thus, the deposited elec-
trode was removed from the suspension and then washed with
distilled water several times and dried at room temperature.
The chemically synthesized GQDs has negative zeta potential
(− 10.0 mV) indicates the presence of various groups on the
edge planes and basal planes. To obtain the well-ordered sur-
face morphology with a uniform distribution over the elec-
trode, certain parameters were optimized such as the concen-
tration of Mg(NO3)2.6H2O, time, and voltage.

Fabrication of BSA/anti-AFB1/GQDs/ITO
immunoelectrode

Before carrying out the immobilization process, the deposited
electrode was activated by EDC-NHS coupling chemistry
where EDC (0.2 M) was used as a coupling agent, and NHS
(0.05 M) acted as an activator for covalent immobilization of
biomolecules [19]. The optimum concentration of antibodies
was determined by varying the concentration from 2 to
14 μg mL−1 using EIS analysis [see ESM Fig. S4(c)]. Ten
micrograms per milliliter (optimized concentration) of anti-
AFB1 was uniformly immobilized onto GQDs/ITO electrodes
and kept in the incubated humid chamber (25 °C) for overnight.
Covalent amide bond (CO–NH) formation takes place between
COOH groups of GQDs and NH2 groups of antibodies. Finally,
the immobilized electrode was treated with BSA to block non-
active sites on the electrode [19]. Immobilized BSA/anti-AFB1/
GQDs/ITO glass electrode was stored at 4 °C, when not in use.

Preparation of real samples

The contaminated maize sample solutions were prepared using
the earlier reported method [20]. Typically, 1 g of maize was
accurately weighted from maize samples in a centrifuge tube
and mixed with 20 mL of methanol/water (8:2 v/v) and 1 g
NaCl. The mixture was shaken on a vortex mixer for 30 min
and centrifuged at 2800g for 15 min. The resultant supernatant
was collected and several dilutions prepared using PBS
(pH 7.4). Further, different prepared dilutions were tested
against bioelectrode BSA/anti-AFB1/GQDs/ITO in PBS (0.9%
NaCl) containing 5mM [Fe(CN)6]

3−/4− using the EIS technique.

Results and discussion

Structural studies

Optical properties of GQDs were characterized using UV-
visible spectroscopy [see ESM Fig. S1 (a)]. The UV-visible
spectrum of GQDs exhibited two absorption peaks at 295 nm
and 338 nm respectively. The absorption peak at 295 nm was

attributed to π–π* transition due to aromatic –C=C bonds in
GQDs and the absorption peak occurred at 338 nm was
assigned to n–π* transition due to the presence of –C=O
groups moiety. The radius of GQDs was calculated by using
an effective mass approximation model [Eq. (1)] [21],

ΔER ¼ h2π2

2R2

1

me
þ 1

mh

� �
−
1:8e2

ϵR
ð1Þ

where ΔEg is the bandgap energy (eV), ϵ is the relative dielec-
t r i c cons tan t (ϵ 5 .7 ) , ħ i s the p lanks cons tan t
(6.626 × 10−34 J s), me = 0.19mo, mh = 0.8mo is the effective
mass of electron and holes respectively. The radius was found
to be 7 nm, and direct band gap was 3.6 eVand 4.12 eV.

An XRD technique was used to examine the crystallite size
of GQDs. As shown in ESM Fig. S1 (b), the primary diffrac-
tion peak (002) observed at 2θ–23.24° found to be lower than
the graphite diffraction peak value 2θ–25° confirmed the for-
mation of GQDs. The interlayer spacing of crystallographic
planes (002) found to be 0.51 nm which is higher than graph-
ite interlayer spacing. Thus, increased spacing between the
layers indicates the presence of functional groups [22]. The
average crystallite size of the GQDs was calculated using the
Debye-Scherrer equation [Eq. (2)] [23],

D ¼ Kλ
βcosθ

ð2Þ

where D is the average nanocrystal size, K is the shape factor,
λ is the wavelength (0.154 nm), θ is the diffraction angle, and
β is the full-width half maximum (FWHM) of the diffraction
peak. The average crystallite size of GQDs found to be 7 nm.

