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Abstract

Graphene field-effect transistors (GFETSs) are suitable building blocks for high-performance
electrical biosensors, because graphene inherently exhibits a strong response to charged
biomolecules on its surface. However, achieving ultralow limit-of-detection (LoD) is limited by
sensor response time and screening effect. Herein we demonstrate that the detection limit of GFET
biosensors can be improved significantly by decorating the uncovered graphene sensor area with
carbon dots (CDs). The developed CDs-GFET biosensors used for exosome detection exhibited
higher sensitivity, faster response and three orders of magnitude improvements in the LoD
compared with nondecorated GFET biosensors. A LoD down to 100 particles/uL was achieved
with CDs-GFET sensor for exosome detection with the capability for further improvements. The
results were further supported by atomic force microscopy (AFM) and fluorescent microscopy
measurements. The high performance of CDs-GFET biosensors will aid the development of an

ultrahigh sensitivity biosensor platform based on graphene for rapid and early diagnosis of diseases.

Keywords: Graphene, carbon dots, field-effect-transistor, limit-of-detection, exosome, cancer

diagnosis
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1 Introduction

Electrical biosensors based on field-effect-transistors (FETs) have emerged as one of the most
promising platforms for rapid, ultrahigh sensitive and selective detection of a wide range of
biomolecules.! Among many FET biosensor types, graphene-FET biosensors (GFET sensors) are
especially suitable as biosensors:? As a one-atom thick carbon layer the active volume exhibits a
very high surface-to-volume ratio which offers a unique potential for high sensitivity. GFETSs are
highly conductive and are biologically compatible with various biomolecules such as proteins,
antibodies and DNAs. In addition, the surface of graphene can be directly functionalized with
biomolecules via physisorption or n—r interfacing while preserving its sp2 network.® Furthermore,
large scale production of large-area graphene can be readily accomplished using techniques such
as chemical vapour deposition (CVD).*® GFET sensors have been employed for the rapid and high
sensitivity detection of various biological species and disease biomarkers, including DNA5 7
proteins,® glucose,® viruses,1%? bacteria,”® cardiovascular disease biomarkers,}* cancer
biomarkers'> ® and extracellular vesicles.!” Although a GFET is able to respond to single
molecules at its surface, the main challenge is associated with the mass transport of analytes to the
sensor surface. In the diffusion regime, the detection of 1 fM of analyte on a planar sensor may
require an incubation period of a few hours,*81° which is impractical. Moreover, the surface energy
of the substrate underneath the graphene might strongly affect the stability and formation of the
electrical double layer (EDL).?° This could influence the interaction between graphene and
biomolecules such as proteins and antibodies and their orientation and conformation on the
graphene surface.?! 22 In addition, the instability of the EDL may affect the absorption of analytes
at the sensor surface.?>2* All of these phenomena can reduce the capture efficiency of analytes at
the graphene sensor surface, and degrade the effective sensitivity and the limit-of-detection (LoD).
Therefore, the enhancement of the capture efficiency of biomolecules at the graphene surface is
crucial in order to exploit graphene’s capability to achieve high sensitivity and ultralow LoD.

The use of surface nanostructuring has been reported to increase the accessibility of DNA to the
electrochemical sensor surface, consequently improving the capture efficiency and sensitivity of
the sensor.?> 26 Moreover, it has been suggested that diffusion towards a spherical and cylindrical
nanosensor surface may be much faster than that towards a planar surface.!® 2’ Therefore, it is

expected that the deposition of spherical like nanoscale objects such as carbon dots (CDs) on
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graphene can act as antenna for a graphene sensor and increase capturing rates without affecting
the structural properties of graphene.

CDs have shown significant promise due to their excitation-dependent fluorescence, low toxicity
and biocompatibility for biosensing?® and bioimaging.?® They have numerous facile synthesis
routes,® are tunable®! and easily passivated or modified with different bioactive molecules.3? While
CDs having a wide range of potential properties, those being hydrothermally synthesised tend to
have a mostly amorphous carbon core and abundant oxygen functional groups which confer strong
negative surface charge.®® These properties enable CDs particles to facilitate a valuable surface
modification of graphene complementing many of the positive aspects of GFETSs including high

surface area-to-volume ratio.

