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In this work, we developed a field effect transistor (FET) biosensor utilizing solution-processed graphene
oxide nanoribbon (GONR) for methylene blue (MB) sensing. MB is a unique material; one of its crucial
applications is as a marker in the detection of biomaterials. Therefore, a highly sensitive biosensor with a
low detection limit that can be fabricated simply in a noncomplex detection scheme is desirable. GONR is
made by unzipping multiwall carbon nanotubes, which can be mass-produced at low temperature. The
GONR-FET biosensor demonstrated a sensitivity of 12.5 p|A/mM (determined according to the drain
current difference caused by the MB concentration change). The Raman spectra indicate that the ma-
terials quality of the GONR and the domain size for the C=C sp? bonding were both improved after MB
detection. X-ray photoelectron spectroscopy revealed that the hydroxyl groups on the GONR were re-
moved by the reductive MB. According to XPS and Raman, the positive charge is proposed to transfer
from MB to GONR during sensing. This transfer causes charge in-neutrality in the GONR which is
compensated by releasing eOH functional groups. With high sensitivity, a low detection limit, and a
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simple device structure, the GONR-FET sensor is suitable for sensing biomaterials.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Methylene blue (MB) is a crucial chemical that has wide-ran-
ging applications. It is used in analytical chemistry as a pH in-
dicator (Deboux et al., 1995); dye for cellulose and bacteria (Wu
et al, 2009; Zhou et al,, 2014); and agar for bacteria such as Es-
cherichia coli, gram-negative bacteria, Salmonella, and Shigella
(Taylor, 1971; Usacheva et al., 2001) as well as a marker for DNA
(Liu et al., 2012; Rafiee-Pour et al., 2016) and damaged DNA that
lead to cancer (Gruetter et al., 1981; Soni et al., 2009). By detecting
the concentration of the MB, the information that including the pH
value, the redox level, the DNA's concentration, and the bacteria's
growth rate can be obtained under a controlled sensing environ-
ment. To design a biosensor, two issues are critical: sensing tech-
niques and sensor materials. For the techniques, both electrical
and optical methods are used for detecting MB. For optical de-
tection, the shift in Ag nanoparticles' plasmonic resonance peaks
in the presence of MB were recorded to identify the concentration
(Luo et al, 2013). By comparing the optical signals for the
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reference MB with known concentration and the MB with species
to be detected, the shift in the spectra could deduce the con-
centration of the species under test. In addition to plasmonic re-
sonance, the intensity of optical excitation spectra for MB in
photoreduction experiments is used to determine the concentra-
tion (Kadokawa et al., 2011). Moreover, MB has been used in the
capture probe-target-signal probe electrochemical sensing meth-
od for E. coli detection (Li et al., 2015). Electrically, the cyclic vol-
tammetry and amperometric measurements are used detect
horseradish peroxidase by coimmobilized with methylene blue
onto a carbon electrode surface. The feasibility of MB as an elec-
tron carrier between peroxidase and the carbon electrode were
detected (Xu et al,, 2003). Square-wave voltammetry utilizes the
redox behaviors of MB in the presence of the species being de-
tected (Lovri¢ and Komorsky-Lovric, 1988; Xu et al., 2003). And the
ion-sensitive field effect transistor (ISFET) based on Silicon was
used for DNA and biomaterials detection (Lee et al., 2009; Zayats
et al., 2006). The ISFET could either conduction current or the
threshold voltage shift for bio-detection. Upon the binding of to
the cognate aptamer, changes in the electrical signal were mon-
itored with an ISFET. By immobilization of amine-functionalized
aptamer on the gate surface, the ISFET is used to sense adenosine
in a detection limit of approximately 5 x 10~> M and showed high
specificity. Theoretically, FET based structure detect electrical
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signal caused by the charge transfer which is essentially counted
by number of electrons that enabling high sensitivity detection
because the instruments used in current detection generally ex-
hibit pA to fA detection ability. On the contrary, the setup for de-
tection small amount of photons is sophisticated and costly.
Therefore, the FET based electrical detection probability the better
choice for compact, label-free and precise biosensor.

