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We report results of the studies related to the fabrication of thionine functionalized graphitic carbon
nitride nanosheets based ultrasensing platform for food toxin (Aflatoxin B1, AfB1) detection. The synthe-
sis of graphitic carbon nitride nanosheets (g-C3N4) was carried out by polycondensation of melamine fol-
lowed by chemical exfoliation. Further, thionine was used for the functionalization of g-C3N4 (Thn/g-
C3N4) and deposited electrophoretically onto the indium tin oxide (ITO) coated glass electrode. The fab-
ricated Thn/g-C3N4/ITO electrode was covalently immobilized by EDC-NHS chemistry with anti-aflatoxin
B1 (anti-AfB1) followed by blocking of non-specific sites using BSA molecules. For structural, morpholog-
ical, functional and electrochemical properties analysis of synthesized nanomaterials and fabricated elec-
trodes X-ray diffraction, scanning electron microscopy, transmission electron microscopy, Fourier
transform infrared spectroscopy, atomic force microscopy and cyclic voltammetry techniques were used.
The electrochemical response studies of the fabricated biosensing platform (BSA/anti-AfB1/Thn/g-C3N4/
ITO) were carried out towards detection of AfB1 antigen using cyclic voltammetry technique. The
obtained electrochemical results indicate that the fabricated biosensing electrode having ability to detect
AfB1 with lower limit of detection of 0.328 fg mL�1, linear detection range in between 1 fg mL�1 to
1 ng mL�1, sensitivity of 4.85 lA log [ng�1 mL] cm�2 with stability upto 7 weeks.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Nanomaterials have emerged as efficient immobilization matri-
ces in the fabrication of biosensors owing to their excellent elec-
tronic, mechanical, optical, magnetic, and thermal properties.
They behave differently from their bulk counterparts due to their
high surface area to volume ratio and dominance of quantum
effects [1]. Various types of metals and metal-based nanomaterials
like oxides [2–4], sulphides [5,6], selenides [7,8], carbides [9,10]
etc. have been widely employed in the successful development of
biosensors. However, these metal-based nanomaterials are synthe-
sized from expensive and high molecular weight hazardous pre-
cursors. Also, many of these metal compounds tend to
agglomerate and may lose their dispersion property. This difficulty
can be overcome by the use of carbonaceous nanomaterials like
graphene and its analogs viz. graphene oxide [11–13], multi-
walled carbon nanotubes (MWCNTs) [14,15], carbon nanofibers,
porous carbon [16] etc. which possess better dispersing ability
and comparatively less harmful precursors. These nanomaterials
exhibit excellent electron transfer properties, high mechanical
strength, astonishing electrical and thermal conductivity with
excellent biocompatibility. Along with these outstanding charac-
teristics, researchers have exploited these materials immensely
to fabricate biosensors viz. graphene oxide (GO) coated gold elec-
trode to detect food toxin aflatoxin B1 [17], glassy carbon electrode
(GCE) modified MWCNTs, and GO electrode for polyphenol detec-
tion [18], ITO coated with MoO3-reduced graphene oxide (rGO)
based platform for breast cancer detection [4], graphene based
GCE surface for dopamine detection [19] etc. Significant efforts
have also been made to explore novel carbonaceous nanomaterials
for biosensing applications. One of the promising candidate emerg-
ing from this intent is graphitic carbon nitride (g-C3N4) [20]. Gra-
phitic carbon nitride nanomaterials are burgeoning
semiconductor polymeric materials with a high N:C ratio (=3/4)
with a small amount of hydrogen and structure varying from poly-
mer to graphitic. The name ‘‘graphitic” is inherited by graphite, as
it has a stacked structure with weak van der Waals forces between
layers, also recognized as sp2-hybridized graphene replaced by
nitrogen [21]. This infancy carbonaceous nanomaterial has
recently come into consideration owing to a medium bandgap of
2.7 eV. It possesses a porous framework with electron-rich proper-
ties, along with basic surface functionalities that help in the facile
biofunctionalization of the compound. Nevertheless, its
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biocompatibility, physicochemical stability, environment friendly
and economic availability align it towards biomedical applications
such as therapeutic, diagnostic, imaging, and antimicrobial etc.
[22–26]. Ma et al. synthesized protonated ultrathin g-C3N4

nanosheets and used to fabricate sensing platform to detect hep-
arin. The protonated g-C3N4 interacted electrostatically with nega-
tively charged heparin to produce a fluorescent signal [27]. A
highly sensitive g-C3N4 based fluorescent biosensing platform
was developed by Xiang et al. to detect alkaline phosphatase [28]

