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Abstract—The aflatoxin B1 (AFB1) is a cancerogenic com-
pound affecting the agri-food chain, endangering food safety and
public health. Worldwide regulatory agencies establish strict
limitations for the presence of AFB1 in crops. Current detection
methods require bulky equipment, long measurement time, and
skilled laboratory researchers, which make it challenging to
measure the AFB1 in the whole food chain pervasively. In this
field, molecular junctions represent an exciting alternative in
the sensing application, providing a highly integrable device
for the fast measurement of chemical compounds. Through ab
initio simulation, this work investigates graphene junctions for
detecting AFB1. The results show that applying a bias voltage of
1.2V to a graphene layer permits varying the electrical current
of the junction by more than 3 pA when the AFB1 is present.
The obtained results motivate research on the integrability of
the device in more complex sensing systems such as intelligent
sensors and electronic noses.

I. INTRODUCTION

The aflatoxins are a group of oncogenic mycotoxins pri-
marily produced by the Aspergillus Flavus and the As-
pergillus Parasiticus, which contaminate crops, such as
peanuts, corn, and nuts, producing serious effects on human
and animal health [1]. The aflatoxin B1 (AFB1) has been
inserted in Group I of cancerogenic compounds [2]. Reg-
ulatory agencies worldwide established strict limitations for
the presence of AFB1 in crops to guarantee food safety and
mitigate adverse effects on public health.

In this context, the measurement of AFB1 is crucial. Mea-
surement laboratories typically exploit techniques such as
High-Performance Liquid Chromatography (HPLC), provid-
ing precise quantification, and Enzyme-Linked Immunosor-
bent Assay (ELISA) for fast measurement. However, the
mentioned methods require bulky equipment, long measure-
ment time, and skilled laboratory researchers, which make it
challenging to apply these methods in the whole food chain
pervasively. Recently, researchers proposed using molecular
junctions to fabricate single-molecule sensors, providing a
highly integrable device for the fast measurement of chemical
compounds [3]-[5]. Fig. 1(a) shows the general structure of
a single-molecule sensor. A molecule is sandwiched between
two electrodes, named source (S) and drain (D), creating a
molecular channel whose conductive properties are sensible
to the presence of other molecules. The sensor sensitivity can
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Fig. 1. Single-molecule sensors: (a) basic schematic of single-molecule
sensors composed of a molecular channel and two electrodes, S and D,
used for detecting the target molecule through amperometric measurement.
A possible gate electrode G permits sensitivity improvement, (b) basic
schematic of the AFBI1 single-molecule sensor proposed in [7] made up with
a gold-8-Pyrrole-DiThiol-gold junction with a gate structure, (c) proposed
graphene sensor.

eventually be engineered by acting on a third electrode, gate
(G), which permits sensitivity modulation [6].

Fig. 1(b) shows the single-molecule sensor proposed in
[7] for the measurement of AFB1. A gate electrode is
added to engineer the molecular sensor and improve the
sensitivity [6]. In particular, we demonstrate in [7], [8] that
a well-engineered gold-8-Pyrrole-DiThiol-gold junction per-
mits the detection of AFB1 molecule. Indeed, the electrical
current results decreased by 80% when the target molecule
reached the polymeric channel. In this work, we investigate
through ab initio simulation the use of graphene junctions
for AFB1 detection. Graphene, indeed, has already shown
promising results in the field of sensing small quantities in its
functionalized form [9], and carbon allotropes have been used
in [10] as functionalization elements for portable aflatoxin
M1 biosensors. Fig. 1(c) shows the proposed device with
the AFBI1 target molecule. In particular, this work focuses
on exploiting graphene channels to realize single-molecule
junctions based on carbon allotropes. Graphene contains only
carbon atoms, which present valence electrons free to interact
with target molecules. In addition, the 2D nature of the
graphene makes it promising for the realization of organic
electronic noses [11].

Graphene promises high sensitivity of the final sensor since
variations of the surface conductive properties are directly
reflected in the sensor conduction. Surface properties, respon-
sible for the sensing mechanism, are maximized compared to
the overall volume of graphene. This work shows preliminary



results that demonstrate the capability of graphene junctions
to modulate their conduction when exposed to AFB1. Our
outcomes motivate further research in developing graphene
and single-molecule sensors for sensing small molecules and
realizing future smart sensors and electronic noses.

II. METHODOLOGY

This study investigates the use of graphene junctions
for detecting AFB1 molecules. We use Synopsys Quan-
tumATK [12] to assess the adsorption energy of AFBI-
graphene configurations. The ab initio calculation is per-
formed in the framework of the Density Functional The-
ory (DFT) by employing the GGA/PBE computational
method with Grimme DFT-D3 correction, PseudoDojo
medium pseudopotential and basis set, along with counter-
poise correction. Periodic boundary conditions are employed
for the transport-transverse direction to simulate the graphene
layer, while Dirichlet boundary conditions are applied else-
where.