The PL spectrum of a uniformly dispersed aqueous solu-
tion of GQDs was recorded at 365 nm and 375 nm excitation
wavelength as shown in ESM Fig. S2 (a). The GQDs show
prominent PL emission peak at 460 nm by exciting the pho-
tons at 375 nm, and inset images show the PL emission spec-
trum of GQDs at 430 nm by excitation wavelength at 365 nm.
Moreover, synthesized GQDs shows the yellow color appear-
ance under visible light and fluorescence green color emission
under a source of UV lamp 365 nm wavelength [see ESM,
inset image Fig. S2(a)]. Typically, the green color emission
from GQDs was assigned to the functional groups and edge
effects. However, ESM Fig. S2(b) shows broad PL spectra
with redshifting in the emission peaks from 460 to 542 nm
along with decreasing their peak of intensity where the exci-
tation wavelength increases from 375 nm to 450 nm. The
excitation-dependent PL behavior indicates the inhomoge-
neous orbital energy distribution of the defect states as well
as it attributed to the presence of polyaromatic sp2 carbon
domains with various functional groups or moieties in the
structure of GQDs [24, 25].

ESM Fig. S2(c) demonstrates the result of the Raman spec-
troscopy study of GQDs. The two broad peaks appeared at
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1462 cm−1 and 1559 cm−1 corresponding to D-band and G-
band respectively. The crystalline G-band peak and the amor-
phous D-band peak appeared due to the presence of aromatic
domains of the E2g vibrational mode in a hexagonal lattice
structure [22]. Moreover, the D-band and G-band peaks orig-
inating from the disorder band caused by graphitic edges due
to the sp2/sp3 domains and in-phase vibration of the graphite
lattice. The ratio of the intensities D- and G-band BID/IG^ was
found to be 0.97 which is higher than graphite [22]. These
results indicate the presence of oxygen functional groups in
the graphitic structure of nanomaterials.

The TEM studies were carried out for the structural inves-
tigation of synthesized GQDs as shown in Fig. 2a, b. The
dispersed solution of GQDs for TEM analysis was prepared
in distilled water, followed by ultrasonication for 30 min, then
drop cast onto copper grids (3.05 mm) and dried at room
temperature. Due to the presence of conducive functional
groups in GQDs, their dispersion ability in aqueous solution
was improved. TEM images of GQDs indicate the average
size varies from 5 to 9 nm which was consistent with the
results of XRD. The TEM studies revealed that GQDs are
spherical, having an average crystalline size with well-

ordered orientation. The lattice fringes with the interplanar
distance between the two adjacent lines were found to be
0.36 nm [inset image Fig. 2b].

Morphology studies

Morphology studies of GQDs/ITO electrode and anti-AFB1/
GQDs/ITO bioelectrode were carried out using the
SEM technique to investigate the changes occuring on their
surface morphology. Fig. 2c, d displays synthesized GQDs are
spherical in shape with uniform distribution onto ITO elec-
trodes. After the immobilization of antibodies onto deposited
electrode [Fig. 2e], the surface morphology was found to be
changed from spherical to a globular structure which indicates
that antibodies were successfully immobilized over the sur-
face of the electrode.

Spectroscopy studies

Figure 3 demonstrated the FT-IR spectra of GQDs and
immobilized anti-AFB1 onto GQDs/ITO electrode. The
FT-IR spectra of GQDs/ITO electrode [Fig. 3 curve (a)]

