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ABSTRACT: In field-effect transistor (FET) biosensors, charge
screening in electrolyte solutions limits the sensitivity, thereby
restricting the applicability of FET sensors. This is particularly
pronounced in graphene FET (GFET) biosensors, where the bare
graphene surface possesses a strongly negative charge, which
impedes the high sensitivity of GFETs owing to nonlinear
electrolytic screening at the interfaces between graphene and
liquid. In this study, we counteracted the negative surface charge of
graphene by decorating positively charged compounds and
demonstrated the sensing of C-reactive protein (CRP) with
surface-charge-modulated GFETs (SCM-GFETs). We integrated
multiple SCM-GFETs with anti-CRP antibodies and nonfunction-
alized GFETs into a chip and measured differentials to eliminate
background changes to improve measurement reliability. The FET
response corresponded to the fluorescence images, which visualized the specific adsorption of CRP. The estimated dissociation
constant was consistent with previously reported values; this supports the conclusion that the results are attributed to specific
adsorption. Conversely, the signal in GFETs without decoration was obscured by noise because of nonlinear electrolytic screening,
further emphasizing the significance of surface-charge modulation. The limit of detection of the system was determined to be 2.9
nM. This value has the potential to be improved through further optimization of the surface charges to align with specific
applications. Our devices effectively circumvent nonlinear electrolytic screening, opening the door for further advancements in
GFET biosensor technology.

1. INTRODUCTION The highest sensitivity is achieved when y, approaches zero
(an uncharged surface). Conversely, the sensitivity decreases as
W, increases (or decreases), and it eventually becomes zero
when y, becomes much larger (or smaller). This is a serious
problem for biosensing because the FET sensors will not
respond to the charged analytes. Therefore, it is imperative to
engineer ¥, and surface charge in FET biosensors. There have
been several reports on engineering y; and surface charges in
FET biosensors to improve their sensitivity. Shoorideh et al.
modified the surface charge at the solid/liquid interface of a Si
FET using both front and back gate.” More recently, Gupta et
al. modulated the negatively charged SiO, surface of Si FETSs
by depositing positively charged blocking molecules, improving

In field-effect transistor (FET) biosensors, the interfaces
between solid and liquid are crucial as sensors detect changes
in the surface potential () by analyte charges. Some of these
charges are screened by ions in electrolyte solutions; thus, only
a fraction of the charges induce opposite charges in the FET.
Electrolytic screening is commonly described by the Debye—
Hiickel (DH) model based on the Poisson—Boltzmann theory.
However, the DH model is only valid when y, is smaller than
w1, = lkgT/zel, where e is the elementary charge and z is the
valency of the bulk electrolyte;' for example, y; = 26 mV for
monovalent electrolyte solutions. When y, exceeds y;, the DH
model becomes less precise, and the excess charge density in
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Among the various types of FET biosensors, graphene FET
(GFET) biosensors have attracted particular attention owing
to their extremely high electron/hole mobilities®” and their
two-dimensional (2D) nature,”” which provide a highly
sensitive 2D sensing platform. Numerous studies have reported
the ability of GFET biosensors to detect biomolecules,
includin§ proteins,10 small antigens,11 exosomes,'” and
"5 However, relatively less emphasis has been placed
on the engineering of y, and surface charge in GFET
biosensors. In this study, we modified the surface charge of
graphene and demonstrated biosensing using surface-charge-
modulated GFETs (SCM-GFETs) to enhance sensitivity.
Many studies have indicated that the graphene surface is
negatively charged. For instance, Bepete et al. showed that the
{-potential of graphene was { = —45 mV under neutral pH
conditions."* Zuccaro et al. reported that the isoelectric point
(pD) of unmodified graphene was less than 3.3, indicating that
graphene is negatively charged at neutral pH conditions.'
Negative char$es on graphitic particles were also observed in
other studies.”® The negative charge of graphene primarily
arises from the structure and the water molecules at the EDL
and specific adsorption of OH™ ions."> Although the value of
the {-potential of graphene may fluctuate depending on the
fabrication process and substrates present underneath the
graphene,” these studies imply that signals of GFETs without
surface-charge modulation may be hindered by nonlinear
electrolytic screening; thus, counterbalancing the surface
charge of graphene is deemed essential in GFET biosensors.
The negatively charged graphene surface can be altered by
decoration with positively charged molecules. For example,
Zuccaro et al. showed that the value of pI increased by up to
7.5 through consecutive electrochemical modification using 4-
aminobenzylamine.'