For the covalent immobilization of biomolecules onto the fabri-
cated surfaces, linker molecules like 3-aminopropyl triethoxy
silane (APTES) and 3-mercaptopropyl triethoxy silane (MPTES)
have been used. However, these materials are highly toxic and
may have lethal effects on the nervous and respiratory systems.
Therefore, recent research interest has emerged in using non-
toxic and biocompatible materials for biofunctionalization. Thion-
ine (3,7-diaminophenothiazin-5-ium) has endowed the same char-
acteristics as it is an artificial organic cationic dye and belongs to
the class of phenothiazinium. Structurally, it is consisted of a pla-
nar molecule and demonstrates a reversible mechanism of transfer
of two electrons and two protons. Thionine serves as a mediator
and a matrix for enzyme immobilization, possesses good conduc-
tivity to transfer electron and high electrochemical signal [29]. It
Scheme 1. (a) Synthesis route for the preparation of g-C3N4 nanosheets (b) functionaliza
wise fabrication of biosensing electrode.
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has been extensively reviewed for its potential usefulness in sensor
applications. Ou et al. developed an immunosensor for CEA detec-
tion, in which MWCNTs non-covalently modified with thionine act
as redox mediator and GNPs–MWCNTs-THI–CHIT multilayer films
on polyelectrolyte modified gold electrode acted as immobilization
support [30]. Sun et al. employed multifunctional material of
thionine–graphene oxide nanosheets (T–GOs) for uric acid (UA)
detection and Mendiola et al. developed DNA biosensor for the
selective detection of mutation in BRCA1 gene using thionine as
redox indicator [31].

Aflatoxin, a difuranocoumarin derivative, is one of the extre-
mely toxic secondary metabolites which is synthesized by fungal
species like Aspergillus flavus and Aspergillus Parasite through the
polyketide pathway. This primarily contaminates cereal crops
including wheat, corn, cotton seeds, walnut, peanut, and tree nuts.
The extensive AfB1 exposure occurs globally in hot and humid
areas. It affects the body via respiratory, mucous, or cutaneous
pathways, and elevates the inflammatory response [32,33]. The
International Cancer Research Agency has revealed that AfB1
directly targets the liver tissue, its immunosuppressive properties
responsible for hepatocellular carcinoma (HCC, i.e., primary liver
cancer), which is the sixth most common cancer worldwide [34].
Therefore, aflatoxins exposure should be minimized. Along with
tion of g-C3N4 nanosheets and electrophoretic deposition of Thn/g-C3N4 and, (c) step
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this, AfB1 is not only maleficent to both human and animal health,
but also effects food safety and nutrition by limiting access to
nutritious food [35]. Conventionally fluorescence spectroscopy,
thin layer chromatography (TLC), high performance liquid chro-
matography (HPLC), liquid chromatography-mass spectroscopy
(LCMS), and enzyme linked immunosorbent assay (ELISA) have
been used to detect AfB1, but these techniques are time-
consuming, commodity-deprived for resource limited area as well
as need of qualified practitioners, comprehensive pre-treatment
tests and costly equipments. Moreover, to control food safety and
human health, an efficient and effective detection technique for
AfB1 urgently needed. Although AfB1 is a low molecular weight
fungal toxin that often leads to weak signals being produced by
direct detection, vindicating the production of indirect competitive
immunoassay [36]. In this context, biosensor play a vital role in the
efficient detection of AfB1 by minimizing the cost, reducing the
analysis time, and applying much simpler techniques. Among dif-
ferent types of biosensors, electrochemical biosensors have
recently arisen considerable interest with its high sensitivity, accu-
racy, rapid detection, and simplicity. Srivastava et al. have reported
a highly sensitive rGO based biosensing platform for the detection
of AfB1 [37]. Carboxyl functionalized carbon nanotube modified
gold electrode was used by Costa et al. to fabricate an effective
immunosensing platform to detect AfB1 from corn flour using cyc-
lic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) techniques [38]. The comprehensive review of the enor-
mously developed nanomaterial based biosensing platform hith-
erto acquiring a lower detection of AfB1 is still a challenge. To
subdue this parameter, nanomaterial owing exquisite biosensing
characteristic is the demand of an hour.

In this study, g-C3N4 nanosheets were prepared by chemical
exfoliation process and further functionalized with thionine
(Thn) and biofunctionalized with anti-AfB1 and bovine serum albu-
min (BSA) molecules. The biofunctionalized platform was used to
develop a biosensor which is competent to detect AfB1 with ultra-
sensing lower limit of detection (0.328 fg mL�1), wider linear range
(1 fg mL�1 to 1 ng mL�1), excellent sensitivity (4.85 lA log [ng�1

mL] cm�2), and longer shelf life (7 weeks). To the best of our
knowledge, this is the first report towards the development of gra-
phitic carbon nitride based biosensing platform for the detection of
food toxin.
2. Materials and methods

