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 A B S T R A C T

Since graphene has a unique band structure with the valence and conduction bands touching each other at a 
single point called the Dirac point, this makes it extremely sensitive to the surroundings such as doping, 
external electric field, mechanical deformation, etc. Hence, it is very desirable for sensing applications. 
However, its surface inertness poses significant drawbacks. Therefore, it is necessary to treat the graphene 
surface to bind biomolecules. In this paper, we report the use of amine-functionalized graphene by plasma 
polymerization to detect the presence of biomolecules in graphene channel based on a liquid-gate field-effect 
transistor (LG-GFET). Taking streptavidin and biotin as an example, the binding interactions of streptavidin–
biotin complexes are detected by monitoring the shift of the Dirac point. By varying the streptavidin 
concentrations from 0.1 nM to 1000 nM, we found that our LG-GFET achieves detection capabilities as low as 
0.1 nM. Our approach can be applied for the detection of biological molecules with low detection limit, high 
sensitivity, and stability.
. Introduction

Graphene is a two-dimensional sheet of carbon atoms arranged in 
 hexagonal lattice. It has unique properties such as extremely high 
echanical strength, electrical and thermal conductivity, and chemi-
al stability (Geim and Novoselov, 2007; Yan et al., 2012). Because 
raphene is only one atomic layer thick, it is extremely sensitive to 
ts surrounding environment. Electrons can be transferred to or from 
raphene, making it an ideal candidate for the detection of a wide range 
f molecules in gases (e.g. gas sensors) or liquids (e.g. biosensors) since 
ts electrical conductivity will vary with physicochemical changes upon 
dsorption of molecules on the surface.
Among the different types of biosensors (Pourmadadi et al., 2022), 

raphene based field-effect transistor (GFET) devices have received 
onsiderable attention due to their simple and label-free operation (Fu 
t al., 2017; Novodchuk et al., 2021). To produce sensors, graphene 
ust be deposited on an insulating substrate and electrical contacts 
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must be established. Therefore, graphene is usually transferred from its 
original substrate (e.g. chemical vapor deposition (CVD) graphene on 
copper) onto an insulating one (e.g. SiO2/Si) with a lift-off technique. 
The graphene surface is then modified with a bioreceptor that can 
recognize and bind a given biological target. This binding interaction 
provides the electric field that modifies the charge carrier concentration 
in the channel. An additional electric field can be applied from an 
isolated gate electrode on the backside or by applying a potential to 
the fluid layer containing the biological targets, used as a liquid gate. 
In such GFET the channel conductance can be either n-type or p-
type, depending on the applied gate voltage. The transition between 
the two regions corresponds to minimum conductance; it occurs when 
the Fermi level crosses the Dirac point. Adsorption of biomolecules 
is detected either through measurement of the current through the 
graphene channel for a given gate voltage, or by measuring the shift 
of the Dirac point.
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There are numerous reports about biosensors based on graphene 
including graphene oxide (GO), reduced graphene oxide (rGO), exfoli-
ated graphene and CVD graphene. GO and rGO based FET or exfoliated 
graphene have been used for the detection of proteins, bacteria, and 
DNA (Ohno et al., 2009; Mohanty and Berry, 2008; Cai et al., 2014). 
However, the lateral size of graphene layers (typically several 100 nm) 
limits their applicability towards large-scale and graphene-based de-
vices. CVD-grown graphene is more reproducible and can be obtained 
with larger size, but its surface inertness causes significant obstacles 
to practical applications. Therefore, it must be chemically treated to 
generate active groups for the binding of biomolecules. Non-covalent 
functionalization of graphene (Xu et al., 2018; Jeon et al., 2020; Zhou 
et al., 2017) based simply on 𝜋-𝜋 conjugation, is unstable and prone 
to washout, resulting in poor sensor reliability. Therefore, covalent 
functionalization is preferable, but often leads to significant damage to 
graphene in chemical solutions (Liu et al., 2012; Shown and Ganguly, 
2016; Georgakilas et al., 2012). To avoid this problem, noble metal 
nanoparticles (NP) such as gold or platinum deposited on graphene 
are widely used as binding sites due to their biocompatibility and 
well-known functionalization chemistry (Cai et al., 2015; Gao et al., 
2016).