There is increasing evidence that exosomes (small extracellular vesicles) released from cancer cells
contain disease-specific information which can be used as biomarkers for diagnosis even at an early
stage.3* % Here in this work we show that CDs modification on GFETs greatly enhance the
efficiency of exosome capture for exosome detection by improving sensitivity and the LoD of
graphene biosensors. We demonstrate an enhancement of the detection performance of GFET
biosensors by three orders of magnitude through this surface modification strategy. Exosomes
range in size between 40-150 nm and are released by healthy and tumour cells via the endocytic

pathway which enables cell-to-cell communication and cargo transfer.3* 3

2 Results and Discussion

Figure 1a shows the schematics of a GFET biosensor for exosome sensing. After the S/D metal
contact deposition CDs were incorporated in the devices using drop-casting before surface
functionalization. The role of CDs in increasing the sesnsitivty of the GFETs is illustrated in Figure
1b,c. It is expected that CDs on graphene modulate the electrical double layer and decrease the
screening of exosome while the structure and morphology of the CDs enhance the capturing
efficiency of exosome. X-ray photoelectron spectroscopy (XPS) was performed to assess the
elemental composition of CDs and reveals the presence of C1s and O1s with carbon bands at 284.8
eV (C-C), 286.21 eV (C-0), 287.03 eV (C=0) and 288.68 eV (COOH), where C-C bonds forms
75% of the C1s (Figure 2a). As shown in the HRTEM image in Figure 2b, the CD particles exhibit
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size between 5-10 nm. Their height distribution on graphene is measured using atomic force
microscopy (AFM) (Figure 2c and 2d), which confirms the spherical-like shape. The CDs are
negatively charged and therefore are unlikely to agglomerate in solution (further information about

the characteristics of the CDs is presented in Figure S1).

Graphene and graphene-CDs devices were functionalized using 1-pyrenebutanoic acid
succinimidyl ester (PBASE) linker for further CD63 antibody conjugation. PBASE stacks with
graphene by n—n overlap to form a self-assembled monolayer with homogeneous coverage, while
the N-hydroxysuccinimide (NHS) ester extends from the graphene surface to react with primary
amines present on the antibodies. In order to confirm a good coverage of PBASE on the graphene
surface, graphene samples were functionlized with PBASE at two different treatment times (2hr
and 8hr). The samples were then analysed using XPS under the same conditions. As the density of
PBASE is proportional to the number of nitrogen atoms in the PBASE, the N1s peak area was used
as an indication of the PBASE coverage. The N1s peak was increased by an average of 11% when
the PBASE treatment time was increased from 2hr to 8hr (Figure S2 and Table S1). Raman spectra
of graphene after modification with PBASE show a strong increase in the disorder D peak at around
1350 cm™* due to the resonance of sp? bonding®’ or due to localized vibrational modes of the PBASE
interacting with extended phonon modes of graphene® (Figure 3a) (The Io/lg ratio extracted from
the Raman map before and after PBASE modification is plotted in Figure S3). In addition, the
presence of a one shoulder peak at 1380 cm™ is attributed to disorder arising from orbital
hybridization and another at 1616 cm™ to a pyrene group resonance due to PBASE binding to the

graphene surface.®’

Specific antibodies were then conjugated to the PBASE immobilised surfaces. XPS demonstrated
the presence of antibodies after conjugation. CD63 antibodies were selected to target CD63
markers on the surface of the exosomes. Using a commercial fluorescence kit, we confirmed that
CD63 is a valid marker with abundant expression on the exosome surface and that the CD63
antibody exhibits a high capturing rate for this exosome (see supporting information Figures S5
and S6). The high-resolution N1s spectra show a significant increase in the N1s peak at 400.2 eV
after CD63 conjugation (Figure 3b). The high-resolution Cls XPS spectrum reveals four
components at the surface: C-C at 284.7 eV, C-O/C-N at 285.8 eV, C-O/C-N at 286.6, and O-C=0

at 288.5 eV (Figure 3c), which can be attributed to the large number of amine and amide groups
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present on the antibodies. The XPS spectra for the functionalization process for graphene and CDs-
coated graphene are presented in Figure S4.