2.1. Synthesis of graphitic carbon nitride nanosheets:

The bulk and nanosheets of graphitic carbon nitride were syn-
thesized by polycondensation process. The outline of the synthesis
is as follows, 20 g of the melamine was placed in an alumina cru-
cible, covered with the lid, and heated at temperature 550 �C in a
Muffle furnace with a heating rate 5 �C–8 �C min�1 for 2 h. It
was then centrifuged at 8,000 rpm, washed with water and ethanol
several times, and dried for 8 h at 80 �C. The bulk form of the gra-
phitic carbon nitride was obtained as a product. For the prepara-
tion of graphitic carbon nitride nanosheets, the obtained bulk
product g-C3N4 (bulk) was further heated in an alumina crucible
and covered with a lid at temperature 550 �C in a muffle furnace
with a heating rate 10 �C–12 �C min�1 for 1 h. To perform chemical
exfoliation, 1 g of the obtained product was placed in a beaker and
added 10 mL of conc. H2SO4 into it and stirred the slurry at room
temperature for 8 h. The mixture was poured into a beaker con-
taining 100 mL of de-ionized water and ultrasonicated for 3–4 h.
Then centrifuged at 8,000 rpm and washed several times with
water and finally with ethanol and dried at 80 �C for 8 h [39]
(see Scheme 1a).
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2.2. Functionalization of graphitic carbon nitride nanosheets

The 200 mg of g-C3N4 and 200 mg of thionine acetate were sus-
pended in 200 mL of DMF, ultrasonicated for 30 min to form sus-
pension and solution respectively. Then thionine solution was
added dropwise into 200 mL of g-C3N4 suspension and stirred for
48 h at room temperature. The mixture was centrifuged at
12,000 rpm and washed thoroughly with DMF to collect the sedi-
ments. The product was dried in an oven at 80 �C overnight and
ground using mortar and pestle to form fine powder for further
use (see Scheme 1b).

2.3. Electrophoretic deposition of functionalized graphitic carbon
nitride nanosheets

The 20 mg of Thn/g-C3N4was dispersed in 20 mL DMF using
ultrasonication for 24 h and a suspension was obtained. 7.0 mL
of suspension was taken in a beaker and 300–400 lL of Mg(NO3)2-
�6H2O (1 mg mL�1) was added into it. The classical two electrodes
system consisting of an anode ITO coated glass electrode (working
electrode) and platinum wire (reference electrode) as a cathode
electrode was used for electrophoretic deposition (EPD) technique.
An optimized DC potential of 40 V was supplied for the 60 s to form
a thin and blackish-blue layer of Thn/g-C3N4 on the ITO electrode.
The prepared electrodes were washed with deionized water to
remove any unbounded materials and stored at room temperature
(25 �C) for further use.

2.4. Fabrication of biosensing platform

The covalent amide (AC(O)ANHA) bond formation was accom-
plished using EDC-NHS coupling chemistry, the carboxylic group
present onto the Fc region of the antibody can be covalently immo-
bilized onto an amine residue of Thn/g-C3N4/ITO electrode. The
optimized concentration ratio of EDC:NHS:antibody was 1:1:2.
The outline of the protocol is as follows, 30 mL of anti-AfB1 solution
(50 mg mL�1 in PBS), 15 mL of EDC (0.4 M), and 15 mL NHS (0.1 M)
was placed in an Eppendorf for 30 min at room temperature for the
activation of –COOH groups of anti-AfB1. 20 mL of the above formed
solution was drop cast uniformly over the Thn/g-C3N4/ITO elec-
trode and kept at room temperature for overnight. The obtained
anti-AfB1/Thn/g-C3N4/ITO electrode was washed with PBS to
remove unbound antibody molecules. Further, 20 mL of bovine
serum albumin (BSA) was spread over anti-AfB1/Thn/g-C3N4/ITO
electrode to block the non-specific sites of the electrode and kept
it for 2 h at room temperature. After that, the fabricated electrode
was washed with PBS solution to remove unbound BSA molecules.
After washing, the fabricated BSA/anti-AfB1/Thn/g-C3N4/ITO
biosensing electrode was stored at 4 �C till further use. The step-
wise process used for the fabrication of biosensing platform for
AfB1 detection is shown in Scheme 1c.
3. Results and discussion

3.1. Structural and morphological studies

The X-ray diffraction (XRD) spectra of the synthesized bulk g-
C3N4 and g-C3N4 nanosheets are shown in Fig. 1a, two characteris-
tic peaks were observed for g-C3N4 nanosheets which were collec-
tive with bulk g-C3N4, which signifies that the initial atomic
structure of bulk g-C3N4 was reserved. Herein, the diffraction peaks
attributed to (002) and (100) planes are well indexed in JCPDS No.
87-1526, the intense peak approximately at 27.7� indexed as the
(002) plane reflects the stacking of the interlayer of aromatic sys-
tems and the weak characteristic peak approximately at 13.0� is



Fig. 1. (a) The XRD pattern of the bulk g-C3N4 and g- C3N4 nanosheets, (b) SEM image, (c) TEM image of g-C3N4 nanosheets and (d) FT-IR spectra of Thn/g-C3N4/ITO and anti-
AfB1/Thn/g-C3N4/ITO electrodes.
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indexed as the (100) plane represents intralayer motif of the hep-
tazine units. The (002) reflection peak shifted from 27.6� to 27.7�
for bulk g-C3N4 and g-C3N4 nanosheets respectively, d-spacing
reduced from 0.322 to 0.321 nm corresponding to the decrease
in interlayer stacking, and (100) reflection peak at 13.0� shifted
to 12.8� from bulk g-C3N4 to g-C3N4 nanosheets, a d-spacing
increase from 0.675 to 0.686 nm which attributed to increase in
intralayer distance. The cumulative diffraction intensities of the
g-C3N4 nanosheets (100) and (002) peaks have become weaker
and wider, which was attributed to the reduced thickness of the
sheet with short periodicity [40,41]. The peak obtained at 2h = 27
.7� have a high intensity as compared to 2h = 13.0� both in bulk
and g-C3N4 nanosheets, which attributed that the overall growth
is along to (002) plane [42].

