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Abstract

Graphene is another allotrope of carbon with two-dimensional monolayer honeycomb. Owing to its special character-
istics including electrical, physical and optical properties, graphene is known as a more suitable candidate compared to
other materials to be used in the sensor application. It is possible, moreover, to use biosensor by using electrolyte-gated
field effect transistor based on graphene (GFET) to identify the alterations in charged lipid membrane properties. The
current article aims to show how thickness and charges of a membrane electric can result in a monolayer graphene-
based GFET while the emphasis is on the conductance variation. It is proposed that the thickness and electric charge of
the lipid bilayer (L_p and Qyp) are functions of carrier density, and to find the equation relating these suitable control
parameters are introduced. Artificial neural network algorithm as well as support vector regression has also been
incorporated to obtain other models for conductance characteristic. The results comparison between analytical
models, artificial neural network and support vector regression with the experimental data extracted from previous

work show an acceptable agreement.
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Introduction

Carbon-based material has been explored extensively to
accommodate the advancing technology nowadays.'
A single-layer graphene is sp>-bonded carbon atoms
arranged in the form of hexagonal lattice (honeycomb
lattice) in a two-dimensional (2D) structure* compris-
ing a thin layer of single carbon atoms. Comparing with
most conventional materials, graphene exhibits unique
electronic properties and it has become an extremely
attractive material for use in future nanoelectronic
devices particularly in sensor applications.® Among
the many great properties of graphene are its remark-
ably high stiffness with Young’s modulus of approxi-
mately 1000 GPa, its outstanding heat conductivity of
3000 W (mK) ™', its high-speed electron mobility of
200,000 cm? (V s)~! at room temperature and high spe-
cific surface area of 2600m”g~'."'" Therefore, gra-
phene would represent a new revolutionary asset in
material science, nanoelectronics and matter physics.'!

Moreover, compared to any metal used on biosen-
sors such as biomimetic membrane-coated types, gra-
phene allows current to pass through it in a much more

precise and effective manner and at higher speed.
In many plant and animal cells, there is a two-layer
covering called phospholipid bilayer surrounding the
cell. Figure 1 depicts phospholipids, the molecules
which form phospholipid bilayer.'> These molecules
can organize themselves by forming a pair of layers
which form a covering that only some specific types
of substances are merely able to infiltrate. Such a struc-
ture provides a barrier preventing unwanted materials
from entering the cell.'?
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Figure 1. Structure of phospholipid bilayer.

There are two ends in each phospholipid: one end
attracts water showing a hydrophilic behaviour, and
the other end that acts in an opposite hydrophobic
manner resisting water.'*'> Normally there is water
both outside and inside the cells, hence the molecules
form themselves between two sheets, with the hydro-
phobic ends of both layers in inward direction and the
hydrophilic ends of them pointing outwards.'¢™'®

A key role of phospholipid bilayer is to prepare the
structure to a cell. This is achieved when the hydropho-
bic and hydrophilic ends of phospholipids are naturally
arranged, and when stable, cholesterol and sterols con-
tribute to this too. Controlling the types of material that
attach to or enter the cell through different ways by
utilizing proteins is another function of phospholipid
bilayer.'” In order to distinguish the cell or to provide
a space for some substances to attach to the membrane,
the types of the protein which develop from the top of
membrane can be utilized. Moreover, certain kinds of
protein are able to form channels or tunnels to let some
materials enter. A number of channels are open towards
some kinds of molecules all the time, but some channels
cannot close or open without providing the required
energy. Since such type of transport performs in both
ways, that is the materials can both enter and exit the
cell, it is called active transportation. This transporta-
tion is usually used with substances such as sodium,
potassium and calcium. The electronic properties of gra-
phene are accepted by an altered lipid bilayer which
adsorbs on the surface.’” In order to observe and
check the electrical conditions of biorecognition occur-
rence which cause alterations in the perpendicularity of
the membrane, one can utilize a biomimetic lipid