To modify the surface charge, we employed quaternary
ammonium compounds (QACs) in an NR;" polystyrene (PS)
bead suspension, where both free QACs and QACs modified
on the beads were included, with a {-potential of 1.8 mV.
GFET biosensors specifically detect the target analyte by
depositing the QACs in conjunction with a capture probe. It is
noted that FET sensors respond not only to analyte charges
but also to environmental variations such as ionic strength, pH,
and temperature changes. These changes may result in baseline
drift, making it challenging to analyze the sensor response.'”'®
We integrated nonfunctionalized GFETSs next to the capture
probe functionalized GFETs and performed differential
measurements to cancel the response to background changes
and extract net signals of the target. Additionally, as GFET
characteristics suffer from FET-to-FET variability due to
process variations, we integrated multiple GFETSs into the
chips and calculated the average values of the GFET
characteristics to improve the measurement reliability.
Furthermore, target molecules that were fluorescently labeled
on the devices were visualized after electrical measurements
using a fluorescence microscope. We verified that the obtained
GFET signal was a result of specific adsorption of the target
onto the antibodies.

viruses.

2. EXPERIMENTAL SECTION

2.1. Materials. Graphene films were purchased from the
Graphene Platform. Human recombinant C-reactive protein
(CRP) and antihuman CRP monoclonal antibody (anti-CRP
mAb) (304-51283, clone 12D-2C-36) were obtained from
FUJIFILM Wako. CRP was fluorescently labeled using an

Alexa Fluor 488 NHS Ester (Thermo Fisher Scientific) to be
used as the target molecule in this study. Bovine serum
albumin (BSA) was purchased from Sigma—Aldrich (St. Louis,
MO, USA). Dulbecco’s phosphate-buffered saline (D-PBS(—))
was purchased from Nacalai Tesque. PBS was diluted with
deionized water to obtain 0.01 X PBS. NR;* (d = 1 um, 01-05-
103) and COOH PS bead (d = 1 ym, 01-02-103) suspensions
were purchased from Micromod. In the NR;" PS bead
suspension, free QACs, ie., detached from the bead surface,
were included based on the mass spectrometry. Anti-influenza
B virus nucleoprotein (anti-NP) mAb (BMRib010, clone FLB-
1653) was purchased from BioMatrix Research.

2.2. Fluorescence Labeling of CRP. The Alexa Fluor 488
NHS Ester was dissolved in dimethylformamide at 10 mg/mL.
The reactive dye solution was added to CRP of 9.5 M in 0.01
X PBS and incubated for 1 h at room temperature with stirring.
Following the reaction, the conjugate was separated from the
unreacted labeling reagent using PD MiniTrap G-2S columns
(GE Healthcare). The resultant concentration of labeled CRP
was 7.8 uM, with a degree of labeling of 2.5. The binding
affinity between the labeled CRP and the anti-CRP mAb in
0.01 X PBS was confirmed through biolayer interferometry
(Figure S1), demonstrating that the labeling and the low ionic
strength did not interrupt their interactions. This result aligns
with the previous report.”

2.3. {-Potential Measurements. {-potential was meas-
ured using a Zetasizer Nano ZS90 (Malvern Panalytical)
instrument. The {-potentials of NR;* and COOH PS bead
suspensions in 0.01 X PBS were measured as 1.8 and —47.2
mV, respectively. The (-potentials of CRP, anti-CRP mAb,
anti-NP mAb, and BSA were —40, —24, —14, and —29 mV,
respectively. The {-potential of the mixture of the NR;* PS
bead suspension and the anti-CRP mAb was —4.6 mV, which is
an intermediate value between those of the NR;" PS bead
suspension and the anti-CRP mAb.