The surface morphology of graphene and graphene-CDs after each step of functionalization process
was characterized using AFM (Figure 3d and 3e). The surface roughness of pristine graphene is
extracted to be 0.25 nm. After 2hr PBASE treatment, surface roughness of graphene surface
increased to 0.34 nm. Both ND-G and CDs-G show good coverage of CD63 antibody. The Ab
density on graphene surface is extracted to be >2500 antibody/um? (Figure S7). The average size
area of the antibody is extracted to be about 20+5 nm? after considering the convolution effect from
AFM tip.

Exosomes | Exosomes |
I
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Figure 1. Schematic illustration of the GFET and CDs-GFET sensors. a) Device fabrication, surface
modification and capturing of exosomes. G: graphene; CDs: carbon dots; Ab: antibodies. b) and c)



135  Schematic illustrations of the exosomes capture on (b) graphene and (c) CDs modified graphene. The
136  decoration of CDs modifies the electrical double layer (EDL) and enhances capturing of exosome.
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138  Figure 2. Characterisation of CDs and graphene surface fabrication. a) C1s XPS spectra of CDs. b) HRTEM
139  image of CDs. Scale bar = 5 nm. ¢) AFM profile of CDs on graphene surface. Scale bars = 1 um. d)
140  histogram of CDs height distribution obtained from AFM.
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143 Figure 3. Characterization of surface functionalization of G and G-CDs. a) Raman spectra of bare graphene
144  and PBASE-functionalized graphene. b) N1s and (c) C1s XPS spectra of graphene with different levels of
145  functionalization: bare, with PBASE and with PBASE + CD63 antibody, respectively. d) AFM profiles of
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bare G, after PBASE functionalization and Ab incubation. e) AFM profiles of CDs on G, after PBASE
functionalization and Ab incubation. AFM scale bars = 1 um.

After successful conjugation of antibodies, target exosomes were introduced to the CDs enhanced
GFET sensors and plain GFET sensors for comparison. The electrical response of each device to
exosomes was determined using liquid gates, i.e the source-drain current is measured as a function
of the liquid gate voltage applied through a platinum wire. We first measured the stability of our
devices in 1000 times diluted PBS with H.O (0.001X PBS) after different rinsing times and change
of Dirac voltage over time (Figure S9). The samples are stable in the buffer solution and relatively
small drifts were observed over time. We further measured the hysteresis of a GFET sensor and
CD-GFET sensor. The hysteresis was quantified by the voltage shift near the Dirac voltage, which
was measured to be 10 mV and 11 mV for G-GFET sensor and CD-GFET sensor, respectively
(Figure S10). GFET sensors are p-doped and the electron conduction is weaker than the hole
conduction. This could be attributed to the difference in the scattering cross sections due to the
electrostatic interaction of carriers in graphene with the charged impurities, which could be
substrate impurities or impurities from the functionalized groups. 3°*? We performed transport
measurements on non-functionalized graphene in solutions of different ionic strength to confirm
the impact of impurity charges in the SiO2 substrate underneath graphene. The symmetry and
negative shift in Dirac point were observed with the increase in ionic strength where ions in the
solution screen out the impurity charges® (Figure S11). Scattering of graphene carriers with the
bonded antibodies and the pyrene linkers may be attributed to the asymmetry.*® 42 After exosome
binding the Dirac voltage is further positively shifted. The CDs-GFET sensors show a significant
positive shift in the Dirac voltage after exosome binding compared with the pure graphene surface
(Figure 4b, c). This is consistent with the effect of the negative charge of exosomes, which induces
p-doping in graphene. A similar response was observed for a total of 8 devices (See Figure S12 for
more device tests). The shift of the Dirac voltage shift as a function of exosome concentrations
from 10 to 107 particles/uL is plotted in Figure 4d. This observation shows that CDs-GFET sensors
have a value of sensitivity more than two orders of magnitude higher than that of a non-decorated
(ND-GFET) sensors. By comparing the response from ND-GFET sensor and CDs-GFET sensor,
we observed the ND-GFET sensor exhibits insiginificant response when the the concentration of
exosomes is reduced below 10 particles/uL. On the other hand, a large shift in Dirac voltage is
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observable at a concentration as low as 100 particles/uL. for CDs-GFETs. Moreover, this value of
the shift in Dirac point for CDs-GFET sensor is comparable to the shift measured in ND-GFET
sensor at concentration as high as 10° particles/uL. Furthermore, the sensitivity of the GFETs
sensor is increased from 15 mV/dec for ND-GFET sensor to 33 mV/dec for CDs-GFET sensor.
This sensitivity of the sensor was calculated from the log-linear response (log(exosome
concentration)-AVp) in the linear region of the graph (Figure 4d). The limit of detection (LoD) was
determined by blank signal (PBS) plus 3 standard deviations of the blank. The limit of detection of
the proposed CD-GFET biosensor is among the lowest according to literatures on many other

biosensors reported for exosome detection including electrical, electrochemical, or optical ones.*®
43