Fig. 2 TEM images of (a, b)
GQDs at 200-nm scale and 5-nm
scale and SEM images of GQDs/
ITO deposited electrode (c, d) at
2-μm and 1-μm scale and (e) anti-
AFB1/GQDs/ITO bioelectrode at
1-μm scale
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show an intense peak at 3200 cm−1 attributed to the presence
of −OH stretching vibrations in a carboxylic acid (−COOH).
The peak observed at 1460 cm−1 and 1720 cm−1 corre-
sponding to −C=C and −C=O groups, respectively, arise
due to the presence of carbonyl groups and −C=C bond in
GQDs. The peak observed at 1230 cm−1 assigned to the
availability of −C−O group moiety in the GQDs. As shown
in Fig. 3 curve (b), FT-IR spectra of anti-AFB1/GQDs/ITO
bioelectrode, additional two broad peaks appeared at
3530 cm−1 and 1487 cm−1 indicates the presence of −N−H
groups as amide I and amide II respectively, which con-
firmed the immobilization of antibody onto GQDs elec-
trode. Moreover, the peak observed at 1691 cm−1 corre-
sponds to −C−O groups present in GQDs and the peak ob-
served at 1085 cm−1 assigned to the C−N stretching bond of
amine group that confirmed the formation of covalent bonds
between −COOH groups in GQDs with −NH2 groups of
antibodies.

Electrochemical analysis

CV and EIS studies were conducted using GQDs/ITO elec-
trode, anti-AFB1/GQDs/ITO and BSA/anti-AFB1/GQDs/ITO
bioelectrodes in 50 mM PBS containing (0.9% NaCl) 5 mM
[Fe(CN)6]

3−/4- as a redox species at pH 7.4.

Cyclic voltammetry studies

The CV analysis of the electrodes GQDs/ITO, anti-AFB1/
GQDs/ITO, and BSA/anti-AFB1/GQDs/ITO were carried
out at scan rate of 50 mV s−1 with an applied potential
range from − 0.7 V to +0.7 V [see ESM Fig. S3(a)]. The
magnitude of the anodic and cathodic peak current of
GQDs/ITO electrode was found to be 458.3 μA and −

376.4 μA respectively. Similarly, oxidation and reduction
peak current of bioelectrodes anti-AFB1/GQDs/ITO and
BSA/anti-AFB1/GQDs/ITO were found to be 417.8 μA,
− 335.4 μA and 399.82 μA, and − 353.24 μA respective-
ly. The oxidation peak potential of the GQDs/ITO elec-
trode was found to be slightly higher (0.29 V) in com-
parison to the anti-AFB1/GQDs/ITO (0.28 V) and BSA/
anti-AFB1/GQDs/ITO bioelectrodes (0.27 V). The
GQDs/ITO electrode shows higher current as compared
to immobilized electrodes because of the electron
detaching behavior of GQDs. After the immobilization
of anti-AFB1 onto the deposited electrode, the current
value was found to be decreased, probably by an insu-
lating behavior of anti-AFB1 that hindered the transfer of
electrons towards the electrode surface. The current re-
sponse was further reduced when the electrode was treat-
ed with BSA because BSA blocks the non-specific active
sites [26].

The surface concentration of BSA/anti-AFB1/GQDs/
ITO and anti-AFB1/GQDs/ITO bioelectrodes were esti-
mated to be 1.69 × 10−8 mol cm−2 and 1.78 ×-
10−8 mol cm−2 whereas the surface concentration of
GQDs/ITO-deposited electrode was found to be 1.94 ×-
10−8 mol cm−2 that confirmed immobilization of anti-
AFB1 onto the deposited electrode surface. The surface
concentration of the electrode matrix was calculated by
the Brown-Anson model [Eq. (3)] [27],

IP ¼ n2F2I*AV
4RT

ð3Þ

where Ip is the peak current (μA), A is the area of the
electrode (cm2), V is the scan rate (V s−1), R is the gas constant
(J K−1 mol−1), T is the temperature (K), F is the Faraday
constant (C mol−1), and I* is the surface concentration of the
electroactive species (mol cm−2).