The morphology of chemically exfoliated g-C3N4 nanosheets
was studied by scanning electron microscopy (SEM) as well as
transmission electron microscopy (TEM) and shown in Fig. 1b
and 1c respectively. The SEM image displayed a two dimensional
flat layered nanosheet-like structure. Further for a better under-
standing of g-C3N4 nanosheet’s morphology, TEM analysis was car-
ried out. TEM image showed that exfoliated g-C3N4 are flaky
structure with transparent edges, lamellar and planar thin
nanosheets, no lattice fringes have appeared which indicates amor-
phous existence of g-C3N4 nanosheets [43].
3.2. Fourier transform infrared spectroscopy (FT-IR) studies

The FT-IR studies were performed to investigate the successful
functionalization of synthesized g-C3N4 nanosheets with thionine
4

(Fig. S1) along with covalent immobilization of anti-AfB1 onto
the electrophoretically fabricated Thn/g-C3N4/ITO electrode
(Fig. 1d). As shown in Fig. S1, the FT-IR spectra of g-C3N4

nanosheets and thionin functionalized g-C3N4 nanosheets, the
strong and wide peak obtained at 3200 cm�1 was correlated to
the N-H str as a result of the hydrogenation of sp2-N. The basic
peaks for the stretching and bending modes of N-containing hete-
rocycles were assigned to the band obtained from 1000 cm�1 to
1750 cm�1 and a peak at 890 cm�1. Furthermore, on elaboration
the peaks appeared at 1238 cm�1, 1319 cm�1, 1458 cm�1 and
1630 cm�1 were correlated to the skeletal vibrations of the hep-
tazine heterocyclic ring (C6N7) units and peak at 1410 cm�1 as
the characteristic peak for the stretching vibration of the s-
triazine ring (C3N3) units. On comparing the FT-IR spectra of g-
C3N4 and thionine, no shift but only the intensification of peaks
was observed which concluded that the skeletal structure of g-
C3N4 is intact due to the noncovalent functionalization of g-C3N4

nanosheets occurring through p-p stacking and hydrophobic inter-
actions between these two types of conjugated structures. More-
over, g-C3N4 nanosheets resemble the structure of GO, p-p
stacking might justify the cross-linking of thionine and g-C3N4

nanosheets. Fig. 1d shows the FT-IR spectra of Thn/g-C3N4/ITO
and anti-AfB1/Thn/g-C3N4/ITO electrodes. In the spectra of anti-
AfB1/Thn/g-C3N4/ITO electrode, a wide band was obtained in
between 3200 and 3450 cm�1 shifted to a higher frequency than
Thn/g-C3N4/ITO electrode 3100–3300 cm�1, which ascribed the
N-H str due to the transformation of amide group from amine
group. The peaks obtained at 1635 cm�1 and ~1251 cm�1 are asso-
ciated with C@O and CAN stretching vibration respectively which
further confirm the formation of amide bond [41,44].
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3.3. Topological studies

The topology of the fabricated electrodes using atomic force
microscopy (AFM) technique was investigated to confirm the step
wise fabrication of biosensing platform and obtained results are as
shown in Fig. 2. The AFM image of Thn/g-C3N4/ITO electrode
(Fig. 2a and 2b) illustrated uniformly placed spines like morphol-
ogy with an average roughness of �6.7 nm, which suggests that
functionalized g-C3N4 uniformly deposited onto the ITO electrode.
Subsequently, the immobilization of anti-AfB1 over Thn/g-C3N4/
ITO electrode (Fig. 2c and 2d), the surface roughness increased to
�11.0 nm. The presence of the globular structure of the antibody
confirms the effective immobilization of anti-AfB1 on the Thn/g-
C3N4/ITO electrode because of this morphological transition. After
BSA molecules are immobilized on the anti-AfB1/Thn/g-C3N4/ITO
electrode, (Fig. 2e and 2f), the average roughness increased to
�82.6 nm as a result of gigantic size of BSA molecules [7], which
confirmed the presence of BSA molecules. The AFM studies also
Fig. 2. 2D and 3D AFM images of (a, b) Thn/g-C3N4/ITO, (c, d) anti- AfB1
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revealed that at each fabrication step, as a view of topology Z-
height increased from 40 nm to 200 nm, which signified successful
attachment of antibody and BSA molecules onto Thn/g-C3N4/ITO
electrode.

