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By modulating a ¢ potential of graphene FET (G-EFT), the sensitivity of G-FET could be enhanced than that without modulation. Therefore, 1 x
107 FFU ml~ ' SARS-CoV-2 was detected using G-FET modified with the ¢ potential modulator which is the cation polymer with the positive charge.
This method is based on the relationship between the surface charge and the sensitivity, in which the highest sensitivity is obtained when the ¢
potential is 0 and/or the surface charge is almost 0. In this study, the microfluidic channel was installed on G-FET to get the precise result because
it could wash away the free-floating virus and the physical adsorbed virus. 32 G-FETs including the reference FETs were integrated on the silicon
substrate and the precise results were obtained by subtracting the noise terms. © 2024 The Author(s). Published on behalf of The Japan Society

of Applied Physics by IOP Publishing Ltd

1. Introduction

Graphene is well known to have various features such as a
high mobility of ~200 000 cm* Vs, two-dimensional elec-
tron gas is on its surface, etc. Also, graphene is stable even in
the solution, and is easy to be modified by various
receptor.'™ By using these advantages, we have been
developing G-FET biosensor in order to detect the various
viruses and proteins, etc.> ¥

In this study, the { potential modulator which is poly-L-
lysine (PLL) was introduced into G-FET to enhance the
sensitivity.'¥ To get the optimum PLL concentration, G-
FET modified with the different concentrations of PLL was
used to detect SARS-CoV-2. PLL concentration was changed
from 0.5ngml ' to 5mgml~'. As a result, maximum Dirac
point shift was obtained when G-FET was modified with
50 ugml~" PLL. Thus, 50 ug ml~" PLL was used all through
this study. The top gate voltage Vs at the minimum drain
current I, is known as the charge neutrality point or Dirac
point.'> When the ¢ potential on the graphene surface is
almost 0, G-FET shows the highest sensitivity.'®'” Owing to
the spontaneously induced negative charge on the graphene
surface, however, it is said that G-FET have the negative {
potential of ~45mV'® and it is difficult to get the higher
sensitivity as it is. In order to get the higher sensitivity, we
introduced the ¢ potential modulator with the positive charge
which can cancel out the negative charge of the graphene
surface. This effect reduces the { potential near to 0. In
addition, we installed the microfluidic channel onto G-FETsS to
remove the physical adsorption of the virus and the virus not
bound to the antibody in the solution. Using the microfluidic
channel, quantitative washing becomes possible. And the
reliability of the average and the standard deviation of the
Dirac point becomes increased compared to the conventional
manual pipetting process.'” In the present paper, G-FETs
modified with and without the { potential modulator were

fabricated on the same substrate. G-FET without the ¢
potential modulator were used as reference FETs. The
enhancement of the sensitivity by the { potential modulator
was confirmed precisely. And 10’ FFUml ' SARS-CoV-2 in
1 x PBS could be detected by G-FET. This viral concentration
is almost the same as that in the saliva of a human infected
with SARS-CoV-2. Thus, G-FET has a possibility to detect the
whole SARS-CoV-2 virus directly from the saliva. In most
previous studies, the spike protein,”>? the nucleocapsid
proteinzz) and RNA?® from SARS-CoV-2 were detected, but
only few studies show to detect whole viruses. Compared with
these previous methods which should take out these proteins
and RNA, G-FET in the present study have the advantages of
fast detection and easy operation because whole viruses could
be detected directly by G-FET.

2. Experimental methods

We have been studying to detect SARS-CoV-2 using
integrated G-FET with high sensitivity. Figure 1(a) shows
the optical image of the integrated 32 G-FETs, and (b) the
expanded view of one G-FET. G-FET has an inter digital
structure and the channel length and the width were 10 ym
and 400 pm, respectively. The graphene layer was put onto
the Ti/Au source/drain electrodes formed on the silicon
substrate.

