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Abstract

The distinctive properties of graphene, characterized by its high carrier mobility and biocompatibility, have stimulated
extreme scientific interest as a promising nanomaterial for future nanoelectronic applications. In particular,
graphene-based transistors have been developed rapidly and are considered as an option for DNA sensing
applications. Recent findings in the field of DNA biosensors have led to a renewed interest in the identification of
genetic risk factors associated with complex human diseases for diagnosis of cancers or hereditary diseases. In this
paper, an analytical model of graphene-based solution gated field effect transistors (SGFET) is proposed to constitute
an important step towards development of DNA biosensors with high sensitivity and selectivity. Inspired by this fact, a
novel strategy for a DNA sensor model with capability of single-nucleotide polymorphism detection is proposed and
extensively explained. First of all, graphene-based DNA sensor model is optimized using particle swarm optimization
algorithm. Based on the sensing mechanism of DNA sensors, detective parameters (lgs and Vgmin) are suggested to
facilitate the decision making process. Finally, the behaviour of graphene-based SGFET is predicted in the presence of
single-nucleotide polymorphism with an accuracy of more than 98% which guarantees the reliability of the optimized

homecare sensor system.

polymorphism; Particle swarm optimization

model for any application of the graphene-based DNA sensor. It is expected to achieve the rapid, quick and
economical detection of DNA hybridization which could speed up the realization of the next generation of the
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Background

With the discovery of graphene, a single atomic layer of
graphite, material science has been experiencing a new
path in biomedical applications, due to its fascinating
properties [1]. Graphene possess extraordinary physi-
cal properties, such as a unique electronic band struc-
ture, extremely high carrier mobility, biocompatibility
and well-known two-dimensional (2D) structure expos-
ing every atom of graphene to the environment [1-3]. It
is demonstrated that the high sensitivity of graphene to
the charged analytes (ions, DNA, cells, etc.) or an electric
field around it renders graphene an ideal material for high-
performance sensors. In the last 5 years, there has been
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an increasing amount of literature on solution-gated field
effect transistors (SGFETSs) as useful candidates for chem-
ical and biological sensors [4,5]. The interface between
nanomaterials and biosystems is emerging as one of the
most interesting areas of intense research [6]. Recent
advances and key issues for the development of DNA sen-
sors to bridge the knowledge to clinical detection of DNA
hybridization emerged as a promising means of diagnos-
tic prediction in genetic research [7,8]. The aim of this
paper is to provide a possibility of having more sensitive
and sequence-selective DNA biosensors by developing the
SGFETs analytical model for electrical detection of DNA
molecules [9,10]. Graphene layer is selected as a sens-
ing template because of its large surface-to-volume ratio
which guarantees better physical adsorption of DNA due
to more accessible contact, compared with other carbon
materials [11].

Several numbers of research on the basic of field effect
devices for DNA detection have been published in recent
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years. There are different configurations of DNA sen-
sors such as electrolyte-silicon (ES) structures, depletion
and enhancement-mode field effect transistor (FET), with
or without a reference electrode [1,12-20]. The focus of
this theoretical study will be on developing the DNA
sensor-based graphene nanomaterials which have become
extremely important for diagnosis and treatment of the
gene-related diseases [21,22]. As depicted in Figure 1,
SGFET-based DNA sensor structure consists of a 300-nm
SiOy layer as a back gate dielectric and a doped silicon
substrate used as the back gate has been proposed [2].
Graphene layer as a conducting channel connected to
the source and drain electrodes. The possibility of having
channels that are just one atomic layer thick is perhaps
the most attractive feature of graphene for transistors [23].
An Ag/AgCl wire was inserted into the solution chamber
and acted as the gate electrode of a SGFET which con-
trols the current along the graphene sheet between the
two electrodes [24,25]. The DNA sensors were exposed
to a phosphate buffer solution (PBS) containing the DNA
molecules.