Wan et al. (2021) reported an application of bare graphene trans-
ferred onto SiO2/Si substrate as GFET using solution as the top-gate 
electrode for the detection of ovarian cancer cells. Although the sensor 
demonstrates high-sensitivity, it is not selective, and the detection 
mechanism is unclear. Zhou et al. (2017) fabricated a liquid-gate GFET 
biosensor based on non-covalent modification of the graphene surface 
with a 1-pyrenebutyric acid N-hydroxysuccinimide ester decorated with 
anti-carcinoembryonic antigen. The detection limit for carcinoembry-
onic antigen was about 100 pg mL−1 in phosphate buffered saline (PBS) 
solution. Similar work was reported by Kim et al. (2018) about the de-
tection of alpha-fetoprotein (AFP) in hepatocellular carcinoma plasma 
and in PBS solution using a liquid-gate GFET based on non-covalent 
functionalization with 1-pyrenebutyric acid N-hydroxysuccinimide es-
ter for immobilization of an anti-AFP antibody. Another group showed 
the detection of breast cancer cells by back-gated GFET decorated with 
Pt NP functionalized with HER3-specific scFv antibodies. The limit of 
detection is approximately 300 ng mL−1 in PBS (Gao et al., 2016). A 
similar concept based on FET configuration was developed using r-GO 
encapsulated silicon oxide NP for the detection of cancer biomarker 
proteins (Myung et al., 2011).

One can see from the literature that both liquid-gate GFET (LG-
GFET) and back-gate GFET (BG-GFET) can be used to detect biomol-
ecules, but using LG-GFET has some advantages. Huang et al. (2015) 
found that electrons in the graphene channel have higher mobility 
in the case of LG-GFET ( 12,000 cm2V−1s−1) compared to BG-GFET 
(4000 cm2V−1s−1). In addition, LG-GFETs can be easily controlled 
within a range of a few volts (−0.7 to +0.5 V for LG-GFET compared 
to −30 to +30 V for BG-GFET).

For biodetection, a major challenge comes from the fact that grap-
hene surfaces are chemically inert. One needs to create different func-
tional groups on graphene while preserving its structural quality. There 
are few known functionalization strategies that can achieve this with 
sufficiently strong bonding of the functional groups. We used plasma 
polymerization of cyclopropylamine (CPA) to deposit a thin, amine-rich 
( – NH2) polymer film on graphene. We show that this coating pro-
vides reactive sites for covalent grafting of biomolecules via standard 
coupling chemistry, without degrading the electron or hole mobility. 
NHS ester-activated molecules readily react with the  – NH2 groups, 
forming stable amide bonds. In this study, we use the streptavidin–
biotin interaction as a model system due to its high affinity and rapid 
kinetics. We demonstrate that our LG-GFET platform can sensitively 
detect streptavidin–biotin complexes at very low concentrations. This 
system not only validates our LG-GFET approach but also serves as a 
benchmark for future biosensor development.
2 
2. Experimental details

Graphene was produced by atmospheric pressure chemical vapor 
deposition (APCVD) growth on copper foil and then transferred onto 
SiO2/Si substrates as described in Ref. Pham et al. (2025). The crys-
talline and chemical quality of graphene after transfer was examined 
by Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and 
scanning electron microscopy (SEM). SEM observations were performed 
on the JEOL 6010LV. XPS analysis was made with a K-Alpha spectrom-
eter from Thermo Scientific with a monochromatic Al K𝛼 X-ray source 
(1486.6 eV). Raman scattering measurements were performed using a 
LabRAM Soleil HR system with a 532 nm laser excitation source and 
an objective of 100×.