membrane on grapheme-based electrolyte-gated transis-
tor. The bacterial motion of antimicrobial peptides can
be electrically detected by graphene according to a
multi-part interaction of a biomolecular doping and
jonic screening influence.?! The signs of lipid charges
together with the transference perceived in the Dirac
point show that the lipid membranes created a charge-
impurity potential. These signs also depict that the
current membranes of lipid modify and accept the elec-
tronic properties of graphene to a great extent. Suppose
that the current lipids are equally divided into two leaf-
lets, the degree of charged pollutants concentrated in the
membranes of lipid is estimated by the distance
between the surface area and a lipid head group because
of graphene’s electrically neutral properties.>”> The
conductance of graphene might be modified and simu-
lated through the adsorption of charged lipid bilayer
on the surface of the membrane. In terms of electrical
area, it is possible to utilize electrolyte-gated biomim-
etic membrane-graphene biosensor for practicing
biorecognition that leads to some alterations in the
membrane unity and entirety.>® In the present research,
the influence of Q;p and Lip on the conductance of
graphene-based FET has been assessed.

Proposed model

We begin the modelling by carrier concentration
given as

n= / D(E)E)d (E) (1)
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where f(E) is Fermi Dirac distribution and D(E) shows
density of state and can be written as>*

1 E
- 3nta,._. o (%)2

In which ac_¢ = 1.42A represents carbon—carbon
(C—C) bond length, and ¢t = 2.7(eV) is the nearest neigh-
bour C—C tight binding overlap energy. E, is the band
gap energy which can be written for monolayer gra-
phene as>*2°

D(E) 2

E, =213 (L - g) 3)

N+1 3

in which p signifies an integer number, and the Fermi
Dirac probability function f(E) is defined as>’

1

“

where Eris Fermi energy , K is Boltzmann’s constant,
T is temperature and E is energy then the E. coli con-
centration is written as

1 E 1
n= / . Ad(E) (5)
e (e o)
The quantum capacitance is shown as®®
8Q
C=35y ©)

Bilayer lipid

Vg

In which Q is the charge measured in coulombs and
8Q = e.dnyym, e 1is electron charge, nry=n+n,
where 7 is inherent carrier concentration and »’ is the
amount of carrier concentration when lipid is injected.

dV = is the voltage applied to the device and C,

e
1S given 3829

e Tl
Cq _ Em (7)
which  becomes by a simple mathematical
rearrangement
on
2 Total
Cy=e oE (®)

Using the definition of n7,.y, the following equation
can be written for quantum capacitance

8n+
—te
oE

oFE

:ez

C, 9

Figure 2 depicts graphene electrolyte-gated FET device.

The factors on which the conductance of the GFET
channel relies consist of the biomimetic membranes of
diverse surface charges which always concentrate on
the charged lipid bilayer and graphene, adsorbed by
the graphene as well as graphene organization and
the source—drain voltage. When the density of charge
carrier changes in the channel, it imposes some effects
on the graphene-based FET conductance.’® Figure 3
depicts the alterations in the conductance of the chan-
nel as a result of the thinning effect of the membrane.

The alterations in the thickness of membrane and its
electric charge lead to the absorption of several ions.
On the other hand, the conductance of the biosensor
based on graphene has been transformed by the solu-
tion. These two, in turn, cause the ions inside the

Figure 2. Schematics of electrolyte-gated FET based on graphene as biosensor.
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Figure 3. Lipid bilayer adsorption by using single-layer graphene.

solution to be attracted by the sensor. Conductance can
be a function of thickness and charge of bilayer lipid, in
the biosensor based on biomimetic membrane-coated
graphene.®’ The current study aims to propose a
novel model for GFET through which the alterations
in thickness and electric charge can be predictable. That
is, the model should be able to simulate the GFET con-
ductance dependent on thickness, electric charge and
propose parameters for them. Therefore, FET model-
ling is used to perceive the function and effect of lipid
bilayer more comprehensively.*> Through this model-
ling, in fact, an equation can be gained which explains
the conductance, electric charge (Qp) and thickness
(LLp) well.
The L;p and Qqp should be considered as the fol-
lowing to confirm the suggested model
W' =680rp+VLrp (10)
where (8) and (v) are the electric charge and thickness
parameter, respectively. As a result, the quantum cap-
acitance can be written as