It is noteworthy to explain the DNA adsorption effect
on nanomaterials of graphene surface as well as the pro-
posed model. In graphene, the electronic transport takes
place by hopping along 7 orbitals which is due to the
sp? hybridized covalent bonds that held the carbon atoms
together, while each of them can participate in some kind
of bonding with adsorbates [26]. Theoretical data suggest
that the bonding between the DNA bases and the carbon
atoms is a kind of van der Waals (vdW) bonding (x —
stacking) [27,28]. Since the DNA molecules have the neg-
ative charges, therefore, it could be expected that the
adsorption of DNA molecules on graphene surface would
directly modulate the drain current of the SGFET device
[29,30]. Based on the detection mechanism, we recently

Page 2 of 11

proposed an analytical model for the detection of DNA
molecules in which the DNA concentration was modelled
by a gate voltage [2].

Although there are lots of works presented on the
experimental progress, however, far too little attention
has been paid to the detection mechanism quantitatively.
For supporting this, modelling and simulation using par-
tial differential equations (PDE) play a critical role in
determining the current-voltage characteristics, sensitiv-
ity and the behaviour of the sensing devices exposing
to DNA molecules. Our proposed model is capable of
performing the electrical detection of DNA molecules
by modelling the conductance of the graphene sheets.
Based on the sensing mechanism inspired by the exper-
iment to investigate the effect of DNA adsorption on
graphene, DNA concentration as a function of gate voltage
is assumed and sensing factor («) is defined. High car-
rier mobility reported from experiments in the graphene
leads to assume a completely ballistic carrier transporta-
tion in the graphene [31]. Subsequently, FET modelling
was employed to obtain relevance between current ver-
sus voltage of gate sensor. The DNA concentration model
is employed as a function of gate voltage and the ideal
current-voltage relation for the n-channel FET in the
non-saturation region from reference [32] is obtained as:

34> (3na3t3k3 T)O‘5
L [J—05(m) + J—05(—n)] W

o
X <F Vgs(without DNA) — Vt)

1; =

Where g is the electron charge, a = 1.42A denotes
carbon-carbon (C — C) bond length, t = 2.7 €V is the
nearest neighbour C — C tight binding overlap energy, kg
is the Boltzmann’s constant, T represents temperature and
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Figure 1 Schematics of DNA sensor structure.
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h is the Planck’s constant. L shows the length of conduct-
ing channel, Vs donates the gate-source voltage and V;
refers to the threshold voltage. Furthermore, j_g5(n) and
J—05(—n) are the Fermi-Dirac integrals of orders —0.5
which can be solved numerically. Its value depends on
n which measures the location of the Fermi level with
respect to the conduction band edge. The Fermi-Dirac
distribution function has different forms in degenerate
and non-degenerate states which are attributed by (n >
0) and (n <« 0), respectively [5,32]. @ is DNA sens-
ing factor and different concentration of DNA molecules
were presented in the form of F parameter. Thus, the
DNA molecules adsorbed on graphene surface by itera-
tion method was modelled as

a=AxF?+BxF+C )

A =13,B =50and C = 4,070 are the parameters cal-
culated based on the extracted data. The current-voltage
characteristic of SGFET according to the proposed model
of DNA sensor using nanostructured graphene layer is
obtained as:

3¢> (37m3t3k3 T)O'5
hL
<13F2 + 50F + 4070
X
F

Iy =

[J—05(n) + j—05(=m)]

Vgs(without DNA) — Vt)
3)

It is concluded that the sensor model with the suggested
parameters represents the same trend as experimental
data [2,6]. Since the values of the parameters A, B and
C in Equation 2 were calculated based on trial and error,
there is necessity of a methodological approach for obtain-
ing a viable and accurate model which is reliable for being
used in different applications of the graphene-based DNA
sensor. To this purpose, an evolutionary algorithm (EA)
called particle swarm optimization (PSO) is used for opti-
mizing the mathematical model shown in Equation 1. The
PSO technique is widely used in optimizing different sorts
of problems including fine materials, medical science,
control theory, energy issues, etc. [33-36]. The impor-
tant facts that make PSO popular among the researchers
are its fastness, avoiding from being trapped in the local
optima, and the capability of being employed in any type
of optimization problems [37-40].