On the other hand, material is a critical issue. Recent devel-
opment of graphene oxide (GO) may provide a multifunction
platform for variety of biomaterial detection for it is possible to
decorated surface by carboxyl, hydroxyl, epoxy and other specific
functional groups that facilitate specificity (Liu et al., 2010). In their
work, the biocompatibility of GO was demonstrated on a cell line
derived from human retinal pigment epithelium that exhibit good
adhesion and differentiation on the GO film and is visualized after
72 h of culture time. In addition, many biosensors utilize graphene
oxide was reported. The graphene oxide was used in an Immuno-
biosensor for pathogen detection (Jung et al., 2010). Used for bo-
vine albumin serum adsorption in a surface plasmon resonance
structure (Chiu and Huang, 2014).The fluorescent of the aptamer-
functionalized graphene oxide for mercury(Il) detection were also
reported (Huang et al., 2014; Li et al., 2013). The GO was blended
with chitosan as nanocomposite for typhoid detection (Singh et al.,
2013). Recently, the graphene oxide was used to detect the pla-
telet-derived microparticles, which is a major risk factor for ar-
terial pro-thrombotic pathologies (Kailashiya et al., 2015). Since
many chemicals and biomaterials are in solution form, and direct
measurement in solution is more efficient and useful. In this work,
we derived GO from Graphene nanoribbon (GNR). GNR is a unique
form of graphene that has spurred intensive interest because of its
exceptional electronic property, thermal stability, and low perco-
lation threshold (Han et al., 2007; Li et al., 2008; Son et al., 2006).
Recent theoretical and experimental works have demonstrated
that GNR is a promising material for numerous applications such
as in energy generation and storage (Liu et al., 2014a; Uthaisar and
Barone, 2010; Wang 2015), chemicals and biosensors (Hou et al.,
2014; Wang et al., 2010), catalysis (Davis et al., 2014; Holby and
Taylor, 2012), and nanoelectronics (Fiori and lannaccone, 2007;
Wang et al., 2008). In general, GNR represents a long strip of
graphene with width ranging from sub-10 nm to several hundred
nanometers while the thickness is about of several nanometers.
(Cai et al., 2010; Han et al., 2007; Kosynkin et al., 2009; Ma et al.,
2013a; Shimizu et al., 2011). Unlike graphene sheets that feature a
zero bandgap, GNR possesses an open bandgap that can be con-
trolled by tuning atomic-scale structures. For example, GNR with
designed edges can effectively modulate the electronic energy gap,
thus enhancing the charge transfer and chemical reactivity when
used for chemical and biological detection. The reduction of gra-
phene oxide nanoribbon (GONR) is a promising alternative for the
bulk production of GNR-based materials because it can be syn-
thesized in large quantities (Ma et al., 2013b). (Kosynkin et al.,
2009; Shimizu et al.,, 2011) successfully mass produced GONR
through chemical oxidation by longitudinally cutting and un-
raveling multiwalled carbon nanotubes (MWCNTs) in con-
centrated sulfuric acid and potassium permanganate. Long-
itudinally unzipping carbon nanotubes through chemical oxida-
tion with a suitable oxidant should be one of the most effective
means of achieving low-cost and scalable GNR synthesis (Ma et al.,
2013a). In addition, this method can be used to generate oxygen-
containing groups around the GNRs, thus adding solution-pro-
cessing ability to the GNR process for industry-oriented device
preparation (Liu et al., 2014b).

In this work, we utilized an field effect transistor (FET) in a
solution as a biosensor in which the FET-based biosensor poten-
tially exhibits high sensitivity and a low detection limit (Lee et al.,
2009). GONR was used as the detection materials for its

exceptional oxidation level tunable conductivity. Furthermore, the
MB was used as the detection target to demonstrate the bioma-
terial detectability in GONR FET biosensors for its wide application
and especially because it is usually used as an indicator/marker for
the biomaterials.

2. Experiment
2.1. Chemicals

Potassium permanganate (KMnQO,, 98%), hydrogen peroxide
(H20,, 35%), and ether [(CoHs5),0, 99+%] were purchased from
Acros. Potassium nitrate (KNOs;, 95%) and ethylene glycol
[CoH4(OH),, 99%] were obtained from JT-Baker. Sulfuric acid
(H2S04, >95%) and hydrochloric acid (HCl, 37%) were purchased
from Scharlau. N-Butanol (C4HgOH, > 99%) was purchased from
Merck. Methylene blue (3,7-bis(Dimethylamino)phenazathionium
chloride, C;6H1gCIN3S - xH,0), with high purity and biological stain
certification was purchase from Alfa Aesar. All the chemicals were
used without any further purification.