GFETs were fabricated with 50 nm thick Au coating for source and 
drain electrodes deposited using a sputter coater (Quorum Q150T/ES). 
Oxygen plasma was applied with shadow mask to cut the graphene 
channel to the desired width (Pham et al., 2025). The drain - source cur-
rent (ID) was measured as a function of the gate–source voltage (VGS) 
at a given source–drain voltage VDS using a Keithley 2400 sourcemeter. 
The gate electrode was a Pt wire immersed in a droplet of electrolyte 
on the graphene channel.

Plasma polymerization of CPA was achieved in an inductively cou-
pled plasma (ICP) discharge. The ICP discharge was generated from 
CPA (Merck, 99% purity) diluted or not in Ar gas (Air Liquide, 99.999% 
purity) in a 25 cm long, 10 cm in diameter quartz tube, juxtaposed to 
a vacuum chamber and wrapped with a copper coil powered with a 
13.56 MHz RF plasma source (see the supplementary Figure S1). The 
whole vacuum system was evacuated to a base pressure lower than 
1.0 × 10−4 mbar using a combination of a rotary pump and a turbo 
molecular pump. Bare SiO2/Si substrate was exposed to plasma for 
about 30 s at 25 W forwarded power under three different conditions 
(10 sccm CPA + 10 sccm Ar, 20 sccm CPA + 10 sccm Ar, and 20 
sccm CPA) to test the coating of polymerized films. The pressure during 
polymerization reaction was about 1.6 × 10−2 mbar without pressure 
regulation. The coating of CPA polymerized film is hereafter referred 
to as CPA-PPF (CPA-plasma polymer film).

Biotin (EZ-Link NHS-Biotin) and streptavidin (Alexa FluorTM 488 
streptavidin) were ordered from Thermo Fisher Scientific. Biotin was 
dissolved in dimethyl formamide (DMF) while streptavidin was dis-
solved in PBS. A 2 mM NHS-Biotin solution was used to graft biotin 
molecules on the amine coated surface by continuous shaking for two 
hours at room temperature. Then, the samples were dried naturally 
at room temperature. Excess NHS-Biotin was rinsed off with DMF. 
Streptavidin was prepared in PBS solution (pH = 7.4) with different 
concentrations such as 0.1 nM, 0.2 nM, 0.5 nM, 1 nM, 10 nM, 100 
nM, 200 nM, 500 nM, and 1000 nM. A micropipette was used to 
drop approximately 15 μl of solution for each measurement. After each 
experiment, the graphene channel was washed with PBS solution before 
next experiments (see next section).

Fluorescent samples were then imaged using a Zeiss LSM900 confo-
cal laser scanning microscope equipped with a Plan Apo 63x, numerical 
aperture 1.4, oil immersion objective. Excitation was done at 488 nm 
and detection was measured at 490−600 nm. Laser power and PMT 
sensitivity were optimized on the most intense sample (to avoid signal 
saturation) and kept constant between the various experimental condi-
tions of the same figure. So fluorescence intensities are quantitatively 
comparable.

3. Results and discussions

3.1. XPS analysis of different polymerization conditions

XPS analysis of CPA-PPF on SiO2 prepared using the above three 
different conditions is shown in Fig.  1.

