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Abstract: Graphene is an allotrope of carbon with two-dimensional (2D) monolayer honeycombs. A larger detection area
and higher sensitivity can be provided by graphene-based nanosenor because of its 2D structure. In addition, owing to
its special characteristics, including electrical, optical and physical properties, graphene is known as a more suitable
candidate compared to other materials used in the sensor application. A novel model employing a field-effect transistor
structure using graphene is proposed and the current-voltage (/-V) characteristics of graphene are employed to model
the sensing mechanism. This biosensor can detect Escherichia coli (E. coli) bacteria, providing high levels of sensitivity. It
is observed that the graphene device experiences a drastic increase in conductance when exposed to E. coli bacteria at
0-10® cfu/ml concentration. The simple, fast response and high sensitivity of this nanoelectronic biosensor make it a
suitable device in screening and functional studies of antibacterial drugs and an ideal high-throughput platform which
can detect any pathogenic bacteria. Artificial neural network and support vector regression algorithms have also been
used to provide other models for the -V characteristic. A satisfactory agreement has been presented by comparison

between the proposed models with the experimental data.

1 Introduction

Escherichia coli (E. coli) bacteria was discovered in the human colon
in 1885 and is associated with German bacteriologist Theodor
Escherich. He found correlations between particular strains of the
bacteria and diarrhoea and gastroenteritis in infants, which was a
significant finding in the public health area, hence the change of
the name of the bacteria from bacterium coli to E. coli in his
honour [1, 2]. It must be noted that not only do most E. coli
bacteria not cause any illness in humans, but some even act for the
benefit of the human body. However, several E. coli strains cause
infections that are not gastrointestinal disorders, but rather those of
the urinary tract [3, 4].

In E. coli sensing, several biosensor structures have been presented,
such as optical biosensors, photodiode-based sensing [5], integrate
waveguide biosensors [6] electro-chemical sensing techniques
[7-10] or carbon nanotubes biosensor based on field-effect
transistor (FET) structure with very high bound of sensing [11-14].
Nonetheless, the greater parts of these experiments need the use of
labels for detection; hence, a more clear method is required. These
biosensor fabrications can be unmanageable or the limit of sensing
is remarkably lower than preferred. The properties and definition of
nanomaterials utilised as a part of nanobiotechnology for E. coli
sensing are recorded in Table 1.

Here, we explain a graphene-based nanoelectronic sensor with
extremely sensitive bacteria (E. coli) detection (10 cfu/ml). In
contrast to the mentioned approaches, which are time-consuming
and tedious, the graphene-based nanoelectronic offers delicate
and quick estimation. This work has novel approaches because,
for the first time, the effect of E. coli detection on graphene
electrical properties is studied and formulated. Furthermore,
typically, two distinct states, namely equilibrium (statistical) and
non-equilibrium conditions are considered in most studies. In this
research, both states have been applied in the mathematical
formulation of the sensor models.
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Carbon-based materials have been explored extensively to
accommodate the advancing technology nowadays [15-17]. The
discovery of a single atomic sheet of graphite layer or graphene by
Andre Geim in 2004 has attracted much interest in the
communities of research and technology because of its superb
electronic properties [18-21]. Single layer graphene consists of
sp>-bonded carbon atoms arranged in the form of a hexagonal
lattice (honeycomb lattice) in a two-dimensional (2D) structure
comprising a thin layer of single carbon atoms [20, 22-25].
Graphene has a very high charge carrier mobility that can exceed
200 000 cm?/Vs at room temperature. According to experimental
transport measurement results, due to the extraordinary feature of
high electron mobility, graphene has become an extremely
attractive material for use in future nanoelectronic devices,
particularly in sensor applications [26-29].

Herein, we introduce a FET biosensor modified from graphene,
which shows promoted performance for measuring the bacterium.
The prototype FET structures have indicated excellent performance
for transistors, interconnects, electromechanical switches, infrared
emitters and biosensors [30, 31]. As one can see in Fig. 1, it looks
similar to the electrolyte-gated FET and a graphene channel
connects the source and drain electrodes [32, 33]. When E. coli
bacteria come into contact with the surface or edge of graphene,
the amount of carrier concentration will change because of the
variability of the drain—source current, which is a measurable
parameter. According to the relation between conductivity and
charge carrier density or carrier mobility, the adsorbed molecules
change the conductivity of the grapheme [34-37].