Methods

Particle swarm optimization overview

The PSO is a swarm-based optimization algorithm which
is classified as a metaheuristic optimization algorithm.
The idea of the PSO rises from the movement of a
bird flock which was first introduced by Kennedy and
Eberheart [41-45]. The aim of employing PSO algorithm
in this study; is to find the best possible values for A, B and
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C parameters in Equation 2 which leads to have a more
accurate DNA sensor model with better I — V' character-
istic. Each particle at each step is supposed to return a
set of three values with respect to A, B and C parameters.
Afterwards, these values must be evaluated using a proper
fitness function. During the optimization process, the val-
ues of A, B and C parameters change, until we can get the
best possible solutions.

The movement velocity of each particle is updated reg-
ularly, at each step. The location and velocity of the ith
particle at kth step are shown in Equations 4 and 5,
respectively.

XE = Xk 4 v (4)

VI = W x VE4¢; xr (Gbest! —X) ¢y x o (Pbest! —XF)
(5)

i = 1,2,...,nop (number of particles); k = 1,2,...,
kmax (maximum iteration number) where i is the particle
number; k is the iteration number; W refers to the inertia
weight coefficient which is decreased continuously from
1.2 to 0.5, r; and r are random values between 0 and 1, ¢;
and c; are acceleration coefficients and set to be equal to
2, Xf denotes the position and Vik is the velocity of particle
i at iteration k.

There are some social parameters that lead the swarm to
the global optimum of the search space which are personal
best (Pbest) and global best (Gbest). There is one Pbest for
each particle which is the best location experienced by it,
while Gbest is the best global optimum point found by the
swarm. A simple diagram of the movement of a particle is
shown in Figure 2. The number of particles in the swarm
is considered as 200 which iterate for 300 runs.

A fitness function must be defined for evaluating the
particles at each step. Therefore, there is a fitness value for
each particle at each step. In this study, the chosen fitness
function is shown in Equation 6 which calculates an error

value between the real and modelled data.
max

Fitness function = v; = Y (i(k) — I(k))* (6)
k=1

where I(k) is the experimental waveform of the DNA sen-
sor, ji (k) represents the value of the modelled waveform
for particle i and ; is the fitness value for the ith parti-
cle. Obviously, the lowest fitness value represents the most
fitted curve which is desired for a reliable DNA sensor
model.

Results and discussion

Results of optimization for DNA sensor model

The parameters to be optimized in this model were A, B
and C in Equation 2 which create a solution space of four
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Figure 2 PSO algorithm. A simple diagram for movement of a sample particle in PSO.

dimensions with three variables and one function known
as fitness function. The best results obtained out of 20
runs are shown in Table 1 which introduce the lowest
fitness values.

The experimental waveform of the DNA sensor is used
for obtaining the optimized values for parameters A, B and
C. The optimized model and the experimental waveforms
are shown in Figure 3.

The mean absolute percentage error (MAPE) index is
used to assess the quality of the modelled waveform (see
Equation 7).

MAPE — 1 Z I(k) — I(k)

=) = 7)
ne— 1(k)

The optimized model is evaluated using the MAPE
index for different concentrations of the DNA sensor.
Table 2 shows the accuracy of the proposed optimized
model for six different concentrations of the DNA sensor
covering a range from 0.01 to 500 nM. The lowest accu-
racy obtained is 98.46% for the concentration of 0.01 nM
while the highest accuracy is 99.41% belonging to the con-
centration of 100 nM. Overall, the accuracy of more than
98% represents an overall error of less than 2% which is
quite acceptable for the optimized model.

In the next section, it is demonstrated that the opti-
mized model of solution-gated graphene-based DNA sen-
sors can be utilized for electrical detection of DNA
hybridization application.