2.4. Fabrication of GFET Arrays. The devices were
fabricated as follows. The process is also described else-
where."””® The GFETSs were fabricated by transferring CVD-
graphene onto a Si/SiO, substrate with a thickness of 525 ym/
290 nm via etching of the underlying copper foil. The source/
drain electrode lines were formed with 10 nm Ti and 90 nm
Au using electron-beam evaporation. The graphene films were
patterned into an array of six rows and nine columns using a
300 X 300 ym” mask via oxygen plasma etching, resulting in 54
GFETs (#1—#54) integrated into the chips. An optical image
of a typical GFET is presented in Figure la. The channel width
and length of each GFET were 100 ym. It was confirmed that
the graphene films were not torn or contaminated using an
optical microscope (DSXS10, Olympus) and a deep-learning
method.”” The GFET array was divided into two regions
(Region 1: no. 1—24 and Region 2: no. 31—54) using a
silicone rubber placed on the chip. The GFETs (#25—#30)
were covered with rubber and thus were not used for analysis.
The rubber was also used as a reservoir.

2.5. Immobilization of QACs, Anti-CRP mAb, and BSA
Blocking. NR;* PS bead suspension (5.0 mg/mL) in 0.01 X
PBS was mixed with anti-CRP mAb (7.6 uM) (or anti-NP
mAb (6.6 uM)) in 0.01 X PBS in a 1:1 volume ratio. Anti-CRP
mAb was bound to the beads in the prepared solution. The
solution also contained unbound anti-CRP mAb. As the GFET
array was divided into two regions by silicone rubber, the two
regions were individually functionalized. The mixed solution
was dropped onto Region 1 and incubated for 0.5 h at room
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Figure 1. (a) Optical image of a typical graphene field-effect transistor
(GFET). (b) Photo of the device set on the custom-built portable
measurement system. (c) Schematic of the device representing the
surface-charge-modulated GFET (SCM-GFET) with capture probes
(GFETj,, left) and the reference GFET (GFET,,; right).

sig/

temperature. Through this process, QACs and mAb were
decorated on the GFETSs. Region 2 was incubated with 0.01X
PBS, which was not functionalized. After incubation, both
regions were washed with 0.01X PBS and subsequently treated
with 1% BSA in 0.01 X PBS for 0.5 h to block nonspecific
adsorption. After washing, the chip was ready for biosensing.
The GFETs in Region 1, where the mAb was immobilized, are
referred to as GFETsg,, and those in Region 2, where no mAb
was immobilized, are referred to as GFETs,. These can be
flipped if the mAb is immobilized in Region 2. The height of
the inner wall between Regions 1 and 2 was lower than that of
the outer wall. Therefore, it is possible to share (not to share) a
solution between two separated regions by raising (lowering)
the solution surface. Consequently, solutions remained
segregated during the immobilization process, whereas they
were intermixed during the electrical measurements.

2.6. Portable Measurement Equipment. The measure-
ment system is depicted in Figure S2, comprising a personal
computer (PC), microcontroller, and custom-designed printed
circuit board (PCB). The PC is responsible for recording and
processing the measured data as well as programming the
microcontroller with Python. The microcontroller supplies
power to the PCB and generates digital control signals.
Equipped with 14-bit digital-to-analog (DAC) outputs, the
microcontroller controls the drain—source bias Vi, and gate—
source voltage Vs. The custom-designed PCB forwards the
generated Vg and Vg biases to the GFET array. The resulting
drain—source current Ipg for each GFET and leakage-current
Igs are then routed from the PCB to current—voltage
converters and 16-bit analog-to-digital converters (ADC) on
the microcontroller. All data are subsequently transmitted back
to the PC via USB. The dimensions of the equipment are as
follows: length 125 mm, width 85 mm, height 45 mm, with a
weight of 220 g.

2.7. Electrical Measurements. The devices were
characterized using custom-built portable measurement
systems (Figures 1b and S2). A buffer solution of 0.01 X

PBS was used for the electrical measurements. A Vg bias of
0.1 V was applied, and a Vg bias was imposed through the
solution via a Ag/AgCl electrode. The Ig was measured while
sweeping Vg. Vg at the minimum conductance point (Vpp),
also known as the charge neutrality point, was calculated for
each GFET by using polynomial fitting. The equivalent Igg
value for each G-FET was estimated to be <1 uA, which was
much smaller than Ipg.