In order to investigate the specificity of ND-GFET sensor and CDs-GFET sensor, the surface of
graphene was modified with a non-specific antibody instead of anti-CD63 Ab. The IgG1x isotype
control was conjugated after functionalisation of graphene surface with PBASE. The specific
binding area of the IgG1x isotype is different than that to the anti-CD63 antibody.Therefore, the
target CD63 exosome membrane protein should not bind selectivity to the binding area of IgG1K
isotype. The properties of funtionlized IgGlxk isotype on graphene surface are provided in the
supporting information (AFM in Figure S8). Figure S13 shows the change in Dirac volage of
isotype and anti-CD63 sensors for different concentrtions of exosomes. For both ND-GFET sensor
and CDs-GFET sensor, there is small shift in Dirac volatage for isotype sensor compared with anti-
CD63. This indicates that the target exosome binds specifically to anti-CD63. We further
performed IV measurements to find out whether the exosome can non-selectively bind to CDs
without CD63 Ab functionalization. CDs-GFET sensors without antibodies showed a negligible
response compared with the ones functionalized with CD63 Ab (Figure S14). The observed small
negative shift of the Dirac voltage indicates that only a very small number of exosomes (<10%)

can bind non-selectively to CDs without specific antibodies.



202

203
204
205
206
207
208
209

210

211

212

213

ND-GFET sensor — Buffer
. 102 Particles/uL

=+ 10° Particles/uL
= « + 10* Particles/uL

J
.

Ll
0.2 0.4 0.6 0.8 1.0

d) c) Vs (V)
250 60
®  ND-GFET sensor CD-GFET sensor Buffer
® CD-GFET sensor L. N « + 107 Particles/pL
200 L . Al
. s0d N — - 10° Particles/uL
— ' N\ = « +10* Particles/pL
> 150 * 2 N
E § 2
40 -
> 0. I
>D 100 + -18
2 { A
50 - 304
I T N € LoD |
04 —+-
T T T T T T 20 T T T T
10° 10* 102 10° 10* 10° 10° 107 0.2 0.4 0.6 0.8 1.0
Exosome concentration (Particles/uL) Vas (V)

Figure 4. Electrical detection of exosomes on ND-GFET (non-decorated GFET) and CDs-GFET sensors. a)
GFET sensor device structure showing source (S), drain (D) and top gate (G). Representative IDS-VGS
curves of b) ND-GFET and c¢) CDs-GFET sensors after exosome binding. d) Dirac voltage shift of GFETs
for various concentrations of exosomes on ND-GFET and CDs-GFET sensors (measurements were recorded
after 15 mins of exosome incubation; error bars are determined by the standard deviation of multiple device
measurements (3 < n << 5 for each reading)); (The baseline that represents LoD is defined by (response)ess
+ 3*standard deviation= 21 mV (n=5)).
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Furthermore we measured the evolution of the sensor response as a function of time in order to
evaluate the binding kinetics in both cases. The shift in Dirac voltage with time after exosome
injection into the microfluidic channel is plotted in Figure 5. The results show that the response
from graphene with CDs is faster than that from the non-decorated graphene surface, consistent
with the explanation that CD-decorated surfaces capture more exosomes. Moreover, the Dirac
voltage shift for CDs-GFETS rose quickly and reached saturation within 10 min, while that for the
non-decorated GFETs shows a more linear response and takes longer to become saturated (See
supporting information Table S3). Moreover, the shift from the GFET sensor doesn’t reach the

same level of shift as generated by CDs-GFET sensor.

ND-GFET sensor I
2001 « CD-GFET sensor | % -1

—~ 150 %’ B
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zlo50- ! %*E * *
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Figure 5. Evolution of Dirac voltage shift due to exosome binding as a function of time (n=3).