3.4. Electrochemical characterization

To study the electrochemical characterization of all the fabri-
cated electrodes, CV technique was used, which holds the capabil-
ity to rapidly observe the redox behaviour of an organic/inorganic
chemical or a biomolecule over a wide range of potential. A three
electrodes system i.e., ITO coated glass substrate as working elec-
trode (WE), platinum as auxiliary/counter electrode (CE) and Ag/
AgCl as reference electrode (RE) was used to study the effect of
ferri/ferrocyanide {[Fe(CN)6]3�/4�}. Firstly the CV study was carried
out in 0.2 M phosphate buffer saline (PBS) solution and then in PBS
(0.2 M) containing [Fe(CN)6]3�/4� (5 mM) using ITO electrode at a
scan rate of 50 mV s�1 and the obtained results are shown in
/Thn/g-C3N4/ITO and (e, f) BSA/anti-AfB1/Thn/g-C3N4/ITO electrodes.
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Fig. S2. The PBS without ferri/ferrocyanide, showed the poor signal,
thus an electroactive species, i.e., [Fe(CN)6]3�/4� was employed to
enhance the oxidation and reduction peak current by the virtue
of its facile electron transfer and electronic amplification. So,
for further electrochemical studies, PBS (0.2 M) containing
[Fe(CN)6]3�/4� (5 mM) solution was used. The pH studies were then
conducted to investigate the favourable pH of PBS buffer for the
fabricated BSA/anti-AfB1/Thn/g-C3N4/ITO electrode. For this study,
at a scan rate of 50 mV s�1, PBS containing [Fe(CN)6]3�/4� was used
and attained electrochemical response of BSA/anti-AfB1/Thn/g-
C3N4/ITO electrode as a function of pH (5.7–8.0) and the obtained
results are shown in Fig. S3. The obtained results disclose that
the charge present onto the proteinaceous biomolecules depend
directly on the pH of buffer solution in which they are immersed
and ultimately affect the electrochemical response [45]. Further,
a graph was plotted for peak current (oxidation) as a function of
pH and observed that at pH 7.0, maximum anodic current was
obtained (Inset of Fig. S3), which suggested that at neutral pH this
proteinaceous biomolecule (i.e., antibody) is present in its native
form, show high stability and activity. However, in acidic or basic
pH range these substances fetched to denatured because of the
involvement of H+ or OH– ions on the amino acid of the antibodies
[46]. It is a trivial thought that at pI (Isoelectric point) biomolecules
might have shown a high current response also, althoughmoderate
pI adversely affects the electrochemical response [45], taking this
into consideration further electrochemical studies have been
investigated using PBS at pH 7.0.

To examine the effect of scan rate, the electrochemical response
was studied on the Thn/g-C3N4/ITO and BSA/anti-AfB1/Thn/g-C3N4/
ITO electrodes as a function of scan rate in the range 10–100mV s�1

and the obtained results are shown in Fig. S4 and 3 (i) respectively.
We ascertained that both the anodic and the cathodic peak current
vary linearly with the square root of the scan rate, which implied
that the electrochemical reaction is a mechanism of diffusion reg-
ulation [2]. The inset (a) of Fig. S4 and 3 (i)shows the variation of
anodic (IPa) and cathodic (IPc) peak current vs square root of scan
rate and follow Eqs. (1)–(4):

IPaðThn=g - C3N4= ITOÞ ¼ ½0:035� 0:001mA� scan rate mV=s½ �ð Þ1=2� þ 0:074� 0:008mA;

R2 ¼ 0:99
ð1Þ

IPcðThn=g - C3N4= ITOÞ ¼ ½ - 0:025� 0:001 mA� scan rate mV=s½ �ð Þ1=2� - 0:104� 0:009mA

R2 ¼ 0:97
ð2Þ

IPaðBSA=anti - AfB1=Thn=g - C3N4= ITOÞ ¼ ½0:325� 0:001 mA� scan rate mV=s½ �ð Þ1=2 � - 0:147� 0:024 mA;

R2 ¼ 0:98
ð3Þ

IPcðBSA=anti - AfB1=Thn=g - C3N4= ITOÞ ¼ ½ - 0:2438� 0:0105mA� scan rate mV=s½ �ð Þ1=2 � - 0:077� 0:0177mA;

R2 ¼ 0:98
ð4Þ

Moreover, the peak-to-peak separation was shifted with
increasing scan rate [inset (b) of Figs. S4 and 3 (i)] which concluded
that the procedure is electrochemically quasi-reversible [46,47].

The difference in the peak potentials of cathodic (Epc) and ano-
dic (Epa) (DEp = Epa- Epc) as a function of the square root of scan
rate for Thn/g-C3N4/ITO and BSA/anti-AfB1/Thn/g-C3N4/ITO elec-
trodes demonstrated a linear relationship given by the Eqs. (5)
and (6). It suggested a facile transfer of electrons from medium
to the electrode.