In addition to the analytical model, artificial neural network
(ANN) and support vector regression (SVR) models were also
developed. ANNs can be identified as a simplified mathematical
model based on the neurological structure of the human brain. The
ability of ANN in determining complex relationships among
variables makes this technique one of the most powerful tools for
data modelling [26]. SVR is another technique in computational

273



Table 1

Description and properties of nanomaterials used in Nanobiotechnology for the E. coli detection

Material Recognition element Signal transduction method Pathogen Detection range Refs.
quantum dots antibody fluorescence E. coli 0157:H7 106 cells/ml (PBS) [51]
quantum dots antibody fluorescence E. coli 10* cfu/ml [51]
single- and multi-walled carbon nanotubes aptamer fluorescence E. coli 103 cfu/ml [14, 52-54]
magnetic nanoparticle CP1 magnetic E. coli 0157:H7 10* cfu/ml (PBS-T) [65-57]
magnetic bead/quantum dot antibody fluorescence E. coli 0157:H7 102 cfu/ml (brain) [58]
RuBpy doped silica antibody fluorescence E. coli 0157:H7 1 cell/ml (PBS) [59]

intelligence associated with ANN and is fundamentally based on the
theory of statistical learning proposed by Vapnik [1, 4, 22].

2 Experimental

The chemical vapour deposition method using ethanol was used for
graphene film growing on copper foils. It was coated by a thin layer
of poly-methyl methacrylate (PMMA) dissolved in chlorobenzene.
Then, by using chemical etching method the graphene/PMMA was
released from the copper foil. The drain and source (two
electrodes) were prepared and passed through the graphene by
using silver. Lastly, for electrode insulation silicon rubber was
used [4].

E. coli (K12 ER2925) was bought from New England Biolab and
cultured in LB (Luria Bertani) medium at 37°C. For 107 cfu/ml
density E. coli production, culturing and colony counting methods
were used. It was prepared for experimental work by diluting it in
PBS solution (pH 7.2). The harvested E. coli was stored at 80°C.

The semiconductor device analyser was used for electrical
measurement (Agilent, B1500A) and all measurements have been
done under ambient conditions [4].

3 Proposed model

An E. coli bacterium in contact with a film of antibody functionalised
graphene is illustrated in Fig. 1. In this configuration, to check the
system response and to find the kinetics of bacteria binding, the
sensor was kept in chambers with 10° cfu/ml of E. coli [4, 38]. As

Fig. 1 GFET for detection of E. coli

274

the higher number of E. coli is caught by the graphene film
antibodies, the conductance of the channel increases. Operating the
graphene-FET (GFET) in the p-type region with zero gate voltage
confirms that the graphene conductance increases as a result of
higher levels of hole density caused by the high negativity of the
walls of the bacteria.

It has been approved by experimental methods that the
conductance of graphene is a function of carrier density and
mobility. In the other words, changes in electron density and/or
charge carriers by adsorption of E. coli molecules or ions in
graphene change the conductance [39].

We begin the modelling by carrier concentration given as [40, 41]

n= jD(E)f(E)d(E) ()

where f(F) is the Fermi dirac distribution and D(E) shows density of
state and can be written as [40]

DE) = £ @

3mta,_, o (Eg/2)2

in which ac_c=142 A represents carbon-carbon (C—C) bond
length, and #=2.7 eV is the nearest neighbour C—C tight binding
overlap energy. E, is the bandgap energy, which can be written
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for monolayer graphene as [42, 43]

5, =232 -3) G)

in which p signifies an integer number, and the Fermi dirac
distribution f(E) is defined as [44]

1
exp(E — Eg/kgT) + 1

J(E) = “)

where Ey is the Fermi energy, Kp is the Boltzmann’s constant, 7 is
the temperature and E is the energy then the E. coli concentration
is written as

1 E 1
n:jSma / z‘exp(E—E/k T)+
c—c B (Eg/2> F/ "B

The quantum capacitance is shown as [45]

[ dE) 6)

90
C, = 2 6)
in which Q is the charge measured in coulombs and 00 = e Oy, €
is the electron charge, no, =# +n', where n is the inherent carrier
concentration and »’ is the amount of carrier concentration when
lipid is injected.
o0V=0dEle is the voltage applied to the device and C, is given as
[46]

eon
C — Total 7
17 9E/e O

which becomes by a simple mathematical rearrangement

on
_ 2 9%70tal
Cq =e oF (8)

Using the definition of nry), the following equation can be written
for quantum capacitance

c 5 o0n 4 on’ ©)
=e — +e —

4 oF oF

The performance of the bio-sensor based on graphene nanostructure
is demonstrated by its conductance characteristic. As V,, results in
altering conductance of the channel, one of the parameters that has
a strong influence on bio sensor conductance is E. coli
concentration, SO we can write

n' = YFgc (10)

where (Fgc) is the carrier concentration of E. coli and the control
parameter is indicated by (¢). As a result, the quantum capacitance
can be written as

, 1 E 1
Cy=e "3mia 2.exp(E—EF/kBT)+l
e = (E2)
OF g ot
2 EC
—_— 11
eV A (an
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The GFET conductance can be shown as follows

ole. 2 E 1
B 3mta,_, 2 eXp(E - EF/kBT) +1
B2~ (E,/2)
OFgc Ot
ey Cam | Ve e (12)

On the basis of the analytical model, ¢ is introduced as the E. coli
controlled parameter and shows the rate of changes in conductivity
depends on E. coli concentration that is given by

Y =aln(Fyc)+b (13)

where in the same manner constant parameters has been calculated
as: a=157550 and b =18848.