Microscopy imaging on labelled exosomes was further conducted to investigate the binding of
exosomes to antibodies. Fluorescent exosomes were excited with evanescent wave (EW)
illumination obtained from total internal reflection fluorescent (TIRF) microscopy. In order to
reduce variation between samples, we modified half of the graphene surface on a cover slip with
CDs while the other half was kept free from CDs before carrying out the rest of the
functionalization process. Figure 6a,b shows the TIRF images of the dye labelled exosomes which
appear as small fluorescent spots on the graphene surface with and without CDs modification.
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(Note that again both surfaces were modified with CD63-binding antibodies according to our usual
protocol, while exosome concentration used in this measurment was 108 particles/uL (see
Methods). The exosome coverage is substantial in both cases, confirming that both CD-decorated
and bare graphene surfaces have the potential to act as sensors. Quantification showed a 60% higher
number of exosomes per unit area on the CD-decorated surface in comparison with the bare
graphene surface (Figure 6c), supporting the concept that CD-decoration enhances exosome
capture in this system. While carbon dots are weakly fluorescent in solution they are quenched
when deposited due to aggregation-induced n-r stacking or resonance energy transfer (RET).* In
our fluorescence imaging, there was no signal detected on a CD-only substrate. This demonstrates
that the increase in fluorescence in Figure 6a,b is due to a significant increase in exosome

concentration rather than the background.

While the TIRF measurements confirm the increase in exosome density on the CD-GFET surface,
we carried out AFM scans in the same region of the CD-GFET before and after exosomes were
added (Figure 7a,b) in order to check that the exosomes bind specifically to the CDs. The samples
were incubated at room temperature for 20 min with an exosome concentration of 10° particles/uL.
The incubation conditions were chosen such that a complete saturation of the graphene surface
with exosomes was avoided. Based on a scanned area of 20 um by 20 um, we plotted a height
histogram of around 90 particles. These particles were selected manually where CDs identified
first, the change of particles height after exosome incubation was then measured. The statistical
data shows an average increase in thickness of about 15 nm after exosome incubation (Figure 7c).
The measured height is consistent with the height range of exosomes reported in the literature using
AFM.*4" We then selected a spot of 5 um X 5 um and identified the exosome in that specific
location both on CDs and graphene surfaces. Figure 7d shows that more than 70% of exosomes are
attached to CDs surface, while only a few exosomes are attached to the graphene surface.
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Figure 6. Comparison of exosomes captured on ND-GFET and CDs-GFET sensors: TIRF images captured
on a) non-decorated graphene and b) CD-decorated graphene respectively (both surfaces were
functionalized with anti-CD63); ¢) Exosomes count on ND-G and CDs-G taken from an average of 3 spots
on the CD-decorated and 3 spots on the non-decorated grahene surface (for the full method of exosome
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Figure 7. a) AFM profiles after CDs deposited on graphene, and b) after 20 min incubation of 106
exosomes/ul. on functionalized CDs-GFETS surface (the same scanned region is highlighted in red); ¢)
Histograms of height as measured by AFM of CDs before and after exosome incubation; d) count of number
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There are two possible mechanisms that could explain the enhanced sensor response with graphene
decorated with CDs: geometry-enhanced capture rate in mass transport-reaction kinetics and
reduced charged impurities through CDs. When considering transport-reaction Kinetics, it appears
that the geometry of CDs can significantly enhance the sensor response compared with flat
graphene. Our data is supported by previous reports suggesting that the 3D geometry of sphere can
largely enhance the diffusion transport of target molecules to the sensor surface due to the
geometrical capacitance (See supporting information Section 6).*® 27 The geometry of CDs can
also enhance the reaction kinetics. The curvature and large surface area of nanosphere can facilitate
a larger density of antibodies on nanospheres and increase the probability of multivalency
interaction between antibodies and exosomes.*®4° The density of antibodies on graphene and CDs-
G was investigated by comparing the intensity and area of N1s peak in XPS. We consistently
observed an increase in the N1s peak intensity and area for CDs-G samples compared with ND-G
(Figure 8). Based on 3 different samples and spot size of radius of 400 um, the average increase in
N1s peak area of CDs-G was about 12.5% higher than ND-G. All measurements were done under
the same conditions. This indicates the number of nitrogen atoms is higher for CDs-G samples and

the density of antibody is higher on CDs-G samples.
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Figure 8. N1s XPS spectra of CD63 antibodies on PBASE functionalized graphene with and without carbon
dot decoration (XPS spectra were recorded under the same conditions).