2.8. Target Sensing Protocol. Prior to target sensing,
initial measurements were conducted in 0.01 X PBS for 0.5 h.
The measurement buffer solution was then swapped with the
target solution and incubated at room temperature for 0.5 h,
which is sufficient for reaching equilibrium based on the
binding kinetics in Figure SI. The device remained floating
during the incubation step; thus, no electrical measurements
were performed during the period. Following incubation, the
device was rinsed with 0.01 X PBS to remove unbound
protein. The electrical measurements were then carried out in
the measurement buffer solution for 0.5 h (or 40 min for the
experiment in Figure 2). This process was repeated until the
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Figure 2. (a) Time series of the mean Vp,p for the GFETs in Region 1
(#1—#24, red) and the GFETs in Region 2 (#31—#54, blue). The
GFETs in Region 1 were decorated with the quaternary ammonium
compounds (QACs) and subsequently, COOH beads were
incubated; the GFETs in Region 2 were not decorated, and
subsequently, COOH beads were incubated. Red and blue lines
correspond to GFETs in Regions 1 and 2, respectively. (b,c) Mean
Ing—Vis transfer curves correspond to the end-points of bare GFETs
(solid line), those after the decoration process (dashed line), and
those after COOH beads incubation (dash-dotted line). The shadows
represent standard deviations.

target concentration reached a certain value (38 nM for
Figures 3 and 5 and 76 nM for Figure 4). The response of a
blank sample, that is, a target concentration of 0 nM, was
measured several times to confirm that the response to the
solution exchange process was smaller than that to the target
signals.

2.9. Data Analysis. As multiple GFETsy, and GFETS,¢
were integrated on the chips, the output of the differential
measurement AV, was considered to be the difference
between the group means. We used Bayesian estimation to
calculate AVp, for the two groups with credible intervals. By
assuming that the obtained Vpp followed normal distributions
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Anti-CRP credible difference of means (AVpp = Hsig
QACs BSA discrepancy between the GFETsy, and GFETs, structures
resulted in nonzero values of AVpp. Therefore, the offset

Si0,/Si .
voltage was subtracted to calculate the net signal (S). The
® -0 © 201 offset voltage was determined as the mean value of AVp;, based
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Figure 3. (a) Schematic of GFETj, (#1—#24), where the surface was
decorated with the QACs, anti-CRP monoclonal antibody (mAb),
and BSA, and GFET,,; (#31—#54), where the surface was decorated
with BSA blocking. (b) Time series of the mean AVp,. The red
shadow represents 95% of Bayesian credible intervals. Blank samples
were measured three times, and then, the concentration of CRP was
increased to 38 nM. (c) Signal (S) as a function of CRP
concentration. The error bar represents 95% Bayesian credible
intervals. The dashed line represents the noise floor (30y = 3.3 mV).
(d,e) Typical fluorescence images of GFET, (d) and GFET, (e),
respectively. Scale bars are 50 pm.
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Figure 4. (a) Schematic of GFET;, (#31—#54), where the surface
was decorated with anti-CRP mAb, and BSA, and GFET,¢ (#1—#24),
where the surface was decorated with BSA. In this configuration, the
surface charge was not modulated by the QACs. (b) Time series of
the mean AVpp. The blue shadow represents 95% Bayesian credible
intervals. Blank samples were measured three times, and then the
concentration of CRP was increased to 76 nM. (c) Signal (S) as a
function of CRP concentration. The error bar represents 95%
Bayesian credible intervals. The dashed line represents the noise floor
3oy = 2.2 mV). (d,e) Typical fluorescence images of GFET, (d)
and GFET . (e). Scale bars are 50 pm.

(Vop, o ~ N(up, 6p°), where i and o are the mean and
standard deviation and the subscript D is sig or ref, the
posterior distributions of (igy Oyp) and (H.p Onf) were
inferred by using Markov chain Monte Carlo (MCMC)

on blank sample measurements (AVpp o). Thus, S is given
by S = AVpp — AVpp, g om- The noise floor was defined as 3oy,
where oy is the standard deviation of S for the blank samples.
To plot S as a function of the target concentration in a semilog
plot, a base concentration of 10 pM was added, which was
below the measured target concentration.