DNA hybridization detection using the optimized model

The detection of DNA hybridization has been a topic of
central importance owing to a wide variety of applica-
tions such as diagnosis of pathogenic and genetic dis-
ease, gene expression analysis and the genotyping of

Table 1 The best values of the optimizing parameters over
the 20 runs

The best fitness Optimized Optimized Optimized
value obtained value for A value for B value for C
6.742e-07 2.138e10 8.9921e9 -5.680e3

mutations and polymorphisms [46,47]. Technologies in
DNA biosensing [48] have received special appeal not
only for their low cost and simplicity but also for their
ultimate capabilities in detecting single-nucleotide poly-
morphisms (SNP) which have been correlated to several
diseases and genetic disorders such as Alzheimer and
Parkinson diseases. The DNA hybridization event is the
basis of many existing DNA detection techniques. In DNA
hybridization as depicted in Figure 4, the target, unknown
single-stranded DNA (ssDNA), is identifid and formed
by a probe ssDNA and a double-stranded (dsDNA)
helix structure with two complementary strands. It is
believed that, in the presence of a mixture of diverse non-
complementary nucleic acids, the hybridization reaction
is known to be extremely efficient and specific. The basis
for the high specificity of the biorecognition process is
the uniqueness of complementary nature of this binding
reaction between the base pairs, i.e. adenine-thymine and
cytosine-guanine.

There are still inadequate experimental results and
accurate theoretical models of SGFET devices incubated
in DNA solutions which are able to explain their detection
mechanism and source of the experimentally observed
signal generation. In this paper, SGFET-based optimized
models are employed as detectors of DNA immobiliza-
tion and hybridization. The proposed model describes the
behaviour of the SGFETs device to detect the hybridiza-
tion of target DNAs to the probe DNAs pre-immobilized
on graphene with capability to distinguish single-base
mismatch. The methodology of this study is presented
for diagnosis of the SNP which uses an optimized model
of graphene-based DNA sensor. This detection concept
starts with showing the current-voltage characteristic of
the SGFET-based DNA sensor before adding any DNA
molecule (bare sensor), as shown in Figure 5. In the exper-
iment, the SGFET devices must be washed with (40 pL)
phosphate buffer (PB) to measure the dependence of con-
ductance versus gate voltage [6]. Next step is continued by
assuming that our optimized model is capable of differ-
entiating between complementary and single-based mis-
matched DNAs which is an important characteristic with
regard to the analysis of mutations and polymorphisms
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Figure 3 DNA sensor characteristics. The experimental and optimized model waveforms for DNA sensor in the presence of probe DNA.

[49]. To address this possibility, SGFETs devices have been
exposed to the ssDNA capture probes [50].

As shown in Figure 5, by applying the gate voltage to
the DNA solution, it is obviously affirmed that the con-
ductance of SGFET shows amipolar behaviour since the
Fermi energy can be controlled by the gate voltage. Based
on this outstanding characteristic, it is notable that the
graphene can continuously be switched from the p-doped
to the n-doped region by a controllable gate voltage. At
the transition point where the density of electron and
hole are the same, the minimum conductance (Vgmin) is
detected. This conjunction point is called charge neutral-
ity point (CNP). The doping states of graphene have been
monitored by the Vg min to measure the minimum con-
ductance of the graphene layer which is identified from
the transfer characteristic curve.

It can be seen in Figure 5 that by immobilization of
the probe DNAs, either complementary or mismatch,
on the graphene surface, the Vgmin is considerably left-
shifted by 10 mV. This fact can demonstrate the depen-
dency of Vgmin on the immobilization of the probe DNA
and hybridization of the complementary target DNAs. In

Table 2 The MAPE value for different concentrations of
DNA sensor (F)