2.2. GONR preparation

The CNTs used in the present study were MWCNTSs synthesized
through water-assisted catalytic chemical vapor deposition. The
CNT growth process and GONR preparation were similar to those
previously described (Chiang et al., 2011; Chiang et al., 2015;
Wang, 2015). In a typical preparation of GONR, 0.1 g of MWCNTs
was suspended in 10 mL of concentrated H,SO4 and 1 g of KNO3
and was then stirred at 300 rpm for 2 h by using a magnetic stirrer
until a visually homogeneous black solution formed. Subsequently,
0.5g of KMnO4 was slowly added to the solution and further
stirred for 2 h at room temperature. The temperature was then
gradually increased to 70 °C and maintained at that temperature in
a water bath for 2 h (IKA-HS7 digital). When the reaction was
complete, the mixtures were removed from the heat source, al-
lowed to cool to room temperature, and poured into 350 g of ice
containing 5 mL of 35% H,0, each to prevent precipitation of in-
soluble MnO,. The mixtures were then centrifuged (24,500 rpm,
30 min) to make the crude GNRs solid (Beckman, Avanti J-25). The
solid was removed and then bath-sonicated in 60 mL of deionized
(DI) water for 30 min (IKA-HS7 digital). The material was bath-
sonicated again by adding 30 mL of HCl, and then the dispersion
was centrifuged (24,500 rpm, 30 min). The collected solid was
removed and then bath-sonicated in 60 mL of ether for 30 min.
Finally, the purified GONRs were obtained by collecting the cen-
trifuged (24,500 rpm, 30 min) solid. The collected solid was oven-
dried at 70 °C for 24 h to yield the final GONR product.

2.3. Material characterizations

The SEM images were produced on JEOL JSM-6500F (accel-
erating voltage=15 kV). Samples were prepared by pressing as-
synthesized samples on copper tape. The TEM images were col-
lected using a Hitachi H-9500 transmission electron microscope.
Additional samples were prepared by dispersing as-synthesized
samples in ethanol and dropping them onto 300 mesh holey lacy
carbon grids on a copper support (Ted Pella, Inc.) under ambient
conditions. Raman spectra were obtained using a JASCO NRS-5100
at 532-nm excitation and a Tokyo Instruments Nanofinder 30 at
488-nm excitation. X-ray photoelectron spectroscopy (XPS) spec-
tra were obtained using a ULVAC-PHI PHI 5000 Versaprobe with a
microfocused raster-scanned X-ray beam induced by high-energy
electrons impinging on Al anodes.
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Fig. 1. (a) Device structure and (b) sensing scheme of the GONR-FET biosensor.

2.4. GONR FET biosensor preparation

The GONRs obtained by unzipping MWCNTs were dissolved in
1:1 mixed n-butanol and water at 0.001 wt% as the precursor.
After being fully stirred, the GONR solution was spin-coated on a
glass substrate. The spinning was conducted in two stages. The
first stage was performed at 400 rpm for 5 s to promote uniform
GONR distribution on the glass. The second step was performed at
800 rpm for 30s to yield a relatively thin GONR layer and to
evaporate the solvent. After natural drying, some GONR samples
were placed on a hotplate at 200 °C for 30 min. This thermal
treatment could break some of the hydroxyl bonds attached to the
GONR to form slightly reduced GONR. After thermal reduction, a
100-nm-thick Al was deposited on the GONR and rGONR through
a shadow mask as the source and drain electrodes. The device
structure for the GONR FET biosensor is depicted in Fig. 1(a).

2.5. MB measurements

The GNOR FET biosensors were then placed in the MB solution
for measurement. Since the molecular weight for MB is
319.85 g mol !, 9.5955 g of MB was dissolved in the 100 mL de-
ionizd (DI) water to prepare MB solution in 0.3 M. This solution
was further dilute by DI water to prepare other concentrations.
The concentrations of the MB varied from 0.4 to 0.3 M were used.
An Ag rod was used as the reference electrode. Before measure-
ment, the Ag rod was immersed in the HCl to produce a stable
AgCl electrode. An Agilent B2912 source-meter semiconductor

parameter analyzer was connected to the AgCl and source/drain
electrodes to obtain electrical measurements. The schematic dia-
gram and the photo picture for the GONR FET biosensor mea-
surement setup is shown in Fig. 1(b).