2.10. Fluorescence Microscopy Assay. To verify the
specific adsorption of fluorescently labeled CRP on anti-CRP
mAb-functionalized GFETs, fluorescence images were taken
after the electrical measurements using a fluorescence
microscope (ECLIPSE LV100N POL, Nikon) equipped with
a 50X objective lens (TU Plan Fluor, NA 0.8, Nikon). Images
were captured at an exposure time of 1 s.

3. RESULTS AND DISCUSSION

3.1. Concept of SCM-GFET Biosensors. Figure 1lc
illustrates our device, which comprises two configurations of
GFETs: one is a sensing GFET (GFETsig), where the surface
was decorated with QACs and capture probes, and the other
was a reference GFET (GFET,,), which was used to record
the background as it did not possess capture probes. Due to
variations in the fabrication process, the values of Vpp g, and
Vpp et Were diverse as shown in Figure S3; thus, we computed
their means (ﬂsig and u,) to enhance the measurement
reliability. Background changes, such as variations in the ionic
strength, pH, and temperature of the buffer solution, were
eliminated through differential measurements (AVp, = Hsig —
Hrer)- The implementation of a positively charged compound to
counteract the negative potential of graphene (¢ = —45 mV'*)
enables the devices to effectively overcome a strong nonlinear
electrolytic screening.

3.2. COOH PS-Bead Sensing by SCM-GFETs. To
validate the concept of the SCM-GFETs, we first performed
a fundamental experiment using negatively charged COOH PS
beads ({ = —47.2 mV). Figure 2a shows the time series of the
mean Vpp for GFETSs in Region 1 (red) and GFETs in Region
2 (blue). During the initial measurements (until 40 min;
Figure 2a), the GFETs in both regions were not functionalized,
i.e., bare surfaces. Therefore, the Vpp values as well as Ing—Vg
transfer curves were almost superimposed on each other
(Figure 2a—c).

After the initial measurements, the surface charges of the
GFETs in Region 1 were modulated by the NR;" PS bead
suspension including free QACs and QACs on the beads,
whereas those in Region 2 were not. Following the rinse
process, the physisorption of the PS beads in Region 1 was
observed by using optical microscopy (Figure S4a,b), implying
both free QACs and QACs modified on the beads were
immobilized. Followingly, electrical measurements were
conducted for 40 min. The corresponding plots in Figure
2a,b show that the values of Vp, for the GFETSs in Region 1
were shifted down as a result of the surface decoration. This
shift is attributed to the positive charge of the quaternary
ammonium group, which induces opposite charges in the
graphene channel. This result also implies that the {-potential
of GFETs approached zero by the decoration. In contrast,
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those in Region 2 remained relatively unchanged despite a
slight drift, as shown in Figure 2a,c.

Subsequently, COOH beads at a concentration of 2.0 mg/
mL were incubated in both regions. Electrical measurements
were conducted after rinsing. COOH beads were physisorbed
onto both regions because of the lack of blocking on the
device, as shown in Figure S4c,d, although COOH beads were
adsorbed more on the GFETSs in Region 1 due to the attractive
electrostatic forces. The corresponding plots in Figure 2a,b
show that the values of Vpp for the GFETS in Region 1 shifted
up, which was attributed to the negative charge of COOH. As
displayed in Figure S4a, the graphene surface was not entirely
covered with the NR;" PS beads but possibly covered with the
free QACs. Therefore, the negative charges were potentially
present near the graphene surface, resulting in Vpp upshifts. In
contrast, the values of Vp) for the bare GFETs in Region 2
remained relatively unchanged, as shown in Figure 2a,c. The
bare GFET's were supposed to respond to the COOH beads
because GFETSs are recognized as being highly sensitive.
Indeed, adsorbed NR;* PS beads in Figure S4a, whose density
was almost equivalent to that of COOH beads in Figure S4d,
were detected in the bare GFETs. However, in fact, the GFETs
did not exhibit a response despite the adsorption of the
charged target onto the graphene channel. It is considered that
the limited response stems from the strong nonlinear screening
caused by the large y; of the bare graphene. The decoration of
the QACs in Region 1 counteracted the large yy, weakening
the nonlinear screening and improving the response to the
target. These results highlight the significance of modulating
the surface charge of GFETSs to sense charged analytes.