CV studies were carried out using bioelectrode BSA/anti-
AFB1/GQDs/ITO as a function of scan rate from 10 to
300 mV s−1 [see ESM Fig. S3(b)]. The anodic peaks were
observed to be increased towards the positive potential, and
cathodic peaks were shifted towards the negative potential by
increasing the scan rate resulted as a diffusion-controlled pro-
cess for the redox reaction [27]. The anodic and cathodic peak
current and potential vary proportionally with the square root
of scan rate Eqs. (4–7).

Iac ¼ 67:86 μAþ 47:86 μA2 m V−1 s
� �1=2

� scan rate mV s−1
� �� �1=2

;R2

¼ 0:99 ð4Þ

Fig. 3 FT-IR spectrum of (a) GQDs/ITO electrode and (b) anti-AFB1/
GQDs/ITO bioelectrode
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Icc ¼ −130:47 μA−27:94 μA2 m V−1 s
� �1=2

� scan rate mV s−1
� �� �1=2

;R2

¼ 0:99 ð5Þ
Vap ¼ 2:0� 10−1 Vð Þ þ 1:6 � 10−2 Vð Þ

� scan rate mV s−1
� �� �1=2

;R2

¼ 0:99 ð6Þ
Vcp ¼ 1:2� 10−1 Vð Þ−1:6 � 10−2 Vð Þ

� scan rate mV s−1
� �� �1=2

;R2

¼ 0:98 ð7Þ

where, Iac and Icc anodic and cathodic peak current and Vap
and Vcp are the anodic and cathodic peak potential
respectively.

However, the diffusion coefficient was estimated to be
7.0 × 10−6 cm2 s−1 for BSA/anti-AFB1/GQDs, calculated by
Randles-Sevcik equation [Eq. 8] [28],

IP ¼ 2:69x105n
3
2AD

1
2V

1
2C ð8Þ

where Ip is the peak current of bioelectrode, n is the number of
electrons involved in the process, C is the concentration of
redox species 5 mM [Fe(CN)6]

3−/4-, D is the diffusion coeffi-
cient, v is the scan rate (50 mV s−1).

Electrochemical impedance spectroscopy studies

EIS is a non-destructive, versatile, and powerful as well as
label-free technique (without any targeted reagents) that
may yield rapid, simple, and low-cost detection due to
complex resistance and capacitance changes occurring on
the electrode and electrolyte interfaces [28]. The EIS tech-
nique is used to determine the complex electrical imped-
ance signal of an electrochemical system occurred at the
interface between the surface of the electrode and electro-
lyte solution. The electrochemical impedance behavior can
be determined by applying a small amount of voltage; ac-
cordingly, it measures the impedance response as a Nyquist
plot (combination of real and imaginary part of impedance)
with the function of frequency [28]. The Randel’s equiva-
lent circuit is one of the most common model which in-
cludes solution resistance (Rs), double-layer capacitance
(Cdl), charge transfer resistance (polarization resistance
RCT), and Warburg impedance (diffusion of ions at the
interface of the electrode surface and an electrolyte solu-
tion in electrochemical system). In the Nyquist plot, RCT

behavior of an electrode was presented by a semicircle
diameter forming at the higher frequency region corre-
sponding to an electron-limiting process whereas a

diffusion-controlled process exhibited at the lower fre-
quency region. Figure 4(a) shows the results of EIS spectra
of (a) GQDs/ITO, (b) anti-AFB1/GQDs/ITO, and (c) BSA/
anti-AFB1/GQDs/ITO electrodes in PBS (pH 7.4) contain-
ing 5 mM [Fe(CN)6]

3−/4-, as a function of frequency range
(0.01–100 kHz) at a bias potential of 0.25 V. The RCT value
of GQDs/ITO electrode was found to be 109 Ω because of
the electrophoretic deposit of GQDs onto the surface ma-
trix resulting in an enhancement of the electron transfer
phenomenon. After the immobilization of antibody onto
an electrode surface of anti-AFB1/GQDs/ITO, RCT value
found to be 246 Ω which was higher than GQDs/ITO elec-
trode RCT value. This increase in the RCT value indicates
conjugation of biomolecules with nanomaterials GQDs.
Further, the bioelectrode treated with BSA, RCT value
found to be increased up to 257 Ω because BSA blocks
the non-active sites on the electrode surface. To figure
out the specificity of the antigen AFB1, a control experi-
ment was carried out using the GQDs/ITO electrode treat-
ed with BSA (1 mg mL−1). This fabricated electrode was
tested against the different concentration of antigen AFB1