3. Results and discussion
3.1. GONR characterization

The morphologies of as-produced GONR were characterized by
electronic microscope. Fig. 2(a) shows the SEM image of as-pro-
duced product with a ribbon-like morphology due to the CNT
unzipping. In addition, the TEM image shown in Fig. 2(b) further
verifies the ribbon-like structure with width in the range of sev-
eral hundred nanometers. Furthermore, the nearly transparent
layer structure revealed by the TEM observation indicates the
presence of few atomic layers with thickness in the range of sev-
eral nanometers existed in the as-produced product. The above
electronic microscopic study suggests nanoribbon structure was
produced in our as-produced sample, which is in consistent with
previous reports (Kosynkin et al., 2009; Shimizu et al.,, 2011).
Further structural information of the as-produced GONR can be
obtained from micro Raman spectroscopy characterization. Fig. 2
(d) shows the representative Raman spectra of the pristine CNTs
and as-produced GONR. Three bands are present around
1320cm™~", 1590 cm ™!, and 2675 cm~!, which are respectively
assigned to the D, G, and 2D bands of carbon materials. The D band
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Fig. 2. (a) SEM and (b) TEM images of as-produced GONR. and (c) Raman spectra of starting MWCNT (blue lines) and as-produced GONR (red lines). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article)
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can be due to the structural imperfections in the carbon basal
plane or edge site (Ferrari and Robertson, 2000; Malard et al.,
2009), whereas the G band is the so-called characteristic peak of
graphite, corresponding to the sp? carbon bond stretching of E2g
mode (Malard et al.,, 2009). The 2D band is the overtone of the D
band and is typically used to indicate graphene structure quality
(Ferrari et al., 2006; Graf et al., 2007). After the oxidative unzip-
ping process, the intensity of the D and 2D bands increased and
decreased, respectively, indicating that defects or the edge effect
was introduced into the as-produced GONR. The defects could
have been holes with different shapes and sizes on the basal plane
of the ribbon caused by the initial manganate ester formation and
the further cleavage of C-C bonding introduced by the vicinal diols
(Higginbotham et al., 2010). Moreover, the attached oxygen func-
tional groups (i.e., epoxy, carbonyl, and carboxyl groups) at the
edges and surface were also regarded as defects (Higginbotham
et al, 2010). Overall, these characterizations suggest that the
GONR was successfully prepared using our method.

3.2. Current-voltage characteristics

The drain current-voltage characteristics of the GONR and
rGONR FET biosensors are displayed in Fig. 3(a). During the mea-
surement, the source electrode is grounded. And the drain-to-
source voltage is swept from 0 to 10 V, while the reference voltage
was kept at 10 V. The drain current of the GONR and rGONR FET
biosensors at 5V are around 7.3 x 1078 A and 6.2 x 10~ %A, re-
spectively. The reduction by thermal annealing at 200 °C enhances
the drain current by 4 orders of magnitude. They are used as the
reference current for MB detection. The MB with a concentration
of 0.025 to 0.3 M were measured by rGONR FET biosensors. The
drain current increased with the MB concentration. At 5V, the
drain of the rGONR FET biosensor under ambient conditions was
6.2 x 10~ A and increased to 1.1 x 1073 A under 0.025 M of MB.
Furthermore, it is increased to 7.48 x 103 A under 0.3 M of MB.
The drain current increased more than 10-fold. The current
through the reference electrode remained as low as 1x 1079 A,
indicating a typical FET type biosensor operation. The applied
drain voltage also affected the drain current of the rGONR-FET
biosensor. The drain current for the rGONR-FET biosensor under
0.3 M of MB increased rapidly from 2.61 to 13.7 mA as the drain
voltage increased from 5 pV to 10 V. By contrast, the drain current
increased less for the rGONR-FET without MB. This indicates the
interaction of MB with rGONR will increase conductivity of the
rGONR. And this conductivity enhancement is proportional to the
concentration of MB. To detect MB at lower concentration, a GONR
as a detection channel in a FET biosensor is expected. As shown in
the Fig. (a), the GONR-FET biosensor was used to detect MB at
concentration from 0.8 to 3 mM. As a result, the GONR FET bio-
sensor can detect MB at much lower concentration. The drain
current is 4.4 x 10> A for a GONR-FET to sense 0.8 mM of MB at
5V drain voltage. Notably, the interaction of the MB and rGONR is
irreversible. After the sensing of 0.3 M of MB, the drain current of
the rGONR-FET biosensor was measured again under air and DI
water. The current-voltage characteristics are shown in Fig. 3(b).
The three curves almost coinciding indicate a possible electro-
chemical interaction between the MB and rGONR. A similar effect
was previously found in CNT, in which the MB was positively
charged and interacted with CNT through charge transfer to form
an electrochemically functional MB-CNT nanostructure (Yan et al.,
2005). This effect may have been applied to the MB sensing by the
GONR. In this work, the charge transfer may cause the GONR re-
duced chemically thereby increasing the conductivity of the GONR.
And, this conductivity increasing is expected to last for a long time.
They are invariant either in the air or in the DI water.
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Fig. 3. (a) The drain current-voltage output characteristics for the rGONR- and
GONR- FET biosensor. The concentration of methylene blue (MB) is varied from
0.025-0.3 M was used for detection in a rGONR FET. And the concentration of MB is
varied from 0.8 to 3 mM for detection in a rGONR FET. (b) The drain current-voltage
output characteristics for r—GONR FET biosensor that immersed in 0.3 M of MB,
immersed in the DI water and blow-dry and measured in the air, respectively. The
drain sensing current is invaried.