3.3. CRP Sensing by Anti-CRP mAb-Immobilized
SCM-GFETSs. Next, we demonstrated biosensing using the
SCM-GFETs. CRP, which is considered a universal biomarker
for a variety of diseases, including cardiovascular diseases and
disorders, as well as an early indicator of infectious or
inflammatory conditions,”” was used as the target analyte.
Figure 3a depicts the schematic of a GFET (#1—#24), whose
surface was decorated with the QACs, anti-CRP mAb, and
BSA blocking, and a GFET,; (#31—#54), whose surface was
decorated with BSA blocking alone. The time series of AVpp, is
shown in Figure 3b. The values of AVpyp drifted, particularly at
the onset of the measurements for each step, which remains to
be addressed. Nevertheless, the drift was relatively suppressed
in the last 10 min at each step (Figure SS). Therefore, the data
for the last 10 min of each step were used to calculate S. A plot
of § as a function of CRP concentration, presented in Figure
3¢, demonstrates a monotonic trend. The standard deviation of
S for the blank samples (oy) was calculated to be 1.1 mV,
resulting in a noise floor (30y) of 3.3 mV. S surpassed the
noise floor at a concentration of 3.8 nM, indicating that there is
a significant difference between the signal and noise, and thus,
the device responded to the CRP.

To confirm that the GFET signal was responsible for the
CRP captured on GFET, we took fluorescence images after
electrical measurements. Figure 3d,e shows typical examples of
images of GFET, and GFET,; respectively. In the GFETj,
device, the fluorescence of labeled CRP was observed on both
graphene and SiO, surface, although the fluorescence on the
graphene was partially quenched.”® As the anti-CRP mAb was
immobilized via physisorption, it was present on graphene as
well as SiO,. Therefore, the antigen—antibody reaction
occurred on both the graphene and the SiO, surface. The
fluorescence image in Figure 3d also indicates the location of

the PS beads, which are visible as bright spots. It is noted that
fluorescence was also observed apart from the beads. This
indicates that the anti-CRP mAbs were also immobilized with
the QACs on the device instead of being bound to the beads.
These mAbs in proximity to the graphene surface likely
contributed to the FET signal. In contrast, the GFET . device
displayed no observable fluorescence on either the graphene or
SiO, surface; that is, CRP was not adsorbed. Consequently, the
results indicate that CRP was specifically adsorbed on GFET,
but not on GFET,, supporting the conclusion that the FET
response in Figure 3b,c arose from CRP.

3.4. CRP Sensing by Anti-CRP mAb-Immobilized Non-
Surface-Charge-Modulated GFETs. To demonstrate the
crucial role of the surface charge in GFET biosensing, we
carried out a control experiment in which CRP sensing was
performed without surface-charge modulation. A schematic of
the device configuration is depicted in Figure 4a. Figure 4b
shows the time series of AVpp during the blank sample and the
CRP measurements. In contrast to Figure 3b,c, the values of
AVpp and S in Figure 4b,c remained nearly constant. Notably,
S did not surpass the noise floor at a concentration of 76 nM,
although it was twice as high as that in Figure 3. Given that S
was lower than the noise floor, it was concluded that the device
did not respond to CRP in the absence of surface-charge
modulation.

It is noteworthy that the fluorescence images in Figures 4d,e
and S6 show that CRP was adsorbed on GFETj;, but not on
GFET,. This suggests that the antigen—antibody reaction
occurred on GFET,. Although CRP was less adsorbed in
Figure 4d compared to Figure 3d due to repulsive electrostatic
forces, the device was supposed to respond against CRP that
was still visible in the fluorescence images because GFET's are
recognized as highly sensitive sensors. However, as presented
in Figure 4c, the FET signal was obscured by the noise.
Therefore, it is concluded that the low value of S in Figure 4c
was attributed to strong nonlinear electrolytic screening as well
as low antigen—antibody reaction efficiency. These results
further emphasize the significance of surface-charge modu-
lation of GFETs for biosensing applications.