DEpðThn=g - C3N4= ITOÞ ¼ 0:040� 0:0016 V� scan rate mV=s½ �ð Þ1=2
h i

þ 0:387� 0:012V;

R2 ¼ 0:98
ð5Þ
6

DEpðBSA=anti - AfB1=Thn=g - C3N4= ITOÞ ¼ 0:221� 0:005 V� scan rate mV=s½ �ð Þ1=2
h i

þ 0:033� 0:008 V;

R2 ¼ 0:99
ð6Þ

The Randles-Sevcik equation was used to determine the diffu-
sion coefficient of the redox species [Fe(CN)6]3�/4� Eq. (7)

Ip ¼ 2:69� 105
� �

n
3
2AD1=2Cv1=2 ð7Þ

where Ip is peak current of the electrode, n is electron stoichiome-
try, A is the active surface area of electrode (0.25 cm2), D is diffusion
coefficient (cm2 s�1), C is the concentration of the electroactive spe-
cies (5 mM), and v is scan rate (50 mVs�1). The value of the diffu-
sion coefficient has been estimated as 2.67 � 10�5 cm2 s�1, which
is higher with respect to the previously reported carboxylated
MWCNTs based biosensor (3.79 � 10�7 cm2 s�1) [48] for AfB1 detec-
tion. Therefore, diffusion coefficient depends on the surface area of
the working electrode and on the concentration of electro-active
species. Also, this signifies that the BSA/anti-AfB1/Thn/g-C3N4/ITO
electrode shows faster electron transfer kinetics compared with
that of MWCNTs resulting in superior analytical efficiency of this
biosensor [48]. The surface concentration of the electrode was esti-
mated using the Brown-Anson model as given in Eq. (8):

Ip ¼ n2F2cAt 4RTð Þ�1 ð8Þ
where Ip denotes the peak current, A is the electrode surface area, t
is the scan rate (V s�1), c is the surface concentration of the
absorbed electro-active species, F is the Faraday constant (96485
C mol�1), R is the gas constant (8.314 J mol�1 K�1) and T is room
temperature (25 �C or 298 K). The surface concentration of BSA/
anti-AfB1/Thn/g-C3N4/ITO is estimated to be as 3.25 � 10�5 mol
cm�2, which indicates that the fabricated electrode can be used
for the biosensing application.

The electrochemical studies were performed with 0.2 M PBS of
pH = 7 (containing 5 mM [Fe(CN)6]3�/4�) at a scan rate of 50 mV s�1

for each step in the fabrication of immunoelectrode and obtained
results are shown in Fig. 3 (ii) for (a) ITO, (b) g-C3N4/ITO, (c) Thn/
g-C3N4/ITO, (d) anti-AfB1/Thn/g-C3N4/ITO, and (e) BSA/anti-AfB1/
Thn/g-C3N4/ITO electrodes. The magnitude of current obtained
for the g-C3N4/ITO electrode (0.417 mA) was found to be compara-
ble to the bare ITO electrode (0.427), but the difference is slightly
large for Thn/g-C3N4/ITO (0.260 mA). The potential was moved
marginally to the negative potential, which suggested that depos-
ited layer hindered electron transfer between redox active species
and g-C3N4/ITO or Thn/g-C3N4/ITO electrode surface, which may be
difficult to reduce or oxidise. Moreover, after the immobilization of
anti-AfB1 onto Thn/g-C3N4/ITO electrode, the peak current drasti-
cally increased to 0.482 mA. This is due to the presence of non-
binding sites i.e., free NH3

+ groups onto the anti-AfB1/Thn/g-C3N4/
ITO electrode, which subsequently increase electron transfer
between anti-AfB1/Thn/g-C3N4/ITO and Thn/g-C3N4/ITO electrodes
[2,7]. Furthermore, peak current for BSA/anti-AfB1/Thn/g-C3N4/ITO
immunoelectrode lowers to 0.383 mA, because of the blocking of
non-specific active sites by BSA molecules present at the surface
of the biosensing electrode and the movement of electrons
between the solution and the surface of the electrode was impeded
[46].

3.5. Electrochemical response studies

Before the electrochemical response studies of fabricated
biosensing electrode, we conducted the incubation time study
(Fig. S5) to determine the incubation time required for the interac-
tion of AfB1 antigen with BSA/anti-AfB1/Thn/g-C3N4/ITO immuno-
electrode. The process was carried out at a consistent interval of



