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Single-molecule Aflatoxin B1 Sensing via Pyrrole-based
Molecular Quantum Dot

Fabrizio Mo" '8, Graduate Student Member, IEEE, Chiara Elfi Spano” T, Yuri Ardesil, Graduate Student
Member, IEEE, Massimo Ruo Roch', Gianluca Piccinini’ and Mariagrazia Graziano*

Abstract— We investigate through ab-initio simulations the
gold-8PyrroleDiThiol-gold (Au-8PyDT) molecular quantum dot
as an amperometric single-molecule sensor for the aflatoxin
B1 (AFB1) detection. We study the adsorption of AFB1 onto
the Au-8PyDT and we analyze the transport characteristics
for the most probable adsorption configuration. We find that
a significant current modulation occurs, with around 80%
of current decrease in presence of AFBI1. Interestingly, the
investigated sensor exhibits a voltage-dependent response, that
we motivate through a transmission properties analysis. Our
results, considering the synthesis simplicity of PolyPyrroles
and their non-toxicity, motivate future research efforts in this
direction.

I. INTRODUCTION

Aflatoxins are dangerous oncogenic and immunosuppres-
sive mycotoxins, mainly produced by Aspergillus flavus and
Aspergillus parasiticus fungi. Among them, aflatoxin B1
(AFBI1) is most frequently present in contaminated samples,
and it is in the Group I of carcinogenic to humans [1], [2].

Conventional aflatoxin detection techniques require bulky
high cost instrumentation, long test times, skilled researches
and also the usage of labels. Research efforts are toward
developing novel detection techniques with high sensitivity
and fast response, permitting a high degree of automatization
in the measurement process. To this purpose, new bio-
sensors, exploiting nanotechnology and nanomaterials, were
developed with unique advantages, even if drawbacks are
still present: the high fabrication cost, the toxicity of the em-
ployed nano-elements, and the complex electrode modifica-
tion and functionalization requirement [3], [4]. Furthermore,
the sensitivity is limited by the use of large bio-molecules as
detecting elements (like conventional antibodies). A promis-
ing direction to overcome the latter limit is the use of smaller
detecting elements, like nano-body molecules [4].

In this scenario, single-molecule detection is becoming
a reality, reaching the ultimate limit of sensitivity, i.e., the
detection of single-entities of chemical compounds, with the
promising advantages of being intrinsically calibration-free
and extremely sensitive [5], [6]. Also, the recent advance-
ments of supra- and single-molecule electronics are filling
the gap between theoretical investigations and prototyping,
with the development of a variety of electronic devices based
on molecular and functionalized structures [7]-[9].
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In this work, we investigate the gold-8-Pyrrole-DiThiol-
gold molecular dot (Au-8PyDT) as an amperometric Single-
Molecule Sensor (SMS) for AFB1 detection. Thanks to its
intrinsic structure, the device under study is promising for
real-time, and on-site AFB1 detection, with potential low
production cost [10] and high sensitivity, since it lowers
the limit of detection to a single-molecule. The proposed
Au-8PyDT SMS goes toward a highly miniaturized sensing
element to boost the sensitivity, paving the way toward
monitoring AFB1 in food stocks and on field. Furthermore,
the poly-pyrrole is proved to be biocompatible and non-
toxic, overcoming the drawback of toxicity of commonly
used nanomaterials [11], [12].

II. METHODOLOGY AND COMPUTATIONAL DETAILS

We investigate a pyrrole-based molecular dot, since poly-
pyrroles are known to present conductive properties similar
to semiconducting or insulating materials, depending on the
synthesis process and doping [13]. Furthermore, they are
proved to change their conductance in presence of both
inorganic (NO, CO,, CO, NH3, H,S) and some organic (ace-
tone, methanol, ethanol) compounds [13]. Fig. 1(a) shows
the sensor under study. It is a single-molecule quantum dot
constituted by a single 8-pyrrole-dithiol (§8PyDT) molecule
anchored through the Au-S bonds to two gold FCC (111)
electrodes (Au-8PyDT), resembling metal-molecule-metal
break-junctions [14]. Fig. 1(b) shows the AFB1 molecule.
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Fig. 1. (a) Top and front view of the Au-8PyDT sensor; (b) AFB1 molecule
(C4H4N)g2SH and its structural formula; (c) The studied geometries with
different relative orientations of AFB1 w.rt. the Au-8PyDT after the
geometry optimization. Bright atoms are fixed during the relaxation, while
for the others no constraint is enforced.