To check their functionality, the graphene devices were kept in
closed chambers with various E. coli concentrations to allow the
bacteria to grow and multiply. The graphene devices were then
washed with a phosphate-buffered saline (PBS) solution of pH 7.2
(to allow for the production of the intended final E. coli
concentration) [4] and were electrically tested through measuring
the current—voltage (/-V') characteristics with zero voltage between
the solution and the gate. The corresponding /~V curves of a
single graphene device before and after being exposed to E. coli
bacteria at concentrations between 0 and 10* cfu/ml are illustrated
in Figs. 2a—f.

The -V characteristics of the proposed model for a biosensor
based on graphene in comparison with results from experimental
data have been illustrated in Figs. 2a—f. It can be observed that the
charge transfer between E. coli (0—100 000 cfu/mol) and graphene
causes the current to increase. An acceptable agreement between
extracted data and the suggested model is illustrated clearly in the
figures. In the proposed model, different amounts of E. coli
concentration are shown in term of control parameter (i) as
presented in Table 2.

Fig. 3 shows the evaluation of the rate increment in conductance
of graphene affected by several bacteria concentrations.

As can be seen, concentrations of E. coli as low as 10 cfu/ml could
be ambiguously sensed. This is several steps lower than the formerly
stated approaches used by single-walled carbon nanotubes-network
FETs [47], polymerase series response [48], external plasmon
intensification [49]. Particularly, 10 cfu/ml created a 3.25+0.43%
increment in graphene-based sensor conductance (n=6 devices)
which relates to the existing increment of ~1.17 pA at Vg =02V
(notably greater than the existing noise of (0.02 uA)). In Table 3,
the validation data for the analytical model are presented.

4 ANN and SVR models

This study aims to carry out a comparative study between SVR and
back-propagation ANNSs to assess their characteristics and potentials
in the prediction of /- characteristics.

The proposed ANN has been developed incorporating a network
comprising three layers: one input, one output and one hidden
layer, and feed-forward structure has been employed for this ANN
model. MATLAB software was utilised for programming and the
extracted experimental data were used as the training data set as
well as testing input. The values for the weights and bias are
randomly chosen by the software and updated in each epoch using
the back-propagation learning algorithm.

Recently, the SVR has been employed for prediction in chemical
applications. In our research, we use the e-SVR, which gives an
approximate function f{(x) that limits the deviations from the target
y; in the training data set (i.e. {(x1, ¥1)s....0n y2)} € (X% YY) not
to exceed a maximum value £ and makes it as flat as possible
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Fig. 2 [-V characteristics for different E. coli concentrations

[3, 38]. In other words, errors are neglected as long as they are
smaller than a pre-specified value, €. Unlike the ANN, training of
the SVR includes convex optimisation in which there are no local
minima [22]. 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 we X, and b € R. Here (w, ®(x))
represents the dot product of the input patterns, x in the feature
space [3, 4, 28]. As a matter of fact, the support vectors are the
data points which are used in the description of the searched

Table 2 | parameter corresponding to E. coli concentration values

F, cfu/mol 14
0 0.7
10 0.72
100 0.75
1000 0.78
10 000 0.8
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function [20]. In the presence of noise, working with a soft margin
obtained from the support vector machines (SVM) would be more
plausible. This can be evidently realised by slack variables

12

A Conductance(%)

Bacteria (cfumL) x10*

Fig. 3 Changes in the concentration of E. coli causes varying percentages
of graphene conductance

Averages of the values read from six devices are taken for each data point and the
corresponding standard errors are represented by error bars
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Table 3 Validation data for analytical model at different concentrations
of E. coli

E. coli concentration 0 10 100 1000 10 000
MSE 0.0128 0.00009 0.0008 0.0003 0.0072
R2 0.9411 0.9986 0.9915 0.9966 0.9613
Q2 0.7951 0.9979 0.9811 0.9910 0.8334
RSS 0.0913 0.0016 0.0108 0.0039 0.0429
TSS 1.5512 1.1619 1.2765 1.1479 1.1079
SSE 0.2681 0.0021 0.0182 0.0081 0.1443
PRESS 0.3178 0.0024 0.0241 0.0103 0.1846
Table 4 Selected values for g, Cand y
Concentration, cfu/ml £ C ¥
0 1.9 35.6627 0.07
10 1.7 37.1314 0.09
100 1.1 38.4 0.03
1000 1.5 39.8400 0.04
10 000 1.4 38.8755 0.02
40
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+ ANN model
< 20 & Analytical model
=
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5 r E I
0 0.05 0.1 0.15 02
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7 20 _
o