range varying from 0.1 to 2.0 ng mL−1. There were no
significant changes observed in the RCT value indicating
the antigen is highly specific for the antibody [see ESM
Fig. S4 (a)]. The electron transfer kinetics of the redox
probe occurred at the electrode/electrolyte interface varied
through modifying the electrode matrix. Any insulating
modification on the electrode is expected to retard the in-
terfacial electron transfer kinetics, thereby enhancing the
electron transfer resistance. Further, bioelectrode charac-
terized by evaluating the various important parameters
such as heterogenous electron transfer (HET) and time
constant for the redox probe. These important parameters
not only allow knowing the interfacial interaction of the
structural features of the sensing interface but also explain
the mechanisms of the chemical process occurring at the
electrode/electrolyte interface. The change in the HET val-
ue indicated about the speed of electron exchange between
the redox probe and electrode matrix. The HET of the elec-
trodes GQDs/ITO, anti-AFB1/GQDs/ITO, and BSA/anti-
AFB1/GQDs/ITO was calculated using Eq. (9) [29],

Ke ¼ RT
n2F2ARCTC

ð9Þ

where, R is the gas constant (J K−1 mol−1), T is the temper-
ature (K), n is the number of electrons transfer, F is the
Faraday constant (C mol−1), A is the effective area of elec-
trode (cm2), RCT is the charge transfer resistance (Ω), and C
is the concentration of redox species in the bulk solution
(mol cm−3). The Ke value of electrode GQDs/ITO was
found to be 97.63 × 10−5 cm s−1 whereas Ke value of the
bioelectrodes BSA/anti-AFB1/GQDs/ITO and anti-AFB1/
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GQDs/ITO were found to be 41.40 × 10−5 cm s−1 and
41.74 × 10−5 cm s−1. It has been noticed that decreased
in the Ke value with bioelectrode revealed about decreased
in the electron transfer kinetics due to higher loading of
anti-AFB1 onto the deposited electrode. Moreover, we
have calculated the various parameters of electrodes
depicted in [see ESM Table S2]. And, in this study another
important parameter is calculated as the time constant (tau)
value for the corresponding charge transfer process. The
time constant value determined by the maximum frequency
(ω = 2πf), in which semicircle draws a maximum in the
imaginary axis using Eq. (10),

τ ¼ 1=ω max ¼ R CT C dl ð10Þ

The tau value of the electrodes GQDs/ITO, anti-AFB1/
GQDs/ITO, and BSA/anti-AFB1/GQDs/ITO were found to be
0.005 s, 0.012 s, and 0.014 s. The tau value of GQDs/ITO
electrode was found to be lowest at 0.005 s due to the faster
reaction taking place in the redox electrolyte species, whereas

the tau value found to be increased after immobilization of
antibody onto deposited electrode, resulting in slower diffusion
of [Fe(CN)6]

3−/4- ions in the electrochemical process.

Electrochemical response studies

The electrochemical immunosensing response of the
bioelectrode BSA/anti-AFB1/GQDs/ITO was conducted with
the function of antigen concentration 0.1–2.0 ng mL−1 as
shown in Fig. 4b. In the Nyquist plot, the diameter of the
semicircle increased as the concentration of antigen AFB1

increased, resulting in antigen AFB1 interacting with the an-
ti-AFB1 by immunocomplex formation. Increasing the con-
centration of AFB1 resulted in more accumulation of the
antigen-antibody complex at the sensor surface leading to en-
hanced electrochemical impedance signal. On further addition
of AFB1 in the electrolyte redox probe PBS containing 5 mM
[Fe(CN)6]