1 E 1
Cy=¢. 3nta 2 E-E
c—c E, exp(’—‘” +1
2= (%) ¥) (11)
5 Qrp ot 5 oL;p ot
st o0 z
T aET YV T ok

The GFET conductance can be shown as follows

1 E !
3mia,_ EQ_(%)fexp(%)Jrl (12)

a0 p Ot 5 oL, p ot
&rp o 2\ v,
or 9E TSV o op) Ve

G=|¢.

+e8

Corresponding with the extracted data*® which is
revealed in Table 1, the GFET conductance model pro-
posed in this paper has membrane thicknesses and lipid
bilayers charged differently, which are depicted as par-
ameter ¢ for Ly p and 8§ for Qpp.

Based on the presented conductance model and also
according to the iteration method, the following control

3nm

+ GRAPHENE +

Table 1. Control parameter values for Qp and L;p
s 14
Qup Neutral 0.13 -
Negative 0.26 -
Positive -1.3 -
Lip 10nm - 0.21
100 nm - 0.15
1000 nm - 0.07
10,000 nm - 0.05

parameter can be proposed

§ =27.34Ln(Qrp) + 18.254 (13)
According to the analytical model, the lipid
bilayers charged will improve by increasing the
amount of lipid concentration. As shown in
Equation 13, parameters a = 27.34 and b = 18.254
are calculated.

Furthermore, thickness is another controlling par-
ameter that is shown by i and has influence on the
rate of conductivity. As demonstrated in the following
equation, ¢ and d are two constant parameters obtained
from the extracted data

Y= —0.416Ln(Lzp) + 0.7192 (14)
In the same method as before, ¢ and d are calculated as:
¢=—0.416 and d = 0.7192.

In order to prove that membrane thickness of the
lipid bilayer and the electric charge which charged the
graphene-based biosensor change, in the present
paper, the experimental data have been revealed
together with the model that suggested the structure
of electrolyte-gated FET based on graphene.
According to the discussion earlier, it can be said
that because of electronic instruments on the
p-doping and n-doping materials, a remarkable alter-
ation happens in Vg, of the ambipolar FET showing
reaction to the electric charged lipid membranes alter-
ation and changes of biomimetic membranes
thickness.
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Artificial neural network (ANN) and support vector
regression (SVR) models

This study aims to carry out a comparative study
between SVR** and back-propagation ANNs to
assess their characteristics and potentials in the predic-
tion of I-V characteristics. ANNs can be identified as a
simplified mathematical model based on the neuro-
logical structure of human brain. The ability of ANN
in determining complex relationships among variables
makes this technique one of the most powerful tools for
data modelling.*

Recently, SVR has been employed for prediction
in chemical applications. SVR is another technique in
computational intelligence associated with NN and is
fundamentally based on the theory of statistical learn-
ing proposed by Vapnik.’’>? In our research, we use
the e-SVR which gives an approximate function f(x)
which limits the deviations from the target y; in the
training data set (i.e.{(x1,y1)...(xryr)} € (X X )
not to exceed a maximum value & and makes it as flat
as possible.***' In other words, errors are neglected as
long as they are smaller than a pre-specified value e.
Unlike the ANN, training of the SVR includes convex
optimization in which there are no local minima.?’
A transformation function @ is applied in the SVR
algorithm to the original points to transform them
from the initial input space to a feature space F of a
higher dimension. In the obtained new space, a linear
model is constructed corresponding to a non-linear
model in the original space. Consider a simple linear
problem; for this case, the transformation function is in
the form of f(x) = < w,®(x) > + b where w € X, and
b € N. Here < w,®(x) > represents the dot product of
the input patterns, x in the feature space.’®4%** As a
matter of fact, the support vectors are the data points
which are used in the description of the searched func-
tion.* In the presence of noise, working with a soft
margin, obtained from the support vector machines
would be more plausible. This can be evidently realized
by slack variables & ,&" > 0 with which the mathemat-
ical formulation can be extended in convex
optimization®’

| ! _
Sl +c;@f+si> (15)