Figure 2 shows the microfluidic channel made by PDMS
which was installed on 32 G-FETs. The PBS solution is
introduced from the right-hand side inlet, passes over 32 G-
FET channels, and finally drained out from the left-hand side
outlet in order to exchange the buffer solution and also to
wash away the physical adsorption of viruses. The flow rate
and the flow time can be precisely controlled by the computer
controlled micro-pump. Using the microfluidic channel, the
exchange of the PBS solution and the washing of the physical
adsorption of the virus becomes possible for the precise
detection of the virus.
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Fig. 1. (a) Optical image of integrated 32 G-FET. (b) Optical image of
expanded view of one G-FET.

Fig. 2. Microfluidic channel installed on 32 G-FETs.

To enhance the sensitivity of G-FET, PLL was used to
modulate the ¢ potential of graphene. The Grahame equation
which shows the relationship between the surface potential
and the surface charge is shown below.'®

o = kg Tecoco sinh( ;ZW;) (1)

B

Where o is the charge density of a unit area, kg is the
Boltzmann constant, € is a relative permittivity, €, is the
permittivity of the vacuum, ¢, is the bulk ionic strength, z is
the valency of the electrolyte, g is the elementary charge, ¥
is surface potential.

The total concentration of NaCl and KCl which are
monovalent ions in 1 x PBS is about 140 mM. On the other
hand, the total concentration of KH,PO, and Na,HPO, which
are multivalent ions in 1 x PBS is about 10 mM. The
concentration of these multivalent ions is much smaller than
that of monovalent ions. Thus, the effect of these multivalent
ions could be ignored in this paper. From the Grahame Eq. (1),
the sensitivity considering the concentration of electrolyte and
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Fig. 3. Schematic structure of G-FET modified with antibody and ¢
potential modulator.

the pH can be approximated as'”

dv, 1
=~ - &)
d0uwa  cosh (ZZZB;)
From this Eq. (2), the sensitivity could be maximized when
cosh ZZZW; becomes near 1, i.e. ¥, becomes near 0 and/or
B

the surfacé charge calculated from Eq. (1) becomes near 0.

Figure 3 shows the schematic structure of G-FET for the
biosensing. The surface of G-FET was modified by SARS-
CoV-2 spike antibody or Influenza HION8 Hemagglutinin
antibody via 1-Pyrenebutyric acid N-hydroxy-succinimide
ester (PBASE).”*?” Graphene and PBASE which is dissolved
in 2-methoxyethanol bound by 7 stacking. PBASE and the
antibody which is dissolved in 0.2 x PBS bound by amide
bond. In order to enhance the sensitivity of G-FET biosensor,
the negative charge at the graphene surface should be canceled
out and the surface charge of graphene should be as small as
possible. For this purpose, the ¢ potential modulator, which is
a kind of cation polymer was added to G-FET.

In order to compare the effects of the { potential
modulator, 4 kinds of G-FETs were prepared as shown in
Fig. 4. Also, in order to solve the effect of the physical
adsorption of the virus and of the drift,”**® the reference
FETs were prepared. Two G-FETs were modified by SARS-
CoV-2 spike antibody with [Area (i)] and without [Area (ii)]
the { potential modulator. The other two G-FETs were
modified by Influenza HION8 Hemagglutinin antibody with
[Area (iii)] and without [Area (iv)] the { potential modulator.
32 integrated G-FETSs are divided into 4 areas as shown in
Fig. 4 by the silicon lubber pool. Each area is modified as
follows:

(i) Area of FETs modified with SARS-CoV-2 spike anti-
body and the ¢ potential modulator.

(i) Area of FETs modified with SARS-CoV-2 spike anti-
body.

(iii) Area of FETs modified with Influenza HI10NS8
Hemagglutinin antibody and the { potential modulator.

(iv) Area of FETs modified with Influenza HIONS
Hemagglutinin antibody.

(iii) and (iv) were used as the reference FETSs to remove the
effect of physical adsorption of the viral charge and the drift.