The coated films contain a strong N1s peak at 399 eV, which is at-
tributed to amino groups (Artemenko et al., 2021). Its intensity depends 
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Fig. 1. XPS analysis of CPA-PPF on SiO2/Si using three different conditions: 10 sccm CPA + 10 sccm Ar, 20 sccm CPA + 10 sccm Ar, and 20 sccm CPA. Bare 
SiO2/Si is added as reference.
on the concentration of amines for different preparation conditions. A 
small peak at ∼ 406 eV is observed in the sample without Ar plasma 
representing a satellite peak similar to nitrogen-containing aromatic 
polymers (e.g., polymide) due to weak 𝜋 − 𝜋 interactions. It suggests 
that without Ar, plasma breaks less CPA molecules and so conserves 
the ring in CPA molecules. Si-O-C, Si-C-O and O-C bonds from O1s and 
Si2p are found mostly in the sample with 10 sccm CPA + 10 sccm Ar, 
indicating the covalent bonding between polymerized films and SiO2
substrate. The C1s spectra show the peak shapes and intensities of the 
corresponding samples containing C–C, Si-C and O-C bonds compared 
to bare SiO2/Si. So the best condition for the coating was 10 sccm 
CPA + 10 sccm Ar, where the CPA-PPF layer is thinner for this sample 
(cf. intensity of O-Si-O in Si 2p and O 1s) and more fragmented (cf. 
absence of satellite peak in 𝑁 1s). Thus, we selected this condition to 
produce different samples named as sample #1 (bare glass), sample 
#2 (CPA-PPF/glass), sample #3 (biotin/CPA-PPF/glass), sample #4 
(fluorescent streptavidin/CPA-PPF/glass), sample #5 (non-fluorescent 
streptavidin/biotin/CPA-PPF/glass), and sample #6 (fluorescent strep-
tavidin/biotin/CPA-PPF/glass) for fluorescence test. For this purpose, 
fluorescent streptavidin was prepared and incubated with samples #4, 
#5, and #6 at a concentration of 1000 nM. After 30 min of incubation, 
samples were rinsed several times with PBS and kept in PBS. Samples 
were then imaged in confocal microscopy. In theory, the fluorescence 
of streptavidin can be imaged if biotin is already immobilized on 
the surface through the reaction with amino groups at the surface, 
otherwise only diffuse background is observed.
3 
3.2. Confocal imaging

Fig.  2(a) shows the confocal micrographs taken along with the 
extracted fluorescence intensity on the corresponding samples.

Fluorescence imaging reveals a strong signal on sample #6, indi-
cating the presence of streptavidin on the surface. In contrast, other 
samples exhibit very weak fluorescence, primarily due to diffuse back-
ground noise. Using a consistent color scale across all images, sample 
#6 clearly shows the highest fluorescence intensity, attributable to the 
specific biotin–streptavidin interaction. By taking a height profile over 
the coating border (see the supplementary Figure S2), the thickness of 
the CPA-PPF films before biotin–streptavidin experiments was deter-
mined to be about 6 nm. The background signal observed in sample 
#4 may result from non-specific binding of fluorescent streptavidin to 
the surface.

3.3. SEM, Raman - XPS analysis

GFETs on SiO2/Si substrates were fabricated with graphene channel 
coated CPA-PPF using the same condition as sample #6 and are shown 
in Fig.  3.

Fig.  3(a) shows the fabricated GFET on SiO2/Si substrate within the 
transferred graphene over the channel between two Au electrodes. Fig. 
3(b) shows the surface morphology of graphene on SiO2 together with 
Raman spectrum recorded confirming the high quality of monolayer 
graphene with negligible D peak and the 2D/G peak ratio around 2. 
Small domains with darker contrast originate from the bilayer. Higher 
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Fig. 2. Fluorescence intensity of different samples along with their corresponding micrographs.

Fig. 3. Optical and SEM images: (a) the fabricated GFET on SiO2/Si substrate with the graphene channel and Au electrodes, (b) bare graphene with small 
double-layer domains along with the Raman spectrum recorded showing high graphene quality, (c) the graphene surface after CPA-PPF coatings and, (d) the 
CPA-PPF surface after biotin reaction. Raman maps of 2D/G, and D/G: (e) bare graphene, (f) after CPA-PPF coatings.

Biosensors and Bioelectronics: X 27 (2025) 100673 

4 



T.T. Pham et al. Biosensors and Bioelectronics: X 27 (2025) 100673 
Fig. 4. XPS characterization of the sample after biotin reaction in comparison with other samples: (a) C1s, (b) O1s, (c) N1s, (d) S2p. Peak fittings: (e) C1s, (f) 
O1s, (g) N1s, and (h) S2p.
resolution with SEM is more clearly showing clean and continuous 
graphene on the SiO2 substrate. After CPA polymerization (Fig.  3(c)), 
graphene surface is now covered with a thin CPA-PPF. Although the 
SEM images show a completely different surface morphology after CPA-
PPF coatings, the underlying graphene can still be observed by optical 
microscope, meaning that the CPA-PPF is transparent at the given 
coating thickness. The CPA-PPF/graphene is embedded in dimethyl-
formamide (DMF) within biotin-NHS. Interestingly, the surface mor-
phology appears with porous-like structures after biotin reaction in Fig. 
3(d). According to the schematic model in supplementary Figure S3, it 
is expected that the presence of the NHS-ester allows biotin coupling by 
the formation of an amide bond. The surface structure is mainly created 
by the presence of biotin after reaction with the amines.