We perform the geometry optimizations of the isolated
8PyDT and AFB1 molecules in the quantum chemistry
package ORCA [15] within the framework of the unrestricted
Density Functional Theory (DFT) with the Generalized
Gradient Approximation (GGA); exchange-correlation func-
tional: Becke, 3-parameter, Lee—Yang—Parr (B3LYP). The
van der Waals (vdW) correction DFT-D3 is enabled and the
used basis set is the polarized valence triple-( (def2-TZVP).

To study the adsorption of the AFB1 onto the Au-8PyDT
sensor, the geometry optimizations of six different relative
orientations of AFB1 w.r.t. the Au-8PyDT, covering all pos-
sible significant adsorption configurations, are carried out in
QuantumATK [16] - Fig. 1(c). To this purpose, we use DFT
within the GGA, Perdew—Burke—Ernzerhof (PBE) exchange-
correlation functional, and polarized double-( (DZP) basis
set for all elements except for gold, for which we use polar-
ized single-C (SZP) basis set. To reduce the computational
time we account for the whole gold electrodes by enforcing
fixed atom boundary conditions in the two lateral regions
of a reduced Au-8PyDT geometry - Fig. 1(c). The AFBI
and central backbone of the 8-PyDT are left to freely relax
without constraints. The geometries are relaxed using the
LBFGS method for the energy minimization until the force
on each atom becomes smaller than 0.05eV/A. The vdW
Grimme D3 and the counterpoise (CP) correction for Basis
Set Superposition Error (BSSE) are enabled. We evaluate the
adsorption energy FE,g4s as:

Eoas = Earpiysmus — [Earp1 + Esus] (1)

where Fsppi/sms is the total energy for the AFBI ad-
sorbed onto the Au-8PyDT SMS, Farp1 and Fgprs are
the total energy of the isolated AFB1 and Au-8PyDT SMS,
respectively.

Electronic structure properties of the Au-8PyDT SMS in
presence and absence of the adsorbed AFB1 molecule are
studied in QuantumATK employing DFT with GGA, PBE,
vdW D3 correction, SZP for Au and DZP for other elements.
The system electrostatics is modeled by solving the Poisson
equation using conjugate gradient method and with periodic
boundary conditions in the transverse horizontal direction
to account for the electrode periodicity. Dirichlet boundary
conditions are instead enforced in the transport direction and
along the transverse vertical direction to avoid artifacts due
to presence of AFB1 molecule. The transport calculations
are performed within the well-established Non-Equilibrium
Green’s Function (NEGF) formalism. Thanks to the covalent
Au-S bonds between the 8-PyDT molecule and electrodes,
high electron delocalization through the system is ensured
and molecule-electrode strong coupling regime holds with
the broadening of the molecular energy levels. Therefore,
the main transport mechanism is coherent tunneling and the
Drain-to-Source current Ipg is computed through the well-
known Landauer formula [17]:

+oo
Ips =1 [ T(E,Vos) [fs(E) — fo(E)dE ()

where ¢ is the electron charge, h is the Planck constant, F

is the electron energy, Vpg the applied voltage, fs and fp
are source and drain Fermi-Dirac distributions, respectively.
T(E,Vpg) is the transmission function representing the
electron transmission probability of the device. Notice that
T(E,Vpg) is function of both the electron energy E and the
applied voltage Vpg.

We evaluate the sensor response to AFB1 through the Ipg
variation and percentage variation, defined respectively as:

Alps = Ips,.are1 —Ips,o 3)
Alpsy = [(Ips,are1 —Ipso) /Ips,] - 100
where Ipgo is the current of the Au-8PyDT SMS, and
Ips arpi is the current of the Au-8PyDT SMS in presence
of AFBI. Notice that a positive Alpg indicates an increase
of current, whereas a negative Alpg indicates a decrease.
We postpone to future works the selectivity study in pres-
ence of other mycotoxins or additional chemical compounds.