Figure 5 shows the transfer characteristics of G-FET of

area (i) in Fig. 4 before and after the introduction of the {
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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(i)
SARS-CoV-2 Spike
Antibody (ii)
+ SARS-CoV-2 Spike
{ Potential Modulator Antibody

(iii) (iv)
Influenza H10N8 Influenza H10N8
Hemagglutinin Hemagglutinin
Antibody Antibody

+
( Potential Modulator

Fig. 4. 4 kinds of G-FET were prepared on same substrate in order to
compare effects of { potential modulator, and also to cancel out problems of
physical adsorption of virus and of drift.
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Fig. 5. Transfer characteristics of G-FET modified with SARS-CoV-2
spike antibody before and after introduction of { potential modulator.

potential modulator. The { potential modulator was intro-
duced into G-FET after modifying SARS-CoV-2 spike anti-
body. The horizontal axis is the gate voltage Vg and the
vertical axis is the drain current I. In this experiment, the
source/drain voltage Vsp was fixed at 100 mV and Vg was
swept between 0 and 500 mV. The gate voltage was applied
to G-FET channel through the PBS solution, using the
reference electrode as the gate electrode. The filtering process
was not applied to the obtained transfer characteristics. To
reduce the noise, the Dirac Point was calculated by poly-
nomial fitting of the transfer characteristics. The actual
measurement was performed by the portable measurement
system fabricated by Murata Manufacturing Co., Ltd. with
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the performance equivalent to a conventional parameter
analyzer. The Dirac point was measured by applying the
top gate voltage when the microfluidic channel was filled
with 0.01 x PBS. The blue line is the transfer characteristics
before the introduction of the { potential modulator, and the
red line after the introduction of the { potential modulator. In
Fig. 5, the Dirac point of G-FET shifted in the negative
direction after the introduction of the ¢ potential modulator.
This shift was caused by the positive charge of the { potential
modulator which induce the negative charge in G-FET. Thus,
we could confirm that the ¢ potential modulator was
successfully introduced onto the graphene surface by this
shift.

3. Results and discussion

In order to confirm the enhancement effect of the sensitivity
of G-FET by the introduction of the { potential modulator,
the sensitivity of G-FET with and without the { potential
modulator was compared as shown in Fig. 6. Figure 6 shows
the result of the detection of the inactivated SARS-CoV-2°"
using G-FET modified by SARS-CoV-2 spike antibody with
[Area (i) in Fig. 4] and without [Area (ii) in Fig. 4] the ¢
potential modulator. The blocking of G-FET was performed
using 0.01% Polyoxyethylene Sorbitan Monolaurate (Tween
20) before this measurement. The horizontal axis is the time
and the vertical axis is the difference of the Dirac point (A
Dirac point). This graph is the calculated result by subtracting
the average of the Dirac point of G-FET without the {
potential modulator [Area (ii) in Fig. 4] from that with the {
potential modulator [Area (i) in Fig. 4] in order to remove the
effect of the physical adsorption of the virus and the drift. It is
necessary to use the high salt concentration of as high as
1 x PBS (150 mM) when SARS-CoV-2 bind well to the
antibody.>" Although PBS is essential for handling biolo-
gical samples, the Debye length will not be as simple as the
conventional formula of Debye length due to the presence of
multiply charged ions. However, assuming that the Debye
length is about 1 nm>? in 150 mM PBS, it is shorter than the
size of the antibody.>*?** It is reasonable that the Debye
length in 1.5 mM PBS is about 10 times longer according to
the Debye length formula.*>>® The 1 x PBS used in this
experiment was purchased from Nacalai Tesque, Inc. and
0.01 x PBS was made by diluting PBS 100 times with pure
water. In Fig. 6, the measurement of the Dirac point starts
with the low salt concentration of 0.01 x PBS [1] . Then,
the high salt concentration of 1 x PBS without SARS-CoV-2
was introduced two times [2] [4] to the system to check
whether there were no disturbance by the exchange of
the solution. Then, 1 x 10°FFUmI~' [6) and 1 x
10" FFUml™" [8] SARS-CoV-2 in 1 x PBS were intro-
duced into the system and the Dirac point shift was measured.
If the viral charge enters within the Debye length, G-FET can
detect the negative charge of the SARS-CoV-2 virus®” and
the Dirac point shifts toward the positive direction. After the
virus bound to the antibody sufficiently, 0.01 x PBS was,
then, introduced to the microfluidic channel to wash away the
free-floating virus in the solution and the physical adsorption
of viruses on graphene, so that only the charge of the virus
specifically bound to the antibody was detected [7] [9]
Before and after the exchange of the solution without SARS-