Raman spectra were taken to check the quality of the graphene 
channel before and after CPA polymerization (supplementary Figure 
S4). A high defect concentration due to plasma polymerization can be 
observed. The D peak is very strong along with two other defect peaks 
marked by D’(1) and D’(2) at 1620 cm−2 and 2944 cm−2 respectively 
while those are absent in bare graphene before CPA-PPF coatings. Such 
defective graphene is very similar to those originated from nitrogen-
doped graphene (Nam et al., 2024). The defect density is estimated 
using the formula characterized by Cançado et al. Cançado et al. (2011) 
about 5.3 × 1011cm−2 for both monolayer and bilayer graphene. To 
evaluate the defect distribution in graphene, Raman maps of 2D/G and 
D/G over a given graphene area before and after the CPA-PPF coating 
were performed and shown in Figs.  3 (e) & (f). The 2D/G ratio in 
monolayer graphene decreases from ∼2 to ∼1 after CPA-PPF coatings 
while the D/G ratio increases sharply from ∼0.4 to ∼2.6. The D/G 
map shows the similar contrast across the graphene defects, indicating 
the uniformity of the CPA-PPF coated graphene. This suggests that the 
generated defects probably play an important role as defect sites for the 
covalent bonding of the fragmented monomers with graphene films. 
Experimentally, the defect density in graphene can be controlled by 
adjusting the appropriate Ar ion flux at 25 W plasma power as provided 
in supplementary Figure S4.
5 
As biotin contains sulfur (S), another XPS analysis was performed 
to detect S in Fig.  4.

Different samples were prepared such as bare SiO2, graphene on 
SiO2, CPA-PPF/graphene on SiO2, and biotin/CPA-PPF/graphene on 
SiO2. It was expected that the S2p spectrum (Fig.  4(d)) shows a peak at 
∼ 163 eV which is evidence of biotin-derived Sulfur in the biotin/CPA-
PPF/graphene sample. The N1s peak (Fig.  4(c)) shifts about 0.6 eV to 
higher binding energy in the presence of biotin because primary amine 
(-NH2) is converted into amide (-CONH-). This is consistent with our 
biotin NHS-amide model in the supplementary Figure S3. The decrease 
in N1s peak intensity after biotin reaction can be understood as due to 
the attenuation after biotin. Similar attenuation was also seen on other 
peaks like C1s (Fig.  4(a)), Si2p (supplementary Figure S5) and O1s (Fig. 
4(b)) of the same sample to confirm the agreement between different 
elemental analyses. This suggests that biotin is well immobilized on the 
surface. The width of the C1s peak is larger after CPA-PPF coatings due 
to more carbon signals from fragmented CPA monomers along with the 
sp2 C–C bonds of the underlying graphene. Similarly, the predominant 
C-O and C=O are mainly derived from biotin. The part of the S2p 
spectrum below 160 eV as marked is dominated by the tail from Si2s, 
not a sulfur signal.