Concentration MAPE value (%) Accuracy based on
F (nM) MAPE (%)
F=0.01 1.54 98.46

F=0.1 0.90 99.10

F=1 1.03 98.97

F=10 0.77 99.23
F=100 0.59 99.41

F =500 0.93 99.07

other words, DNA molecules as n-dopants, shift the gate
voltage leftwards due to the fact that DNA molecules n-
dopes the graphene layer [6]. By introduction of DNAs
as electron-rich molecules, the number of carriers would
change in the graphene channel which has led in varying
the conductance of source and drain [51-53]. SGFETs with
high sensitivity is applied to detect the DNA hybridiza-
tion based on the conductance variations. Finally, the
hybridization event has been performed by introduc-
ing complementary sequences which include the tar-
get sequence of the probe DNA immobilized graphene
device [54].

As illustrated in Figure 6, the electronic responses of
the SGFETs upon single-stranded DNA immobilization
are compared with experimental results of subsequent
DNA hybridization events [55]. Fascinatingly, single-base
mismatch combination is occurring with the introduc-
tion of the non-complementary DNAs to the immobilized
capture probe on SGFET device which results in no sig-
nificant change in device characteristic which means con-
ductance will be remained unchanged in this case. When
the probe molecules expose to the target which is a mis-
matched DNA (non-complimentary) in this step, there is
no bonding reaction between two pairs of DNA strands
since they cannot hybrid because of the presence of mis-
matched base pair as illustrated in Figure 4. So there are
no associated charges with the target molecule that can
impose an obvious change to the applied gate voltage. It
can also be seen that the SGFET device specifically recog-
nizes the target DNA sequences. In light of this fact, the
focus of this paper is to present a new strategy for DNA
sensor with the capability of detection of SNP. Accord-
ing to the optimized model of SGFET-based DNA sensor
using PSO algorithm, by substituting @ = 2.138¢'°F? +
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I(A)

Insulator

(b) after immersing the device in mismatched DNA solution.

Figure 6 Immersing the device in mismatched DNA solution. (a) Conductance versus gate voltage curves after incubation with probe and;

8.9921e’F — 5.680¢> in Equation 1, the current-voltage
characteristic of DNA sensor for detection of probe (F =
1,000 nM) is:

34> (3na3t3k3 T)O‘S
hL
N ( 2.138e19F2 4+ 8.9921¢° F—5.680¢3
F

Iy = [J—05(m) + J—05(=n)]

Vgs(without DNA) — Vt)
(8)

By employing the abovementioned equation, the I; —
V characteristic of the optimized model is illustrated in
Figure 5 and an acceptable agreement with the experimen-
tal data extracted from reference [49] is achieved. Figure 7
describes the I; — V, characteristic of the proposed model
as well as the relevant experimental data for different con-
centrations of complementary DNA, where each diagram
depicts specific concentration of the DNA molecules.

According to the experimental data, two important
factors as detective parameters (I4s, Vgmin) play cru-
cial roles in detecting the DNA hybridization events.
Whenever complementary DNA molecules are intro-
duced to the sensor, these parameters will vary and deci-
sion will be made based on these variations. Table 3
can give us an idea about how Igs and Vgmin param-
eters change with different concentration of comple-
mentary DNA molecules which reveals the sensitivity
of Vgmin towards the hybridization of the target
DNAs.

It is apparently seen that the considerable decrease of
conductance is a sign of probe-target matching com-
bination in DNA hybridization. The experimental data
indicates the strong dependency of the gate voltage on
the concentration increment which can have a predictable
influence on the current-voltage characteristics of SGFET
device. In other words, the I; shifts downwards while the
gate voltage shifts leftwards.
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ductance versus gate voltage of the SGFETs device after immersing in

The complementary DNAs also successfully attach to
the graphene surface through graphene-nucleotide inter-
action and impose n-doping effect which results as the left
shift of Vg min after DNA hybridization. It is stated that
the stacking interaction between nucleotide and graphene
surface upon DNA hybridization has a strong influence