CoV-2, i.e. the area [1] [3] [5] , the Dirac point shift
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 6. Result of detection of SARS-CoV-2 using G-FET modified by SARS-CoV-2 spike antibody with and without ¢ potential modulator. Graph is
calculated result by subtracting average of Dirac point shift of G-FET without ¢ potential modulator from that with ¢ potential modulator.

shows only small increase. The average of these Dirac point
shifts is shown by the red dashed line in Fig. 6. The three
times of the standard deviation, 3¢ of the Dirac point shift in
these areas of [1] [3] [5] is 2.3 mV, and is shown in
the pink shadow. After the introduction of SARS-CoV-2 with
the concentration of 1 x 10° FFUml™' [6] and 1 x
10’ FFUmI " [8], the large Dirac point shifts of 5mV and
17 mV were observed, respectively. Because these values are
beyond 36 (2.3 mV), it is said that this response is due to the
negative charge of SARS-CoV-2. Thus, these results imply
that the sensitivity of G-FET was improved by applying the {
potential modulator.

Figure 7 shows the experimental result of the detection of
SARS-CoV-2 by using G-FET modified with SARS-CoV-2
spike antibody and also with the ¢ potential modulator [Area
(i) in Fig. 4]. G-FET modified with Influenza H10N8
Hemagglutinin antibody with the ¢ potential modulator
[Area (iii) in Fig. 4] was used as the reference FETs in order
to remove the effect of the physical adsorption of the viral
charge and the drift effect. The graph in Fig. 7 is the
calculated results by subtracting the average of the Dirac
point of G-FET modified with Influenza HI10NS
Hemagglutinin antibody and the ¢ potential modulator
[Area (iii) in Fig. 4] from that with SARS-CoV-2 spike
antibody and the ¢ potential modulator [Area (i) in Fig. 4].
The horizontal axis is the time and the vertical axis is the
difference of Dirac point. Two times of 1 x PBS without the
virus [11] [13] and two kinds of concentration of SARS-
CoV-2 in 1 x PBS [15] [17] were introduced into the
system. Subsequently, 0.01 x PBS was introduced into the
system [16] [18] to extend the Debye length about ten
times for the detection of the viral charge as a shift of the
Dirac point. Before and after the exchange of the solution
without SARS-CoV-2, i.e. the area [10] [12] [14] the

03SP14-4

Dirac point shift shows only small increase, and the average
of these Dirac point shifts is shown by the red dashed line in
Fig. 7. Also, 3¢ of the Dirac point shift in these areas of

[10] [12] [14] is 49mV, and is shown in the pink
shadow. After the introduction of SARS-CoV-2 with the
concentration of 1 x 10° FFUml™!, A Dirac point was as
small as ~1.3mV [16] and it does not exceed 36 and is
considered to be under the noise level. After the introduction
of SARS-CoV-2 with the concentration of 1 X
10’ FFU mlfl, however, A Dirac point was as large as
10mV [18] and it exceeds the 30. Therefore, it can be
said that this response is originated from the negative charge
of SARS-CoV-2 binding to the antibody, selectively.

In order to confirm the enhancement effect of the { potential
modulator, G-FET “without the ¢ potential modulator” was
used to detect SARS-CoV-2. Figure 8 shows the experimental
result of the detection of SARS-CoV-2 by using G-FET
modified with SARS-CoV-2 spike antibody “without the {
potential modulator” [Area (ii) in Fig. 4]. G-FET modified with
Influenza HION8 Hemagglutinin antibody “without the ¢
potential modulator” [Area (iv) in Fig. 4] was used as the
reference FETs. Figure 8 is the calculated results by sub-
tracting the average of the Dirac point of G-FET modified with
Influenza H10NS8 Hemagglutinin antibody “without the ¢
potential modulator” [Area (iv) in Fig. 4] from that with
SARS-CoV-2 spike antibody “without the ¢ potential mod-
ulator” [Area (i) in Fig. 4]. The horizontal axis is the time and
the vertical axis is the difference of Dirac point. Two times of
1 x PBS without virus [20] [22] and two kinds of
concentration of SARS-CoV-2 in 1 x PBS [24] [26]
were introduced into the system. Subsequently, 0.01 x PBS
was introduced into the system to extend the Debye length
about ten times for the detection of the viral charge [25]