Ab initio calculation examines the adsorption of AFB1 on
the ab initio-relaxed graphene layer, permitting determining
the most probable configuration of the AFB1 molecule on
the graphene surface. The AFB1 molecule is positioned at
multiple points and with several orientations on the graphene
layer, and the energy of the graphene+AFB1 system (Eror)
is computed with QuantumATK by relaxing the entire system
geometry through the LBFGS algorithm with a force toler-
ance of 0.05eV/A. The adsorption energy (E4ps) for all
configurations is calculated as:

Eaps = Eror — (Ec + Ear) (D

where Eg and E4p represent the energy of graphene and
AFBI1, respectively. The configuration with the lowest energy
is considered the most probable, as it minimizes Eror.

To assess the transport of properties of the junction,
QuantumATK is again used to evaluate the junction current.
In nanoscale devices, the current can be described by the
Landauer formula [13]:

2q [T
IDS:£

5 T(E,Vps)|fs(E) = fo(E)] ()

where ¢ is the electron charge, h is the Planck constant, fg
and fp are the Fermi-Dirac distributions, and T is the trans-
mission spectrum, which depends on the electron energy (E),
and the bias voltage (Vpg). T is calculated with the quan-
tum mechanical Non-Equilibrium Green’s Function (NEGF)
theory, as detailed in [12], [13].

III. RESULTS AND DISCUSSION

This section examines the graphene junction aflatoxin
sensor using ab initio calculation. Firstly, it investigates the
geometries of the molecular species involved in the study,
namely graphene and AFB1, to analyze AFB1 adsorption on
graphene and determine the most probable configurations.
Secondly, it explores the transport properties of the most
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Fig. 2. Graphene junction aflatoxin sensor: (a) graphene layer obtained from
the ab initio geometry optimization, (b) studied adsorption configurations of
the AFB1 on graphene with adsorption energies, (c) different adsorption sites
used for the aflatoxin in Configuration 1 to study adsorption site dependance,
(d) device configuration used for the transport ab initio study.

stable configuration, namely Configuration I, to gain pre-
cise insights into the sensor behavior and understand the
physics of AFB1-graphene interaction. Finally, the section
investigates the transport properties of the second most sta-
ble configuration, namely Configuration 2, to evaluate the
robustness of the presented methodology and to assess the
potential measurement variations expected in field use.

A. Study of the adsorption configuration

This section studies the ab initio geometry relaxation of the
involved species, i.e., the graphene and the AFB1 molecule.
The relaxation is fundamental for accurately studying the
adsorption of AFBI1 onto the graphene layer and conse-
quently evaluating the transport properties and the sensing
mechanism.

Fig. 2(a) shows the graphene layer obtained through ab ini-
tio geometry relaxation, essential for correct study of AFB1
adsorption and energy evaluation. The size of the graphene
layer, consisting of 40 hexagons, is chosen to prevent AFB1
from exceeding the graphene edges during adsorption. After
geometry relaxation, the aflatoxin molecule is positioned 0.2
nm far from the graphene layer in 8 possible configurations,
i.e., with different rotations. This configuration is also re-
laxed to find the minimum energy configuration. Fig. 2(b)
depicts the analyzed configurations and their corresponding
adsorption energies (Fapg). Configuration I demonstrates
the lowest adsorption energy (Eaps = -112.4508 kJ/mol),
indicating strong physisorption of AFB1 onto the graphene
layer. The study is also repeated by slightly changing the
molecule position, depicted in Fig. 2(c), by positioning AFB1
above a carbon atom (A), in the center of a bond (B) or in
the center of a hexagon (C). The energy variation is minimal,
denoting a feeble dependence of the adsorption energy on the
site.
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Fig. 3. Density of states (DOS) of the graphene junction aflatoxin sensor:
(a) DOS of the device with and without the aflatoxin molecule, (b) Compari-
son between the DOS of the graphene junction device, without the aflatoxin,
and of the DOS of the graphene junction device, with aflatoxin, projected
on the graphene layer, i.e. the projected DOS.

B. Transport properties of the most stable configuration

Configuration 1, the lowest energy configuration, is used
to construct the device. An ab initio calculation analyzes the
device electrical transport with and without AFBI1.

Fig. 2(d) shows the device configuration created in Quan-
tumATK to study the electrical properties. The graphene layer
for the transport analysis is enlarged to 91 hexagons to reduce
the interaction between AFB1 and electrodes in the transport
direction, and the complete geometry is again relaxed with
the ab initio geometry optimization tool.

Fig. 3(a) shows the device density of states (DOS) of
graphene with and without the AFB1 molecule, here referred
to as naked and exposed DOS, respectively. The presence of
AFBI1 introduces two peaks with negative energies around -
1.1 eV and -1.2 eV in the exposed DOS, indicating potential
variations in sensor transmittivity due to AFB1. Addition-
ally, Fig. 3(b) depicts the projected DOS (pDOS) of the
graphene junction in the presence of AFB1, compared to the
graphene DOS, which highlights the influence of AFB1 on
the graphene junction, thus affecting the junction conductive
properties. Specifically, the pDOS is lower than the naked
DOS, suggesting a reduction in junction conduction states
when exposed to AFB1. Notably, in a molecular junction,
the current generally depends on the broadening of states
rather than their presence. The broadening arises from the
molecular bonding to the contact. The DOS consists of delta
Dirac distributions that change into Lorentzian distributions
when the single molecule is connected to electrodes. The
broadening reflects the delocalization of electrons on the
graphene channel. A high broadening leads to increased

device transmittance and final junction current.