3.5. CRP Sensing by Anti-NP mAb- and Non-mAb-
Immobilized SCM-GFETSs. To further verify that the results
in Figure 3 stem from the specific detection of CRP, we
conducted another control experiment in which we immobi-
lized anti-NP mAb instead of anti-CRP mAb (Figure Sa). In
this configuration, it was expected that CRP would not adsorb
onto the device. Figure Sb shows the time series of AVp, for
the blank samples and CRP measurements. In contrast to
Figure 3b,c, the values of AVpp and S in Figure 5b,c remained
almost constant. S did not surpass the noise floor, even at a
concentration of 38 nM, indicating that the device did not
respond to the CRP. The fluorescence images taken after the
measurements indicated that both GFET; and GFET . were
devoid of fluorescence, as shown in Figure 5d,e. These findings
indicate that nonspecific adsorption was effectively suppressed
and aligned with the FET response shown in Figure Sb,c.

As another control experiment, SCM-GFETs with QACs
but no anti-CRP mAb were also evaluated (Figure S7a).
Similar to Figure Sc, S in Figure S7b remained almost constant
even at a concentration of 38 nM, although one point exceeded
the noise floor. Since both the anti-NP mAb immobilized- and
nonantibody immobilized-SCM-GFETs did not respond to
CRP, it can be confidently inferred that the data in Figure 3 are
indicative of the specific binding of CRP. We also found that
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Figure S. (a) Schematic of GFETj, (#1—#24), where the surface was
decorated with the QACs, anti-NP mAb, and BSA, and GFET,
(#31—#54), where the surface was decorated with BSA. (b) Time
series of the mean AVp). The blue shadow represents 95% Bayesian
credible intervals. Blank samples were measured three times, and then
the concentration of CRP was increased to 38 nM. (c) Signal (S) as a
function of CRP concentration. The error bars represent 95%
Bayesian credible intervals. The dashed line represents the noise floor
(36y = 2.7 mV). (d,e) Typical fluorescence images of GFET, (d)
and GFET, (e). Scale bars are 50 pm.

CRP was nonspecifically adsorbed at higher concentrations
(Figure S8). This is because the blocking process was not yet
fine-tuned, which remains to be addressed.

3.6. Quantitative Evaluation of the Sensitivity of the
SCM-GFET Biosensors. As demonstrated by the results
presented in Figures 3-S5, the anti-CRP-immobilized SCM-
GFETs specifically detected CRP. To assess the sensitivity, we
conducted measurements on multiple anti-CRP-immobilized
SCM-GFETs, as shown in Figure 3. Multiple anti-NP-
immobilized SCM-GFETs were measured for comparison.
The results are plotted in Figure 6a,b. The plot in Figure 6a

was fitted using eq 2, based on the Langmuir binding model.”*
A[CRP
= G e NGO, )
(Kp + [CRP]) )
(a) (b)
10 10
=) S
E e E g
(%] : G 1%}
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Figure 6. (ab) S as a function of CRP concentration of anti-CRP
mAb-immobilized SCM-GFETs (a) and anti-NP mAb-immobilized
SCM-GFETs (b). Each color corresponds to different devices, and
the results for 12 devices are plotted in (a) and those for S devices are
plotted in (b). The upper triangles represent the device configuration
of GFETsy, (#1—#24) and GFETs,; (#31-#54), and the lower
triangles represent that of GFETs, (#31—#54) and GFETs,. (#1—
#24). The dashed line in (a) is a fitting curve based on the Langmuir
binding model. The dashed-dotted line represents the noise floor.

where A, Kp, &, and o, represent the intensity, dissociation
constant, observation noise, and standard deviation, respec-
tively. From the fitting by using the MCMC method, mean Kp
and 95% Bayesian credible intervals were estimated to be 5.5
and (2.1 and 13.8 nM), respectively. The value of Kp, is similar
to previously reported values.”” This coincidence further
supports the specific detection of the CRP and anti-CRP mAb
reactions by the devices. The noise floor, defined as three times
the standard deviation of S for 0 nM, was calculated to be 4.2
mV. The intersection of the noise floor and mean fitting curve
yields the limit of detection (LOD) in the system, which was
determined to be 2.9 nM. This value was smaller than the CRP
concentration in the plasma of healthy individuals (6.8 nM),”
suggesting the practical applicability of our devices. The plot
also shows a consistent trend regardless of the functionalized
regions of the mAb: GFETs, (#1—#24) and GFETsg, (#31—
#54). This result suggests that the measurement system was
robust, although the response intensity varied between devices,
probably due to variations in the FET fabrication and
functionalization processes. Conversely, the plot in Figure 6b
shows that the overall results were buried by the noise,
although a few points barely surpassed the noise floor. This
result again supports the fact that the anti-CRP-immobilized
SCM-GFETS specifically detected CRP.