3−/4-, therewas no further increment in the RCT value
[see ESM Fig. S4 (d)]. This indicates that there were no re-
maining antibodies available onto the electrode surface which

Fig. 4 (a) EIS spectrum of GQDs/ITO, anti-AFB1/GQDs/ITO, BSA/anti-
AFB1/GQDs/ITO electrode in PBS (pH 7.4) containing 5 mM
[Fe(CN)6]

3−/4-, (b) EIS response of BSA/anti-AFB1/GQDs/ITO
bioelectrode for varying concentration of AFB1 (0.1–2.0 ng mL−1) in

PBS (pH 7.4) containing 5 mM [Fe(CN)6]
3−/4-[Inset image shows the

Randles equivalent circuit, and (c) calibration plot showing the variation
in charge transfer resistance (RCT) with AFB1 concentration (0.1–
2.0 ng mL−1)
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may interact with more antigens; this revealed that the specific
available sites of the antibodies get saturated. The calibration
curve between RCT value and concentration of AFB1 is
depicted in Fig. 4c. I t has been shown that this
immunoelectrode BSA/anti-AFB1/GQDs/ITO has a linear de-
tection range from 0.1 to 2.0 ng mL−1. The sensitivity of the
immunoelectrode was found to be (213.88 Ω (ng mL−1)−1 cm−2.

RCT Ωð Þ ¼ 276:493 Ωþ 106:9443 Ω ng−1 mL
� �

x0:3 ng mL−1

ð11Þ

The high sensitivity of the immunoelectrode BSA/anti-
AFB1/GQDs/ITO may assign to the presence of oxygen-
containing groups in GQDs which have strong capability to
adsorb the biomolecules covalently. The nanocrystal size of
GQDs attributed to the enhancement of the surface concentra-
tion of the electrode. In comparison to the other matrices,
GQDs-based platform provides the linear sensing detection
range is from 0.1–2.0 ng mL−1 along with high sensitivity.
The smart material GQDs improve the biosensing character-
istics along with some important parameters of the biosensor
as HETcharacteristics and time constant. The specific charac-
teristic and functional parameters of the currently designed
immunosensor were found to be better as compared to previ-
ously reported. For example, Beizaei et al. demonstrate the
highly sensitive toxic microarray for AFB1 detection and limit
of detection found to be 1 pg g−1 [30]. Moreover, Liu et al.
developed the novel monoclonal antibodies-based ultrasensi-
tive ELISA for AFB1 detection with a detection limit of
immunostrip at 1.0 ng mL−1 [31]. The lower detection limit
was calculated by (Eq. 12) [32],

Detection limit ¼ 3σ
m

ð12Þ

where σ is the standard deviation and m is the slope. The
fabricated immunosensor could be able to detect up to the
lowest concentration (0.03 ng mL−1) of AFB1 in food com-
pared to the other reported biosensors. The three-dimensional
structure of GQDs act as a significant nanomaterial owing to
the availability of conducive functional groups which have
been utilized for covalent binding of specific antibodies of
AFB1 using crosslinker leading to the improvement of their
chemisorption phenomenon, electron transfer efficacy, stabil-
ity, and conductivity of electrochemical biosensor. Moreover,
a control experiment was performed using the electrode
GQDs/ITO in PBS containing [Fe(CN)6]

3−/4- by varying the
antigen concentration from (0.1–2.0 ng mL−1) using the EIS
technique to check out the antibody-antigen interactions [see
ESM Fig. S4(b)]. We noticed that no significant change had
been observed in the RCT value, indicating that AFB1 was
highly selective for the anti-AFB1.