Further details of the different components were resolved as de-
tailed by the peak fittings shown in Figs.  4 (e-h). Different peaks of 
C1s such as C–C sp2 bonds at ∼284.4 eV, C–C/C-H/C-N or C-S (after 
biotin reaction) as sp3 bonds at ∼285.1 eV, C-O bonds at ∼286.1 
eV, and C=O bonds at ∼287.5 eV. The C-O/C=O bond ratio in O1s 
decreased after reaction with biotin due to the presence of biotin 
containing more C=O bonds on the surface. Interestingly, N1s contains 
three different components with the main peak of amine at ∼399 eV. 
The other peaks at ∼398.4 eV and ∼399.7 eV are attributed to C-N 
called pyridinic nitrogen (Vesel et al., 2020) and are characteristic of 
amide, respectively (Ravi et al., 2018). It can be seen that the amount 
of amines decreases rapidly and amides predominate after the biotin 
reaction. This explains the presence of biotin in the sample, where S2p 
exhibits an S-C bonds due to the covalent binding of biotin to amines 
on the surface.
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Fig. 5. The I–V characteristics of LG-GFET measured using three different electrolytes such as DI, PBS and streptavidin: (a) bare graphene/SiO2/Si, (b) biotin/CPA-
PPF/graphene/SiO2/Si. (c) biotin/CPA-PPF/graphene on glass for confocal imaging prior to the I-V characterization. (d) biotin/CPA-PPF/graphene based comb-like 
electrodes/SiO2/Si.
3.4. Electrical measurements

Electrical measurements were made using the setup shown in sup-
plementary Figure S6 on bare graphene/SiO2, and on biotin/CPA-
PPF/graphene/SiO2 with a liquid gate of deionized water (DI), PBS and 
streptavidin. PBS was used as the background to measure the signal of 
different concentration of streptavidin while DI was used to assess the 
difference in Dirac point position marked VD between PBS and DI due to 
different molecular/ionic components (Wang and Burke, 2013). Indeed, 
Fig.  5(a) shows the I-V curves recorded on bare graphene measured 
with DI, PBS and 1000 nM streptavidin. The Dirac point position was 
determined VD ∼ 2 V for DI and VD ∼ 1.4 V for PBS at VDS = 0.2 V. It is 
not surprising to see that the Dirac point of graphene does not change 
between PBS and streptavidin since graphene is non-reactive.

Using the same molecules, the behavior of Dirac point was examined 
on the biotin/CPA-PPF coated graphene in Fig.  5(b). Interestingly, there 
is a clear difference before and after streptavidin interaction. The Dirac 
point shifts by about 0.2 V with respect to the one of PBS, meaning 
that the conduction of the graphene channel is affected by the presence 
of streptavidin. The shift towards higher positive voltage indicates 
that electrons are transferred from graphene to streptavidin as p-type 
conductivity. The electron mobility is calculated ∼ 90 cm2 V−1 s−1
for bare graphene measured with PBS. This obtained value is similar 
to that reported in the literature (Cao et al., 2018) which is due to 
the high resistivity liquid. However, it is found more interesting for 
6 
CPA-PPF/graphene with electron mobility ∼ 2200 cm2 V−1 s−1, about 
25 times larger than liquid/graphene. More details of our calculation 
model are added in Supplementary Figure S7.

To confirm the presence of streptavidin on the graphene channel, 
another identical GFET was prepared on glass with 1000 nM fluorescent 
streptavidin and imaged by confocal microscopy. The result is shown 
in Fig.  5 (c). The green color in the image refers to streptavidin along 
with some bright spots due to its aggregation and thus, the Dirac point 
was found at VD ∼ 1.4 V. So there is a correlation between 1000 nM 
streptavidin and VD. By rinsing the graphene channel followed by mea-
surements with 100 nM streptavidin, PBS and DI on the same sample, 
we found that the Dirac point position remained unchanged, suggesting 
that the surface was saturated with 1000 nM streptavidin. Remarkably, 
the two conductance minima occur as a double Dirac point at 1.4 V and 
−1.4 V measured at 1000 nM streptavidin. This phenomenon is similar 
to that observed in the back-gate GFET (Bartolomeo et al., 2011). This 
behavior arises from a combination of factors, primarily related to 
charge transfer and trapping at the graphene–electrode and graphene–
dielectric interfaces because they probably alter the doping level of 
graphene, leading to changes in its conductivity and contributing to 
such double dip effects. In our case, this effect may be stronger due to 
the imperfection of the isolated CPA-PPF films at high concentration of 
streptavidin compared to BG-GFET.