Fig. 3. Scan rate study of (i) BSA/anti-AfB1/Thn/g-C3N4/ITO electrode in between 10 and 100 mVs�1, Inset (a) magnitude of anodic and cathodic peak current as a function of
square root of scan rate scan rate (mVs�1) and inset (b) difference of oxidation and reduction peak potential (DEp = Epa-Epc) as a function of square root of scan rate (mV s�1),
(ii) The CV of (a) ITO (b) g-C3N4/ITO (c) Thn/g-C3N4/ITO (d) anti-AfB1/Thn/g-C3N4/ITO and (e) BSA/anti-AfB1/Thn/g-C3N4/ITO electrodes, (iii) Electrochemical response study of
BSA/anti-AfB1/Thn/g-C3N4/ITO biosensing electrode as a function of different concentration of AfB1 (1 fg mL�1to 1 ng mL�1), (iv) magnified view of oxidation peak current, (v)
response current curve as a function of [Log (concentration of AfB1 (ng mL�1)] and (vi) control studies of BSA/anti-AfB1/Thn/g-C3N4/ITO immunoelectrode as a function of
AfB1 antigen concentration (1 fg mL�1 to 1 ng mL�1).
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2 min and up to 32 min, by observing the obtained results we
chose 15 min as optimum time for the sufficient interaction
between AfB1 antigen with BSA/anti-AfB1/Thn/g-C3N4/ITO elec-
trode. Therefore, before each electrochemical measurement, we
provided 15 min of incubation time for further electrochemical
studies.

The electrochemical response studies of BSA/anti-AfB1/Thn/g-
C3N4/ITO biosensing electrode was carried out as a function of
7

AfB1 antigen concentration (1 fg mL�1 to 1 ng mL�1), in PBS
(0.2 M) containing [Fe(CN)6]3�/4� (5 mM) ions at the scan rate of
50 mV s�1 and potential ranging from �0.8 V to 0.8 V [Fig. 3 (iii)
and 3 (iv)]. The electrochemical response of anodic peak current
was observed to increase gradually on increasing the analyte con-
centration from 1 fg mL�1 to 1 ng mL�1, and a linear plot was
obtained for peak current vs Log [concentration of AfB1 (pg
mL�1)] with a regression coefficient of 0.99 and follows the Eq. (9):
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Ip ¼ 4:848E - 6� 1:171E - 7 mA mL pg - 1
� �h i

� Log concentration of AfB1 pg mL - 1
� �h i

þ 4:122E� 4� 2:304E� 7½ �; R2 ¼ 0:99

This concluded that the anodic peak current amplified propor-
tionally with AfB1 concentration, as a virtue of immunocomplex
formation between antigen AfB1 and anti-AfB1 antibody specifi-
cally on the surface of BSA/anti-AfB1/Thn/g-C3N4/ITO biosensing
electrode, provided additional electroactive locations for
unstrained electron transfer at the surface of electrode and results
to electron transfer layer formation and change in conformational
structure [37,49]. For the fabricated BSA/anti-AfB1/Thn/g-C3N4/ITO
biosensing electrode sensitivity was estimated to be 4.85 lA log
[mL ng �1] cm�2 using slope of calibration curve (Fig. 3 (v)).

Using the Eq. (10), the LOD is determined to be 0.328 fg mL�1:

LOD ¼ 3� SD
Slope

¼ 3� SD=
dy
dx

¼ 3� SD=
dy
dlnx

� dlnx
dx

� �

¼ 3� SD=
dy

2:303dlogx
� 1

x

� �

¼ 3� SD� 2:303� xð Þ= dy
dlogx

� �

¼ 3� SD� 2:303� xð Þ=Slope of Semi log plot ð10Þ
where x is the lowest measured concentration or the limit of quan-
tification, SD is the standard deviation of intercept [50].

Moreover, the proposed biosensing platform offered an inclu-
sive linear range of detection from 1 fg mL�1 to 1 ng mL�1, with
a limit of detection 0.328 fg mL�1. The accomplished linearity
and lower limit of detection of biosensing platform have been
improvised than previously reported nanomaterial based biosen-
sors as compared to Au@rGO nanocomposite [51], chitosan-
AuNPs nanocomposite [52], graphene quantum dots and gold
nanoparticles (GQD-AuNP) nanocomposite [49], screen-printed
electrode based electrochemical immunosensor [36] etc. The
acquired efficient biosensing parameters by fabricated platform
may be due to graphitic carbon nitride nanosheets as the immobi-
lization matrix. It possesses large specific surface which can
accommodate ample number of biomolecules [53]. Furthermore,
the presence of electron rich covalent framework, the ultrathin
structure of g-C3N4 nanosheets is accountable for fast electron car-
rier transport [54]. Therefore, ultrathin g-C3N4 nanosheets might
produce enhanced electrochemical response at very low concen-
tration of biomolecules (i.e., ultrasensing limit of detection
0.328 fg mL�1, linear detection range 1 fg mL�1to 1 ng mL�1), it
has enhanced the efficiency of charge transport which led to highly
sensitive detection of AfB1. The electrochemical sensing parame-
ters of the fabricated BSA/anti-AfB1/Thn/g-C3N4/ITO electrode
based biosensor for AfB1 detection has been compared with those
reported in the literature in Table 1.