Table 3 Iys, Vgmin for different concentration of DNA
molecules

Concentration F (nM) Vgmin lgs

F=1,000 (Probe) 0.54 47
F=1,000.01 (Target) 0.5 4.1

F=1,000.1 (Target) 0.45 3.98
F=1,001 (Target) 041 38
F=1,010 (Target) 0.40 3.7
F=1,100 (Target) 040 36

on Vgmin, which can shift it leftwards [52]. This phe-
nomena describes that the transfer of electrons from the
target DNA happens because the probe DNA brings it
to the proximity of the graphene surface [6]. In addi-
tion to the Vymin shift, the I; experiences a current
decrease from 4.7 to 4.1 amp at Vg = —0.5v. Further-
more, when DNA molecule is present, the I; continues
to decrease with concentration increment of complemen-
tary DNAs. This fact can be explained by the p-type
behaviour of graphene in the FET structure as observed by
[56-59], which can justify the current decrease upon DNA
hybridization event. While graphene is known as a p-type
semiconductor with the holes as a majority of carriers,
the electrons from DNA will lower the carrier concentra-
tion of graphene and hence reduce the conductance. By
increasing the amount of complementary DNA concen-
tration, more DNAs will make the configurational change
and cause more electrons being trapped on the surface.
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Table 4 Decision making table based upon different
conditions happened to detective parameters

Conditions Decision

AVgmin = AVI and Alin > AT Hybridization is happened
AVgmin > A\/g:"nﬁ'n and Almin < A/mg Try again

AVgmin < A\/g?‘hﬂ‘m and Almin > AT Try again

AVgmin < A\/gmn"q”m and Almin < A/TIR SNP occurred

The current or conductance shows a steady drop off at
Vg = —0.5v.

Similar results had been reported for unfunctional-
ized graphene [59], where a larger current decrease was
observed. The amount of shift rises with the increas-
ing concentration of the complementary DNA from 1 to
10 nM as stated by experimental data [60]. The amount
of these changes would determine that the hybridiza-
tion event occurred in the presence of complementary
or non-complementary DNA. For clarifying this con-
dition, AIFIN and AVg“;rifi‘n are introduced as the rep-
resentatives of the source-drain current at voltage of
Vemin = —0.5v and the gate-voltage changes dur-
ing hybridization events, respectively. The following
equations describe the selected parameters:

AIR® = |Ipprobe — IpF=1000.01] = 0.6 )

Avgnrlril?n = |ngin probe — ngin F=1000.01| = 0.04 (10)

where Ipprobe is the drain current of probe DNA molecule,
Ipr denotes drain current in a specific DNA concentra-
tion, Vgmin probe represents the minimum gate voltage of
probe DNA molecule while Vgnin r shows its concentra-
tion. The experimental data has to be obtained from the
sample. In the next step, detective parameters should be
extracted (Vgmin probes IdS|Vgs=—0.5) for probe and target
DNA as well to calculate the Alnin and AVgyin values.
To make a decision from the obtained results, Table 4 is
prepared and can be utilized.

Conclusion

Due to the outstanding properties of graphene nanomate-
rial such as high surface area, electrical conductivity and
biocompatibility, it has remarkable potential for DNA and
protein detection as a biosensing material. The detection
of DNA hybridization is currently an area of intense inter-
est whereas recent studies have proved that the mutations
of genes are responsible for numerous inherited human
disorders. In this research, graphene is chosen as both a
sensing layer and a conducting channel in solution-gated
field effect transistors for detection of DNA hybridiza-
tion. In order to facilitate the rational design and the
characterization of these devices, a DNA sensor model
using particle swarm optimization theory developed and
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applied for detection of DNA hybridization. Further-
more, our proposed model is capable of detecting the
single-nucleotide polymorphism by suggesting the detec-
tive parameters (Igs and Vgmin). Finally, the behaviour
of solution-gated field effect transistor-based graphene is
compared by the experiment results. An accuracy of more
than 98% is reported in this paper which guarantees the
reliability of an optimized model for any application of the
graphene-based DNA sensor such as diagnosis of genetic
and pathogenic deseases.
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