Similarly, another GFET was tested in reverse by measuring first at 
100 nM, then at 1000 nM. Both concentrations show almost the same 
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Fig. 6. (a) The I-V characteristics of LG-GFET (biotin/CPA-PPF/graphene/SiO2/Si) using DI, PBS and fluorescent streptavidin at various concentrations along 
with the Dirac point shift vs. concentration. Confocal images of different fluorescent streptavidin concentrations: (b) Normal mode, (c) high sensitivity mode.
VD at about 1.4 V as shown in supplementary Figure S8. It is possible 
that such concentrations used were too high due to the presence of 
too much streptavidin in the graphene channel or since the scanning 
window of VGS was still large, so very small shift in the curve cannot 
be found.

To understand the effect of different concentrations on the Dirac 
point shift, a larger graphene channel was fabricated as comb-like 
electrodes (multichannel) in Fig.  5(d) to separate two droplets of two 
different concentrations on the same location as done above for the 
normal electrode (single channel). Otherwise, the graphene channel 
would saturate from one concentration before testing the other. By 
measuring on two different droplets like one drop for 100 nM at the 
location 1 and the other one for 1000 nM at the location 2, we found 
that the Dirac point shifted more at 1000 nM than at 100 nM, meaning 
that the shift of the Dirac point behaves as a function of streptavidin 
concentration. Spectra measured with DI and PBS respectively were 
added for comparison.

Further measurements were performed on another GFET using dif-
ferent concentrations of streptavidin from 0.1 nM to 1000 nM as shown 
in Fig.  6(a). Two additional concentrations at 1500 nM and 2000 
nM were also prepared to test the saturation behavior during our 
GFET detection. Therefore, the shift of the Dirac point was carefully 
examined by starting at lowest concentration. The surface was rinsed 
with PBS and blown with nitrogen gas before starting with another 
concentration. Each measurement at a given concentration was done 
for about 30 s and repeated three different times. The first measurement 
with PBS was performed from −2 V to +2 V to determine the position of 
7 
the Dirac point. The VGS sweep was then reset as narrowly as possible 
around the Dirac point to monitor its behavior.

Compared with the Dirac point position measured with PBS (∼ 0.76 
V), it can be clearly seen that the Dirac point shifts up to 0.86 V 
at 0.1 nM streptavidin concentration. The position of Dirac point is 
determined by fitting the curve to allow for a more precise minimum 
current of the Dirac point. Then, 0.2 nM and 0.5 nM were measured 
in order showing their positions at about 0.90 V, 0.92 V respectively. 
Such measurements were further applied with higher concentrations 
at 1 nM, 10 nM, 50 nM, 100 nM, 1000 nM, 1500 nM and 2000 
nM of streptavidin. We find that the Dirac point shifts gradually as 
summarized in Table 1 in the supplementary information.

So the evolution of the Dirac point shift can be plotted. By applying 
the Langmuir–Freundlich formula to the Sips isotherm model (Mu-
rayama et al., 2024), the best fit to the curve of change in VD versus 
streptavidin concentration can be obtained. Where 𝛥VD is the voltage 
change due to the Dirac point shift from one streptavidin concentration 
with respect to the one measured with PBS, 𝛥Vm is the voltage change 
for the maximum shift of the Dirac point when the surface is saturated 
with streptavidin, C is streptavidin concentration, Kd is the Langmuir–
Freundlich coefficient related to the equilibrium dissociation constant, 
and n is heterogeneous parameter between 0 and 1. This n value can 
vary depending on surface availability. If the surface is homogeneous 
(saturated), it fits the Langmuir model (n = 1), otherwise the Freundlich 
model is used for lower concentration (n < 1).