&,& >0 with which the mathematical formulation can be
extended in convex optimisation [22]

1 5 !
R IWIF+CD @ +8) (14)

In order to ensure flatness, the equation above must be minimised by
|W|? = (w, w) and applying the constraints

(W ) b=y =e+ &= v p) —b et &

[20, 22]. 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 e-intensive loss function [50]

o 0 if [{|<e
1€l = { |é] < & otherwise (15)
Employing the kemnel 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 implemented radial basis functions (RBF). The accuracy of
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Fig. 4 [-V characteristics of anti E. coli antibody in different concentrations of E. coli

a 0 cfu/ml concentration of E. coli

b 10 cfu/ml concentration of E. coli

¢ 100 cfu/ml concentration of E. coli

d 1000 cfu/ml concentration of E. coli
e 10 000 cfu/ml concentration of E. coli
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Table 5 Validation data for SVR and ANN models at different concentrations of E. coli

E. coli concentration SVR ANN

0 10 100 1000 10 000 0 10 100 1000 10 000
MSE 0.0066 0.0020 0.0002 0.0007 0.0007 0.0011 0.0015 0.0004 0.0001 0.0002
R2 0.9840 0.9932 0.9981 0.9959 0.9966 0.9973 0.9952 0.9985 0.9993 0.9990
Q2 0.9358 0.9794 0.9965 0.9912 0.9905 0.9865 0.9787 0.9947 0.9986 0.9965
RSS 0.0434 0.0225 0.0040 0.0103 0.0064 0.0054 0.0114 0.0031 0.0017 0.0019
TSS 2.7137 3.3204 2.1627 2.5432 1.8692 2.0027 2.3925 2.1214 2.3037 1.8668
SSE 0.1450 0.0685 0.0058 0.0183 0.0142 0.0221 0.0428 0.0096 0.0027 0.0053
PRESS 0.1742 0.0594 0.0076 0.0224 0.0178 0.0271 0.0510 0.0113 0.0033 0.0066
the model for the e-SVR with RBF kernel function is dependent 7 References
upon the parameters €, C and y. As previously mentioned, the
accuracy of the approximated function is determined by the 1 Anthony, M.: ‘Computational learning theory’ (Cambridge University Press,

magnitude of €. For values of £ larger than the range of target
data, expecting accurate results is a little over-optimistic. One can
expect over-fitting for zero . Thus, £ must be chosen so that it
somehow reflects the data. The values of insensitivity function &,
and parameters C and y were selected by trial and error method
and are tabulated in Table 4.

In summary, the ANN model that we employed comprises a
multi-layer feed forward neural network and the SVM model
developed is a SVR with radial kernel function. The analysis
considered modelling of /~V characteristics in graphene-based
biosensor. The results are provided in Figs. 4a—e, where the results
from ANN and SVR are compared with those from the extracted
experimental data. Results of this comparison indicate that the
ANN significantly outperformed SVR in predicting the I~V
characteristics of the proposed biosensor model. While more
investigation is necessary to draw definite conclusions regarding
the advantages of ANN over SVR, based on the investigations
conducted in this study, it was found that ANN is a viable
alternative for SVR in modelling the /-V characteristics in
graphene-based E. coli sensor.

Model validation parameters for SVR and ANN are tabulated in
Table 5. As observed from these validation data, it is evident that
the ANN model can best fit the experimental data and thus predict
the sensor behaviour.

5 Conclusion

Three different models were developed using ANN, SVR and
analytical method to characterise the [-V relation of a
graphene-based sensor for E. coli bacteria. The graphene
component shows measurable sensitivity when in contact with
E. coli as its conductance changes. Hence, this behaviour is
proposed to be used in the detection of this type of bacteria. A
bacteria concentration control parameter (i) is introduced in the
derivation of the analytical model and is calculated iteratively. In
synopsis, the created sensor is label-free, rapid, extremely sensitive
and selective biosensor for detection of bacteria E. coli. A very
low sensing limit of 10 cfu/ml can be reached. Comparison
between the results obtained from the three models shows that
ANN is able to provide more accurate estimations. With the aid of
the proposed models, a realistic understanding of the biosensor
performance under exposure to E. coli can be gained, minimising
the need for empirical experiments.
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