3.6. Control and interferent studies

The control experiment was conducted to examine the cross-
reactivity of Thn/g-C3N4/ITO electrode with the varying concentra-
tion of the AfB1 antigen and the obtained results are shown in
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Fig. 3 (iv). All the parameters were kept similar as the electrochem-
ical response studies for BSA/anti-AfB1/Thn/g-C3N4/ITO electrode
except the immobilization of anti-AfB1. Significantly no substantial
change was observed in the magnitude of the peak current of the
Thn/g-C3N4/ITO electrode with increasing concentration of the
AfB1 antigen, which demonstrated that no interaction occurred
between AfB1 antigen and Thn/g-C3N4/ITO electrode. Thus, the
change in current in response studies is primarily due to the inter-
action between antigen and antibody. The interferent studies were
explored on BSA/anti-AfB1/Thn/g-C3N4/ITO immunoelectrode
using several analytes present in the human serum i.e., glucose,
urea, alanine, uric acid, sodium chloride and ascorbic acid. On sub-
sequent addition of analytes, no significant change in anodic cur-
rent was obtained whereas the current response decreased
rapidly after adding AfB1 antigen due to antibody-antigen interac-
tion (Fig. S6). Moreover, the average %RSD (percentage relative
standard deviation) value was estimated to be ~3.98% which is
within acceptable limit. All these parameters favour the selective
detection of AfB1 antigen using the fabricated BSA/anti-AfB1/Thn/
g-C3N4/ITO biosensing electrode.

3.7. Reproducibility and shelf life studies

The reproducibility studies were carried out by observing the
anodic current response of five distinct working electrodes (BSA/
anti-AfB1/Thn/g-C3N4/ITO) under similar experimental conditions.
A slight variation in current was observed (Fig. S7) and the %RSD
for fabricated immunoelectrodes was estimated to be ~5.07%,
which is under acceptable range, indicating fair precision and capa-
bility to give reproducible results. The BSA/anti-AfB1/Thn/g-C3N4/
ITO biosensing electrode’s shelf life studies were investigated by
monitoring of changes in magnitude of peak current obtained
through CV technique using standard solution AfB1 (500 fg mL�1)
in PBS (5 mM [Fe (CN)6]3�/4�) over one-week interval (Fig. S8).
The obtained results indicate that the fabricated immunoelectrode
is stable upto 7 weeks, after that the peak current start decreasing
with respect to the peak current of reference biosensing electrode.
4. Conclusions

In the present work, graphitic carbon nitride nanosheets based
an efficient electrochemical biosensor is developed for detection of
food toxin AfB1. Graphitic carbon nitride nanosheets were synthe-
sized through polycondensation reaction and further functional-
ized by non-toxic thionin (phenothiazine) redox dye. Further,
anti-AfB1 covalently immobilized onto the Thn/g-C3N4/ITO elec-
trode using EDC-NHS cross linkers and BSA was used for blocking
of non-specific binding sites. The fabricated electrochemical
biosensor has ability to detect AfB1 food toxin with ultrasensing
lower limit of detection 0.328 fg mL�1 in wide concentration range
of AfB1 from 1 fg mL�1 to 1 ng mL�1 and sensitivity of 4.85 lA log
[ng�1 mL] cm�2. Along with this, the developed biosensor also
showed high reproducibility with shelf life of 7 weeks. This analo-
gous approach can also be utilized to identify other mycotoxins
like ochratoxin, citrinine, etc. using their respective antibodies.
Along with this, graphitic carbon nitride nanosheets opens a new
window for use in development of biosensors for various disease
detection.
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Table 1
A comparative analysis of biosensing parameters of previously fabricated biosensors for AfB1 detection with present work.

S. No. Technique Materials used Linear range LOD Sensitivity Shelf life Ref.

1 CV, EIS, AFM SPEs 50 fg mL�1 to 5 ng mL�1 50 fg mL�1 18 lA ng�1 mL – [36]
2 DPV PTH/Au/GCE 0.6–2.4 ng mL�1 0.07 ng mL�1 1.23 � 10�6A ng�1 mL – [55]
3 CV, DPV C-AuNP/ MBA/Au 10 ng dL�1 to 100 ng dL�1 17.90 ng dL�1 0.45 lA ng�1 dL (CV)

4.4 lA ng�1dL (DPV)
– [56]

4 CV PEDOT/AuNPs/ITO 1 to 25 ng mL�1 0.004 ng mL�1 3.72 lA ng�1 mL – [57]
5 CV, DPV Fc/MWCNT/CS/SPE 1 � 10�3 to 2 � 104 ng mL�1 0.159 pg mL�1 – – [58]
6 CV CS-AuNPs/gold microelectrode 0.2 to 2 ng mL�1

2 to 30 ng mL�1
0.12 ng mL�1 72.3 lA ng�1 mL

0.06 lA ng�1 mL
– [52]

7 CV c-MWCNTs/ITO 0.25 to 1.375 ng mL�1 0.08 ng mL�1 95.2 lA ng�1 mL cm�2 45 days [48]
8 CV GQDs-AuNPs/ITO 0.1 to 3.0 ng mL�1 0.008 ng mL�1 382 lA ng�1 mL cm�2 – [49]
9 CV Thn/g-C3N4/ITO 1 fg mL�1to 1 ng mL�1 0.328 fg mL�1 4.85 lA log [ng�1 mL] cm�2 7 weeks Present work
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