3.3. Sensor sensitivity

The sensitivity of the rGONR and GONR FET biosensors are
determined by the ratio of current change to concentration change
in the MB. The drain current at 5 pV, 3V, and 5V drain voltage
regarding MB concentration is shown in Fig. 4(a) and (b) for
rGONR FET and GONR FET, respectively. The calculated sensitivity
for the rGONR FET at 5-pV, 3-V, and 5-V drain voltage was 7.8, 16.5,
and 28.9 pA/mM, respectively. With lower concentration of MB on
GONR-FET, the sensitivity is slightly reduced. The calculated sen-
sitivity for GONR FET at 5-pV, 3-V, and 5-V drain voltage was 2.7,
7.8, and 12.5 pA/mM, respectively. The possible detection limit for
this FET biosensor can be extrapolated by the line along the sen-
sitivity curve with the signal-to-noise ratio (SNR) of 10. Since the
reference drain current of GONR FET biosensor with at 5V is
73 x 1078 A, we could set 7.3 x 108 A as the detection limit. This
limit is estimated around 4.7 nM. However, this limit need further
confirmation, because biosensor usually follow Langmuir-Hill be-
havior in which the signal is insensitive to very small amount of
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Fig. 4. (a) The semi-logarithm plot of the detection current of a rGONR FET bio-
sensor along with MB concentration for different drain voltage (5 pV, 3V and 5 V).
The sensitivity is calculated as 7.8 pA/mM, 16.5 pA/mM and 28.9 pA/mM, respec-
tively. (b) The logarithm plot of the detection current of a GONR FET biosensor
along with MB concentration for different drain voltage (5pV, 3V and 5V). The
sensitivity is calculated as 2.7 pA/mM, 7.8 pA/mM and 12.5 pA/mM, respectively.
Consider the signal-to-noise (SNR) of 10, the detection limit is estimated by ex-
trapolate plot to as 4.7 nM of MB.

biomaterials. This result is superior to those of other methods. For
example, the optical excitation spectrum can detect the 313-pM
MB in the photoreduction experiment (Kadokawa et al., 2011).
Cyclic voltammetry and amperometric measurements have a de-
tection limit of 1 pM for hydrogen peroxide detection when MB is
used as the coimmobilization agent on the CNT electrode (Xu et al.,
2003).
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Fig. 5. (a) The Raman spectra and (b) the I,p/lg and Ip/Ip of the GONR after MB
immersion with different concentrations.

3.4. Sensing mechanism

The interaction of the MB to the rGONR was studied through
Raman spectroscopy and XPS. The normalized Raman spectro-
scopy of the rGONR after immersion in the MB sensing with dif-
ferent concentrations is shown in Fig. 5(a). The D (1336 cm™ '), G
(1592 cm~"), and 2D (2659 cm~') peaks for the graphene are
clearly visible. The extensive D peak is due to structural im-
perfections caused by the presence of oxygen-related functional
groups. The G peak is the characteristic peak of graphite, corre-
sponding to the sp? carbon bond-stretching mode. The 2D band is
the overtone of the D band and is typically used to indicate gra-
phene film quality, as discussed in Section 3.1. When the D peaks
were normalized to unity for all samples, the intensity of the 2D
peaks increased gradually with MB concentration. Fig. 5
(b) displays the intensity of the 2D peak to the G peak (I>p/lg) and
of the 2D peak to the D peak (I;p/Ip) in terms of MB concentration.
The 2D-G ratio increased from 0.23 for the nontreated rGONR to
0.52 for the rGONR immersed in the 0.3 M MB. The increased I,p—
Ig intensity ratio revealed that the quality of the rGONR was im-
proved by the MB. The 2D band was found to be enhanced with
respect to the D band, suggesting that the MB treatment increased
the sp? graphene domain size in the rGONR. According to the layer
quality improvement and average rGONR domain size increase
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Fig. 6. The XPS C1s peaks for (a) pristine GONR and (b) 0.1 M and (c) 0.3 M MB
immersed GONR.