To better investigate the conduction properties, it is worth
study the transmission spectrum of the graphene junction
with and without the AFB1. Fig. 4(a) shows the transmission
spectrum (1) evaluated at the equilibrium (Vpg = 0V). The
variation in the transmittivity, when AFB1 is present, permits
the modulation of the conductivity and, thus, the sensing
mechanism. Generally, AFB1 presence leads to a slight
increase of 7' for positive energies and a decrease for negative
ones. Attenuated T peaks are also present for deeply positive
energies. Fig. 4(b) shows the I/V characteristics evaluated
by applying a voltage (Vpg) to the junction. For small bias
(close to 0 V), the current modulation in the presence of
AFB1 is minimal. There is agreement with the previous
result: 7" variations are compensated for energies around 0 eV
in the Landauer’s integral (equation 2), and negligible current
variation appears. Instead, the AFB1 significantly reduces the
current by 3.167 uA when applying a bias voltage of Vpg =
1.2V. Since the considered Vpg is significantly different
from 0 V (equilibrium) and since T'(E,Vpg) is a function
of both E and Vpg, to explain the reasons of such current
reduction, we must consider T(E,Vps =1.2V). Fig. 4(c)
shows the transmission spectrum evaluated at Vpg = 1.2V,
which highlights the lowering of transmissivity in the bias
window, i.e., in the [—0.6,0.6] eV range, associated to the
applied voltage Vps = 1.2'V. From a physical perspective,
we relate the current decrease to the perturbation of the elec-
tron transmission in the graphene layer caused by the AFB1
presence. Fig. 5 shows the junction transmission eigenstates
in the presence of AFB1. The transmission eigenstates are
a real-space projection of the solutions for the transmission
operator eigenproblem. Their bright areas in Fig. 5 highlight
the transmission perturbation on the graphene layer due to
the AFBI1, in contrast with the homogeneous transmission
present far away from the AFB1, thus demonstrating AFB1-
induced scattering.
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Fig. 4. Transport study on Configuration I: (a) transmission spectrum,
(b) I/V characteristics of the graphene sensor, (c) transmission spectrum
evaluated at Vpg = 1.2V.
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Fig. 5. Eigenstates of the graphene junction aflatoxin sensor with the AFB1
molecule.

C. Transport properties of the second most stable configura-
tion

The previous section studies the most stable configuration
of the proposed device, as it is the one demonstrating the
lowest energy and, thus, the most probable at the thermal
equilibrium. As the final study of this work, following the
same procedure used for Configuration I, this section inves-
tigates transport properties of Configuration 2 to evaluate the
robustness of the proposed methodology and the expected
variations in the sensor current when the device is used in a
real scenario. Indeed, it is possible supposing that the AFB1
molecule will move its position in space due to thermal noise.

Configuration 2, previously shown in Fig. 2(b), involves
a 90-degree rotation of the molecule on the graphene layer.
The adsorption energy, Eaps = —109.95 kJ/mol, remains
comparable to the one of Configuration 1, with a small
increase of 2.5 kJ/mol. Fig. 6 shows the current evaluted with
Configuration 2 and compare it with the isolated graphene
and Configuration 1. Notably, the current trend resembles
the one observed in Configuration 1. For the bias voltage
Vps = 1.2V, the current is slightly increased by 0.650 uA,
which is still limited concerning the current in the naked
sensor. The margin is reduced to 2.511 pA.

The voltage bias point Vpg = 1.2V is confirmed as
the optimal sensitivity point for the detection of the AFBI1
molecule, despite the assumed configuration, giving a first
proof regarding the possibility of exploiting single-molecule
graphene junctions for the detection of the AFBI1.
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Fig. 6. Current evaluated for the graphene junction aflatoxin sensor in
Configuration 2.

IV. CONCLUSION

This work demonstrates the applicability of graphene
junctions for realizing Aflatoxin B1 (AFB1) single-molecule
sensors. The results show that AFB1 adsorbs on graphene
in stable configurations and that AFB1 produces scattering
in the graphene layer, thus affecting transmission properties
and reducing the junction electrical current. In particular,
applying a bias voltage of 1.2V to a graphene layer permits
varying the electrical current of the junction by 3.167pA
when the AFB1 is present. The obtained value is measurable
with electronic equipment, enabling the future realization
of an integrated electronic system to detect aflatoxin in the
agri-food chain pervasively. Further works will investigate
the sensor selectivity concerning other molecules present in
practical cases, the realization of the single-molecule sensors
based on different carbon allotropes, and the experimental
validation of the obtained results. Finally, the results motivate
further work to address the device integrability in more
complex sensing systems such as electronic noses.
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