4. DISCUSSION

The results in Figures 2—6 provide strong evidence that the
surface charge was altered by decoration by the quaternary
ammonium cation included in the PS bead suspension. We
considered that free QACs played a significant role for the
sensing but the QACs on the beads did not. This is because
the diameter of the beads was 1 ym, which is much larger than
the screening length. Therefore, the CRP in proximity to the
graphene surface was detected but CRP adsorbed on the beads
would not. To substantiate this hypothesis, the correlation
between the amount of the adsorbed beads and the response
intensity against CRP of 38 nM was investigated after the
experiment in Figure 3. Figure S9 shows no apparent
correlation between the amount of adsorbed beads and the
response intensity, implying that PS beads had a small or
negligible impact on biosensing, while emphasizing the
significance of the free QACs adsorbed on the graphene
surface. In the current process, decoration and mAb
immobilization were not uniform, as indicated by the
fluorescence image in Figure 3d. This inhomogeneity may
account for the variations in the response intensity of GFET;,
over the array. Therefore, it is important to integrate multiple
GFETs on the chips and calculate the average values to
improve the measurement reliability. Although there is a
potential for the improvements, the presented data demon-
strates the proof-of-concept of the surface-charge-modulated
GFETs.

The reason why the quaternary ammonium cation was used
in this study as a positively charged material is because of its
unchanging valence in response to pH changes.”® As other
positively charged compounds, poly-L-lysine (PLL) may also
be considered due to its strong positive charge at neutral pH
conditions,”” and its widespread use in bioassay and
biosensing.”**” However, unlike the quaternary ammonium
cation, the (-potential of PLL significantly varies with pH
changes around pH = 7,”” which may negatively impact FET
sensitivity. This is because y, was pinned by the pH-sensitive
surface group, referred to as a negative pH interference
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mechanism.”® Consequently, in FET biosensors, biosensitivity
is inversely related to pH sensitivity.”' As our devices were
modified with the quaternary ammonium cation, it is expected
that the pH interference mechanism is relatively suppressed,
which also contributes to the signal enhancements.

In this study, a simple decoration process, i.e., physisorption,
was used to develop the devices, aiming to prove the concept
of the SCM-GFETs. Although the developed GFETs
specifically detected the target as they were designed to
achieve a near-zero surface potential and low pH sensitivity
through the decoration, the resulting y, (or {-potential) value
of the devices remains to be assessed. Consequently, there is
the potential for further signal enhancement through the
optimization of Y. The charges of the blocking molecules and
capture probes also affected the surface charge of the GFETs.
In addition to the surface charges, the density of the antibody
also affects the signal, which may be improved by using linker
molecules such as PBASE.'”'® Moreover, the charges of the
analyte may also affect the surface charge when the analyte
concentration is high. Thus, the design and optimization of the
surface charge of GFETs must be tailored to match specific
target applications, which will be the focus of future research.

5. CONCLUSIONS

We demonstrated CRP sensing using SCM-GFETSs. An array
of SCM-GFETs functionalized with anti-CRP mAb and
nonfunctionalized GFETs was integrated onto a chip, and
differential measurements were performed to eliminate back-
ground changes and improve the measurement reliability. The
FET response was consistent with the fluorescence images,
which showed specific adsorption onto the anti-CRP mAb.
Additionally, the estimated K agreed with a previously
reported value, providing further support that the results
were attributed to the specific adsorption of CRP. In contrast,
signals from GFETs without decoration were buried in the
noise because of nonlinear electrolytic screening, highlighting
the significance of surface-charge modulation. The LOD of the
system was estimated to be 2.9 nM, which can be improved
through further optimization of the surface charges to match
the target applications. In FET biosensors, charge screening in
an electrolyte solution remains a major limiting factor for
sensitivity, thereby restricting the application window for FET
sensors. Our approach can pave the way for further
applications of GFET biosensors.
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