In order to ensure flatness, the equation above must
be minimized by ||[W||> = w,w and applying the con-
straints  (w.¢(x;) +b —yi=e+ & yi — (w.d(x;)) — b <
e+ &3 The constant C determines the trade-off
between flatness and the amount of outliers of the
e-tube, which is handled in this study with the

5
Table 2. The selected values for ¢ C and y.
e C y
Neutral 4 158.9400 0.05
Negative 3.8 144.7149 0.06
Positive 3 133.84 0.1
10 pm thickness 4.2 163.45 0.04
10,000 nm thickness 3.7 262.50 0.07
e-intensive loss function**
0 iflél<e
= ’ - 16
HE { |&| <& otherwise (16)

Employing the kernel function, one can derive a
solution for the original regression problem, without
the need to consider the transformation ®(x) applied
to the data explicitly. In this study, we have imple-
mented radial basis functions (RBF). The accuracy of
the model for the e-SVR with RBF kernel function
is dependent upon the parameters &, C and y.
As previously mentioned, the accuracy of the approxi-
mated function is determined by the magnitude of epsi-
lon. For values of epsilon larger than the range of
target data, expecting accurate results is a little over-
optimistic. One can expect over-fitting for zero epsilon.
Thus, epsilon must be chosen in a way that it somehow
reflects the data. The values of insensitivity function &
and parameters C and y were selected by trial and error
method and tabulated in Table 2.

Results

Figure 4 shows that using the gate voltage to the bio-
mimetic membrane, the ambipolar performance
resulted from the conductance of GFET-based gra-
phene was obvious. In order to estimate the lowest
level of conductance of the graphene layer determined
using transfer characteristic curve, the doping condi-
tions of graphene are checked. On the whole, measure-
ment and modulation of lipid bilayer are strongly
demonstrated by Vgmin shift (at the Dirac point).
However, when such alteration is estimated from
the location of the smallest level of conductivity in
bare graphene, the degree of alterations in voltage
from negative and positive lipids are similar. While
some alterations are happening in the electric charges
of biomimetic membrane-coated graphene biosensor,
an alteration is observed in the conductivity graph
too. Hence, the molecules which are electrically
charged better would be absorbed and a bigger
number of molecules are attracted to the sensor. It
causes the total density to reduce following Vymin
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Figure 4. Conductance model comparison for neutral, positive
and negative charged.
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Figure 5. Comparison between bipolar transfer curves for

neutral membrane.

changes on the device. If the membrane is negative
compared with that of exposed graphene, the positive
change and conductivity in the Dirac point will
increase very little.

As indicated in Figure 5, in order to estimate the
transfer curve, before using electrolyte solution, pure
water is used as a water gated in GFET structure.
The empirical result obtained based on Ang et al.*
and analytical SVR and ANN models of lipid bilayer-
based biosensor remarkably corresponds.

Figures 6 and 7 show the bipolar transfer curves for
negative and positive membrane, respectively.

The reason for this is due to the negative alterations
in membrane that cause the remaining pollution
charges to enhance. According to a measurable Dirac
point shift, it would be possible to obtain a detection-
charged lipid bilayer. Accordingly, the present research

-06 -04 -02 0 0.2 0.4 0.6 0.8
Figure 6. Comparison between bipolar transfer curves for
negative membrane.
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Figure 7. Comparison between bipolar transfer curves for
positive membrane.

primarily aims to provide a novel model appropriate
for biomimetic membrane-coated graphene biosensors.
A function of gate voltage which is the type and thick-
ness of coated charge, according to such model, is simu-
lated and then the control parameters can be
recommended. Afterwards, in order to determine the
association of the liquid gate voltage and its conduct-
ance where the electrodes are drain and source contacts,
GFET modelling is utilized so that a broader view
related to the function of lipid bilayer and its thickness
can be gained. The validation parameters for three dif-
ferent models are presented in Table 3.