III. RESULTS AND DISCUSSION

Table I reports the calculated adsorption energies E, 45, as
defined in equation (1), for all the considered adsorption con-
figurations (Fig. 1(c)). The obtained F,4s values are greater
in magnitude than the typical vdW weak physisorption ener-
gies (usually in the range 1--30 kJ/mol), but below the typical
chemisorption ones (100--1000 kJ/mol) [18]. The obtained
FE,q4s values match the binding energy range of hydrogen
bonds (1170 kJ/mol) [19]. Therefore, we conclude that in
all cases the AFBI is strongly physisorbed onto the Au-
8PyDT with the creation of hydrogen bonds, as already
experimentally verified between AFB1 and DNA/aptamers
with binding energies of the same order of the obtained
E.q4s [20], [21]. We believe the hydrogen bonds to originate
between the AFB1 carbonyl or methoxy groups and the NH
secondary amines of the 8-PyDT, with the latter acting as
proton donor. We postpone the detailed investigation on the
adsorption bond nature to future works. Among the possible
adsorption configurations, the most stable and probable is
geometry F (lowest E,45). Consequently, in the following,
we analyze the transport only in the case of geometry F.

TABLE 1
CALCULATED E, 45 VALUES.

[ geometry [ Eqqs (kJ/mol) [ geometry [ Fqqs (kJ/mol) |

A -58.96 D -69.09
B -53.56 E -55.74
C -59.81 F -75.52

Fig. 2(a) reports the Ips(Vps) characteristics in presence
and absence of AFB1. The presence of AFB1 decreases the
current, especially in the range 0 V=-0.5V and in the peak
around 1 V. Whereas, at 0.7V and above 1.3V the Ipg o and
Ips arp1 are quite similar. Fig. 2(b) reports the absolute
and relative current modulations as defined in equation
(3). Both AIpg and Alpgy are negative (Ips arpi is
always lower than Ipgo) with minima for two different
Vbs values. In particular, the maximum current modulation



occurs at 1V, in which Ipg arpp1 is 0.626 uA lower than
IDS,O (IDS,AFBl=1-49 }.lA versus IDS’0=2.116 }.IA). Never-
theless, due to the greater current values achieved for this
voltage, the percentage modulation of current results to be
only 29.6%. The greatest percentage modulation of current
occurs instead at around 0.4V, where Alpgy reaches the
83.87% of current reduction in presence of AFBI1. The
corresponding Alpg is -0.26 uA (Ips, arp1=0.05 pA versus
Ips,0=0.31pA). Therefore, a good operating voltage for the
AFBI detection is 0.4 V. Indeed, at Vpg = 0.4V there is an
evident reduction of current in presence of AFB1, with an
Ips arp1 about one fifth of the Ipg . Current variations of
this order are measurable through integrated CMOS front-
end electronics [22].
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Fig. 2. (a) Current-voltage characteristics of the Au-8PyDT with and

without AFB1. The spacing of the simulated values is 0.2 V. They are
interpolated with a cubic spline function; (b) AIpg (black) and Alpgy
(purple).

Interestingly, the sensor response is voltage-dependent.
Indeed, the AFB1 causes a current reduction that varies with
Vpg, from few nA (—4.98%) to hundreds nA (—83.87%).
The origin of the sensor voltage-dependent response is
explained by considering the Vpg effect in equation (2). A
positive Vpg lowers the drain Fermi level (Erp) w.r.t. the
source one (Frg) of an amount —qVpgs (Epp = Eps —
qVps). We call the Fermi level shift Bias Window (BW):
BW = qVpsg, as in Fig. 3(a). The Vpg affects equation (2)
through the Fermi function difference:

1 1
E-Epg

[s(E) — fp(E) = -
e & +1 e

E*EFkg:quDS +1 )
where k is the Boltzmann constant and ¢ the temperature. For
increasing Vpg values, an increasing number of occupied

electron states at the source finds empty states at the drain,

in which they can tunnel. As a result, a current originates
if fg and fp are unbalanced with occupied states at source
and empty states at drain, and T'(F, Vpg) is large enough to
ensure a significant Source-to-Drain transmission probability.
Therefore, the effect of the Fermi function difference in equa-
tion (2) is to weight the transmission function T'(E, Vpg),
as depicted in Fig. 3(a). For energies E inside or close
the BW, the Fermi function difference is close to unity
(fs(E) — fp(E) = 1), while for energies E distant from
the BW it is close to zero (fs(E) — fp(E) = 0).

For a SMS, three main cases may occur: (i) The presence
of the target molecule modifies T'(E, Vpgs) around the BW.
In this case the current variations Alpg and Alpgey will
be large - Fig. 3(b). (ii) The presence of the target modifies
T(E,Vpg) at energies distant from the BW. In this case
Alpg and Alpgy will be small - Fig. 3(c). (iii) The
presence of the target modifies T(E, Vpg) around the BW,
but in a way that the T'(E, Vpg) variations compensate. In
this case, since the current is related to integral in energy
of T(E,Vpg), the obtained Alpg and Alpgy will be still
small - Fig. 3(d). Therefore, depending on the applied voltage
Vbs, significant variations of T'(F, Vpg) can be included in
the BW, resulting in significant Alpg and Alpgy.
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Fig. 3. (a) BW and Fermi function weighting effect on T'(E, Vpg); (b),

(c), (d) Examples of different target effects: green and black curves are
referred to the cases in which the target is present and absent, respectively.

To explain the origin of current reduction in presence of
AFB1 we investigate the T(F, Vpg) in the two bias points
of interest, i.e., 0.4V and 1V - Fig. 4(a) and (b). The
vertical dashed lines highlight the BW. At Vpg = 04V
(Fig. 4(a)), the dashed line centered in 0.2 eV corresponds to
the source Fermi level position while the one in —0.2eV to
the drain one. Notice that the Fermi-Dirac distribution “tails”
broaden the energy integration range slightly outside this
range. The AFBI1 affects the transmission function in two
ways: (i) the transmission peaks are shifted toward higher
energies, thus less included in the BW; (ii) the transmission
peaks are decreased. Consequently, the current in presence
if AFBI1 is reduced. Fig. 4(b) reports the T(E,Vpg) in
presence and absence of AFBI1 for Vpg = 1 V. Notice that
since T'(FE,Vpg) depends on Vpg, it differs from the one
in Fig. 4(a). The effect of AFBI is again to shift up the
transmission peaks and lower the main one within the BW.
Consequently, the portion of T'(E,Vpg) included within
the BW and thus the current are lowered.
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Fig. 4. T(E) of the Au-8PyDT with and w/o AFB1 at fixed Vps=0.4V
(a) and at fixed Vpg=1V (b). The inset in (a) shows an enlargement around
0.2eV.

IV. CONCLUSION

We investigated the Au-8PyDT molecular quantum dot
as an amperometric Single-Molecule Sensor (SMS) for the
AFB1 detection. Our results show that the presence of AFB1
can significantly modulate the current flowing in the Au-
8PyDT molecular dot with an interesting voltage-dependent
sensor response. We suppose this feature can pave the way
toward re-configurable sensors detecting various analytes
at different Vpg values, as we resolve to investigate in
future works. At the moment, we identify two possible
operating voltages for AFB1 amperometric detection, namely
0.4V and 1V, providing a percentage current modulation of
83.87% and 29.6% and an absolute deviation of 0.26 uA and
0.626 pA. Current variations of this order are proved to be
measurable through integrated CMOS front-end electronics.
The proposed sensing technique thus opens the way toward
label-free, in-situ, real-time and automatic monitoring of
AFBI1 concentration in food stocks and on field. Thanks to
the pyrrole non-toxicity and simple synthesis process, the ex-
plored Au-8PyDT is thus promising for future investigations
as SMS of AFBI1, achieving the potential single-molecule
sensitivity.
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