Reproducibility and stability studies

The reproducibility studies of immunosensor were carried out
by using seven different electrodes under the same set of ex-
perimental conditions with a concentration of antigen AFB1

(0.1 ng mL−1). It was observed that there was a negligible
modulation in RCT value. The relative standard deviation
(RSD) value was found to be 1.71% with a respective mean
value of 262.4 [Fig. 5a]. This indicates that the electrochem-
ical immunosensor for AFB1 is reproducible. The stability
studies of the immunoelectrode were carried out using the
EIS technique. As shown in Fig. 5b, the EIS response of the
bioelectrode BSA/anti-AFB1/GQDs/ITO recorded as a func-
tion of a number of days in the interval of 1 week up to 8
consecutive weeks. It was found that there was negligible
variation in the RCT value from the observed initial value up
to 7 weeks. Thus, these bioelectrodes retain their activity up to

Fig. 5 (a) The EIS response of seven different bioelectrodes BSA/anti-
AFB1/GQDs/ITO were studied in the presence of AFB1 concentration
0.1 ng mL−1 in PBS (pH 7.4) containing 5 mM [Fe(CN)6]

3−/4− and (b)

the EIS response of BSA/anti-AFB1/GQDs/ITO bioelectrode as a func-
tion of weeks
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7 weeks by decreasing only 2–5%, but after that, the
bioelectrode shows a significant decrease in their activity
due to degradation of biomolecules. The stability of the
immunoelectrode may be assigned to the covalent interactions
of the antibody with the deposited nanomaterials.

In the literature, several methods were reported for the de-
tection of AFB1. A comparative report of this fabricated BSA/
anti-AFB1/GQDs/ITO immunosensor with other published
works is shown in ESM Tables S1[33–40] and S3[41–44,
46, 47] for the detection of AFB1 in foodstuffs and feeds. In
the present study, we found better results as compared to pre-
viously reported results. The electrochemical immunosensor
using GQDs-based platform shows several advantages such as
high surface to volume ratio, excellent biocompatibility, abun-
dant hydrophilic edges and hydrophobic planes that favors the
antibody adsorption over the electrode surface, enhances the
electron transfer phenomenon, electrode/ion conduction with
shorter electron transportation and diffusion length for ion
transport. Thus, biosensing sensing performance regarding
sensitivity, detection limit, specificity, and reproducibility for
AFB1 detection has been achieved better which act as a novel
electrode in the field of electrochemical biosensing.

Real sample analysis

Contaminated maize samples were procured from the Indian
Agricultural Research Institute (IARI), New Delhi, India. The
different concentration of AFB1 samples was prepared in PBS
solution and tested against bioelectrode BSA/anti-AFB1/
GQDs/ITO in PBS (pH 7.4) containing 5 mM [Fe(CN)6]

3−/4

− using EIS technique and the obtained results were shown in
ESM Fig. S5(a, b). The impedance response of the
bioelectrode increases by increasing the concentration of
AFB1 from (0.1–1.75 ng mL−1). The regression coefficient
found to be 0.98 revealed that there is a high correlation be-
tween impedance response and concentration. The LOD was
found to be 0.05 ng g−1. Therefore, it is a very simple, rapid,
and reliable technique for the detection of AFB1 in food con-
tents and feeds.

Conclusions

In summary, we designed a label-free electrochemical
immunosensor based on the GQDs platform for the detection
of aflatoxin B1 in food contents and feeds. Chemically syn-
thesized GQDs deposited onto ITO-coated glass substrates
using the EPD technique where the deposited electrode has
–COOH groups which are being utilized to conjugate the anti-
AFB1 having NH2 groups via covalent amide bonding linkage
(CO–NH). Thus, large surface area, good conductivity, ease of
electron transfer efficacy, low toxicity, biocompatibility of
GQDs-based platform provide selective, specific, and

reproducible immunoassay. The proposed electrochemical
immunosensor exhibits a wide range of detection (0.1–
2.0 ng mL−1), high sensitivity 213.888 Ω (ng mL−1)−1 cm−2,
and an improved detection limit (0.03 ng mL−1). This biosen-
sor served for better reproducibility and storage stability up to
7 weeks. The fabricated immunosensor utilized for real sam-
ple analysis as maize food product resulting detection limit
found to be 0.05 ng g−1, indicating its potential application
as rapid detection of AFB1 in food contents.
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