Figure 8 depicts that if, on the graphene surface, the
membrane becomes thicker, the Vgmin should be left-
shifted intensively. Hence, one can say that the sensi-
tivity of Vgmin to membrane thickness and electric
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Table 3. Validation parameter for three models.

Analytical ANN SVR
Neutral Negative Positive Neutral Negative Positive Neutral Negative Positive
MNS 0.0129 0.0051 0.0049 0.0015 0.0012 0.0002 0.0005 0.0010 0.0001
R2 0.9023 0.9669 0.9842 0.9905 0.9904 0.9987 0.9991 0.9922 0.9986
Q2 0.7775 0.9264 0.9260 0.9843 0.9865 0.9976 0.9935 0.9893 0.9985
RSS 0.2345 0.0853 0.0396 0.0377 0.0292 0.0043 0.0033 0.0250 0.0050
TSS 2.4007 2.5774 2.5104 3.9620 3.0480 3.4619 3.6430 3.1881 3.6648
SSE 0.4767 0.1639 0.1617 0.0578 0.0363 0.0072 0.0215 0.0312 0.0050
PRESS 0.5340 0.1898 0.1857 0.0620 0.0411 0.0082 0.0237 0.0341 0.0055
350 B 350
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Figure 8. The effect of different membrane thickness on
graphene biosensor.
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Figure 9. The membrane thickness = 10 pm.

charge is high. Since, in the presence of thick mem-
brane, the graphene would be n-doped, the above find-
ing is in agreement with the leftward gate voltage shift.
It means that, according to Ang et al.*® when the

Vg (V)

Figure 10. The membrane thickness = 10,000 nm.

membrane thickness changes from 0.01 nM to 10 uM,
and becomes higher, the alteration can happen in a
bigger range accordingly and Vymin would shift
leftwards.

The Vg characteristic of graphene-based GFET with
Lip=10pm is shown in Figure 9. If Figures 9 and 10
are compared with each other, they will reveal that
based on the proposed parameters (6 and ), the
changes described by Ang et al.>* are indicated similar
by the biomimetic membrane-coated graphene biosen-
sor model. Theoretical and experimental findings show
that when the thickness of membrane becomes higher,
an obvious shift will be observed in Vpmin.

In Figure 10, after the theoretical and experimental
data were compared, it was depicted that 10 meV shift
in Vemin resulted in a membrane as thick as 10,000 nm.

Conclusion

It is indicated that biosensors based on nanomaterials
are powerful tools aimed at providing selective identi-
fication of biomedical diagnosis and biological systems
(e.g., bacteria, virus). The current study provides a
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function for the total graphene conductance associated
with the adsorbed lipid bilayer thickness (Lip) and the
electric charge (Qrp). Moreover, it was revealed that a
reduction of lipid thickness and the alterations (from
negative to positive) in the electrical charge in terms of
the gate voltage (Vg min) cause a remarkable alteration
in the smallest level of (minimum) conductance. Based
on the experimental data, the difference of Vg ., cur-
rent model has been employed as a platform for detec-
tion for which the sensor control parameters have been
determined. The accuracy of the suggested model pro-
vided was approved by the experimental data. Besides,
in order to forecast the performance of graphene in
graphene-based biosensors, the utilization of & and ¢
(as the biosensor control parameters) is made easy. In
addition to the analytical model, ANN and SVR
models were also developed for the conductance char-
acteristics of graphene-based biosensor with FET struc-
ture. This sensing principle based on ionic screening
variation and the dynamics of membrane diffusion on
graphene can be used in other systems such as gated
control of ion channels and ligand receptor binding.
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