after MB treatment, we might suggest that the MB plays a vital
role in the reduction and recovery of the graphene. This suggests
that during charge transfer, part of the MB in the solution takes

Table 1
The atomic concentration for C-C, C-O, C=0 and O-C=0 bondings in the XPS C1s
peak of GONR after methylene blue immersion.

Samples C-C (atk) C-O (at%) C=0 (at%) 0-C=0 (at%)
GONR 61.2 28.6 7.1 3.1
0.1 M MB Treated GONR  64.9 20.8 6.7 7.4
0.3 M MB Treated GONR  71.1 17.2 5.7 5.8

away one type of functional group to further rGONR reduction. To
understand which type of the functional group was taken away,
XPS was performed on the GONR and GONR immersed in the MB
at different concentrations (0.1 and 0.3 M). The Cl1s peak in the
XPS for GONR, GONR with 0.1-M MB treatment, and GONR with
0.3-M MB treatment are shown in Fig. 6(a)-(c), respectively. In the
figure, the C1s peak is deconvoluted into C=C, C-0, C=0, and O-
C=0 bonds. The C-O bond was substantially reduced after MB
treatment, indicating that the MB tends to take the hydroxyl
(OH™) group away from GONR. This is revealed by the atomic
concentration for each bond listed in Table 1. The GONR had 61.2%
of the C-C bond and 28.9% of the C-O bond. The total proportions
of the C=0 and O-C=0 bonds were approximately 10%. After 0.3-
M MB treatment, the C-C bond proportion had increased to 71%,
whereas the C-O bond proportion had decreased to 17.2%. The
total amount of the C=0 and O-C=0 proportions remained ap-
proximately 11.5%. The XPS results revealed a reduction in the
oxygen functional groups and an increase in the C-C bond. These
results are consistent with our Raman spectrum finding and sug-
gestion that the MB takes the OH™ group away, leaving GONR with
an enlarged graphene domain. According to XPS and Raman results,
the chemical reaction between MB and GONR and rGONR can be
suggested. Methylene blue is a reductive chemical and is positively
charged. The positive charge may transfer to the GONR in the so-
lution cause the charge in-neutrality. This in-neutrality may be
compensated by releasing ®OH groups into the solution. As a con-
sequence, the GONR is reduced. Although this process need to be
verified and may contain other possibility, the results of GONR re-
duction after eOH releasing and the increased in graphene domain
by C bond reconstruction is confirmed experimentally.

4. Conclusion

Our preliminary work demonstrates a FET type biosensor based
on graphene oxide nanoribbon (GONR) for methylene blue de-
tection. The GONRs are obtained by unzipping MWCNTSs in acid. By
using rGONR FET biosensor, the sensing current as high as 7.48 mA
was obtained for 0.3 M of MB detection. Even with 0.8 mM of MB,
the sensing current is still as high as 44 pA. As a result, MB has
extensive reaction with GONR. By calculation, the highest sensi-
tivity at 5 V is 28.9 pA/mM on rGONR-FET biosensor. With GONR-
FET biosensor, the sensitivity reduced to 12.5 pA/mM. The sensing
mechanism is attributable to the increase in the conduction of the
GONR after immersion in the MB. The Raman spectra for rGONR
after MB sensing suggest the structural imperfection of rGONR is
improved and the sp? graphene domain is enlarged by the en-
hanced 2D peaks respect to D and G peaks. Furthermore, some of
the oxygen-related imperfections, especially hydroxyl groups
(e#OH), was removed by the MB suggesting by the XPS spectra.
According to XPS and Raman, the positive charge is proposed to
transfer from MB to GONR during sensing. This transfer causes
charge in-neutrality in the GONR which is compensated by re-
leasing ®OH functional groups. Overall, the GONR-FET biosensor
exhibited high sensitivity and a low detection limit that is highly
suitable for detecting low concentrations of biomaterials.
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