[27] as a shift of the Dirac point. Before and after the
© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 7. Result of detection of SARS-CoV-2 using G-FET modified by SARS-CoV-2 spike antibody and by Influenza HION8 Hemagglutinin antibody. Both

FETs are modified by { potential modulator. Graph is calculated result by s
Hemagglutinin antibody from that by SARS-CoV-2 spike antibody.

ubtracting average of Dirac point shift of G-FET modified by Influenza HION8

[19] [20] [21] [22] (23] [24]) [25] [26]) [27]
20 ‘
.
15 — i |
[ \ . » \
2 2
g w g v g %) X v X wm
c 10 — faa) = Jaa) = faa) z [aa) -z s}
= a8 s o S o o o
- X - X - X £ X £ X
5 5 3 5 2 S - s 2 5
g S £ S| S S £ = £ 3
o = = ~ ~
S 5 2 = = =
& a a [ =
a o o — 5
30:57mV ol X = )
- 3 y\.-/d 5
0 — E— —_— = = - m = — I S —_— —_— 1 S —_— =
o T T | I
0 50 100 150 200
Time (min)

Fig. 8. Result of detection of SARS-CoV-2 using G-FET modified by SARS-CoV-2 spike antibody and by Influenza HION8 Hemagglutinin antibody. Both
FETs are NOT modified by ¢ potential modulator. Graph is calculated result by subtracting average of Dirac point shift of G-FET modified by Influenza

H10N8 Hemagglutinin antibody from that by SARS-CoV-2 spike antibody.

exchange of the solution without SARS-CoV-2, i.e. the area

[19] [21] [23], the Dirac point shift shows only small
increase, and the average of these Dirac point shifts is shown
by the red dashed line in Fig. 8. Also, 3¢ of the Dirac point
shift in these areas of [19] [21] [23] is5.7mV, and is
shown in the pink shadow. After the introduction of SARS-
CoV-2 with the concentration of 1 x 10° FFU ml~}, and 1 x

03SP14-5

10’FFUmI™' , A Dirac point does not exceed 3¢ and is
considered to be under the noise level [25] [27]
Comparing Fig. 6 with Figs. 7 and 8, the larger 3¢ in
Figs. 8(a) and 9 is considered to be due to the difference in
the drift between G-FETs. Figure 6 is the result of subtracting
the Dirac Points of G-FETs modified with the same type of

antibody from each other, while Figs. 7 and 8 are the results of
© 2024 The Author(s). Published on behalf of

The Japan Society of Applied Physics by IOP Publishing Ltd
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subtracting the Dirac Points of G-FETs modified with the
different types of antibodies. The different antibodies are
thought to be responsible for the larger drifts in Figs. 7 and
8 compared to Fig. 6. The different environments on graphene
often cause different properties such as drift.

Using the ¢ potential modulator as shown in Fig. 7, SARS-
CoV-2 with the concentration of 1 x 10’ FFUml ' was
clearly detected [ 18], but without the ¢ potential modulator
as shown in Fig. 8, SARS-CoV-2 with the same concentra-
tion of 1 x 10" FFU ml™" could not be detected [27]. These
results clearly show the enhancement of the sensitivity using
the ¢ potential modulator.

4. Conclusions

Using G-FET modified with SARS-CoV-2 spike antibody
and the ¢ potential modulator, SARS-CoV-2 could be
detected. By applying the ¢ potential modulator on G-FET
biosensor, we have succeeded in the great enhancement of
the sensitivity of G-FET. And also, the effect of the physical
adsorption of the viral charge and of the drift could be
removed by using the reference FETs modified with
Influenza HION8 Hemagglutinin antibody. Thus, only the
charge of the virus selectively binding to the antibody could
be precisely detected.
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