As a result, the dissociation constant Kd for streptavidin was found 
to be about 2.5 × 10−10 M for a maximum shift of the Dirac point 𝛥V
m
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∼ 0.27 V with an exponent n of about 0.41. The physical meaning of 
Kd is important because its value indicates the strength of the binding 
energy between streptavidin protein and biotin receptor. A higher Kd
means a weaker interaction. Compared to the binding affinity of biotin–
streptavidin widely accepted in solution ∼ 10−14 M (Green, 1990), our 
findings are much larger as graphene in this work was covered with 
about 6 nm of CPA-PPF films exceeding the Debye screening length 
(less than 1 nm considered from the graphene surface (Murayama et al., 
2024)) to justify this discrepancy. However, these results showed that 
the biotin grafted amines CPA-PPF/graphene can detect streptavidin 
protein by monitoring the shift of the Dirac point, and a fitting model 
was used to better predict the shift of the Dirac point away from the 
experimental data. The measured GFET with the graphene channel 
at the end of the experiments together with OM-SEM images taken 
after measuring 2000 nM streptavidin (see the supplementary Figure 
S9) shows very similar features with bright spots that may be the 
aggregation of streptavidin on some specific local surface areas as 
previously observed by confocal microscope.

To confirm that the shift of the Dirac point is due to interaction of 
streptavidin with the biotin on the graphene channel, confocal images 
of different fluorescent streptavidin concentrations were recorded in 
Figs.  6 (b-c). Obviously, a clear difference in fluorescence intensity is 
expected when comparing between 1 nM and 100 nM as well as 100 
nM and 1000 nM (Fig.  6(b)). In fact, the maximum fluorescene intensity 
is at 1000 nM and it decreases about 3-fold at 100 nM and about 30-
fold at 1 nM (see the supplementary Figure S10). However, it becomes 
more difficult to distinguish the fluorescent signal from the background 
below 1 nM. Therefore, a high sensitivity mode was applied to image 
the pM concentrations in Fig.  6(c). When taking a specific square area, 
the fluorescence intensities between streptavidin concentrations are 
almost the same and very slightly different from PBS, suggesting that 
fluorescent imaging was not sensitive enough to resolve the difference 
between samples with low streptavidin concentrations.

From the various experimental observations, the sensitivity of the 
Dirac point position to the presence of streptavidin in the LG-GFET 
channel is remarkable, especially at low concentrations. It is expected 
to improve further as the number of defects can be minimized, but 
that would require more time to investigate. More results measured 
on other GFET samples are also added to Supplementary Figure S11 
to confirm the trend of such experiments. The goal of our study was 
to demonstrate the success of our functionalization strategy for the 
fabrication of sensitive biodetectors. This is why we used the well 
established biotin–streptavidin system. In future studies, it will be 
interesting to include non-specific proteins such as BSA (bovine serum 
albumine) to investigate to what extent specific target recognition is 
possible with our detectors.

4. Conclusions

The graphene surface on SiO2/Si was functionalized with amino 
groups which is important for the immobilization of biotin biorecep-
tor. This was achieved by appropriately controlling the CPA polymer-
ization. The uniformity of the polymerized CPA-coated graphene is 
confirmed by Raman mapping and the formation of covalent bonding 
between graphene and the CPA layer coatings as well as the pres-
ence of biotin on the surface are confirmed by XPS analysis. The 
surface morphology of graphene before and after CPA-PPF coatings 
and then, after biotin reaction is clearly evidenced by OM and SEM. 
Furthermore, fluorescent micrographs demonstrate the conjugation of 
fluorescent streptavidin with biotin grafted onto the amine-rich thin 
films/graphene LG-GFET devices. Electrical measurements show a shift 
of the Dirac point as a function of streptavidin concentration with a 
detection as low as 0.1 nM streptavidin.

Although the ability to detect streptavidin by our LG-GFET de-
vices through biotin–streptavidin interaction has been demonstrated, 
8 
further studies are still needed to measure the concentration of func-
tional groups and of adsorbed molecules. Additionally, the detection of 
biomolecules with weaker binding to receptors than the streptavidin–
biotin system will be investigated, as well as comparison of strepta-
vidin with non-specific proteins and extention to other molecules of 
physiological interest such as antibodies, bacteria, etc.
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