A second possible mechanism behind the sensitivity enhancement could be attributed to the
increase in the effective charge of exosomes due to the modulation of electrical double layer
capacitance. In order to investigate this hypothesis, we measured the interfacial capacitance of ND-
G and CDs-G with the electrolyte (Figure 9). Using Cyclic-voltmmetry (CV), we observed a
reduction in capacitance by a factor of 1.35-2.50 for CDs-G compared with ND-G. This decrease
could be attributed to the increase in the Debye length or a decrease in dielectric constant. Since
the conductivity of the GFETS is not significantly altered by the CDs, the effect of the dielectric
constant is not expected to play a significant role. It has been reported that the electrostatic
screening is weaker near a region of concave curvature in comparison to flat 16urfaces.>® CDs can
create concave curved areas near the interface to the graphene surface. We also observed that
carbon dots improve the charge neutrality of graphene (Figure 4b,c and Figure S16), which could
lead to an increase of the Debye length in similar way like a decrease of ionic strength.” 3 The
reduction of the charge density can also reduce the quantum capacitance® by compensation of
charged impurities in the SiO- surface — facilitated by functional groups attached to CDs. The latter
may be most effective when the measurements are performed in buffer solution where the quantum

capacitance Cq is comparable to the double layer capacitance Cq. We independently measured
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double layer capacitance using a Pt electrode at the same conditions use for graphene measurements
in order to quantify the effect of the quantum capacitance. The average value of Cq is measured to
be 3.52 pF/cm?. This value is comparable to the extracted theoretical value of 3.10 pF/cm?. We
then extracted the average value of the quantum capacitance in ND-G from the total interfacial
capacitance (1/Ca + 1/Cq) to be 8.68 puF/cm?. The corresponding change in the induced surface

potential due to exosome binding is inversely proportional to the interfacial capacitance: AV =

;A"Tec’f"where Acexo 1S the change in charge density by exosomes within the Debye length at the
ditCq

sensor surface. This explains the larger observed Dirac voltage shifts in CD-GFET in comparison
to ND-FET sensors, assuming that both sensors have the same number of exosomes at their
surfaces, due to lowering of its interfacial capacitance.
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Figure 9. Capacitance measurements of a) ND graphene and b) CDs modified graphene. The reduction in
EDL capacitance after CDs modification can lead to an increase of the Debye screening length.

Although there are some studies about deposited nanoparticles (NPs) like AuNPs an PtNPs on
graphene to fabricate FET sensors,>2*° these sensors do not fully exploit the capability of graphene
sensors, rather than relying on the functionalization of NPs which makes the graphene surface
largely unused.®> °3 This can impact the sensitivity and selectivity of the graphene sensor. In
contrast, we have demonstrated the functionalization of both graphene and CDs, resulting in a
further increase of the sensitivity. In addition, most reported work with metallic nanoparticles on
graphene is about DNA/mMiRNA detection, rather than the detection of targets of larger size such
as exosomes. Therefore, our work is the first demonstration of a significant enhancement of GFET
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sensitivity due to the deposition of CDs on graphene for sensing of exosomes. In addition, our
process of depositing CDs on graphene surface relies on the simple incubation of a single droplet
that contains CDs at room temperature for a few hours and does not require sophisticated systems
such as two-chamber magnetron sputtering or colloidal systems to deposit NPs, which could add
additional defects to the graphene.

3 Conclusion

In summary, we demonstrated a surface modification strategy to effectively improve the capture
efficiency and sensitivity of graphene FET sensors by incorporating carbon dots on the graphene
surface. The increase in capture rate can lead to an increase of the limit of detection by three orders
of magnitude for GFET biosensors. LoD values down to 100 particles/uL of exosome detection
were achieved by our experiments. The incorporation of carbon dots into graphene sensors is
straightforward to form a compatible heterostructure without distorting the sp2 network of
graphene. Therefore, our unique combination provides the advantage of fast capture and high
capture efficiency through CDs with the unique intrinsic response of graphene, and is therefore
expected to have a great potential for the development of high-performance biosensors for point-
of-care early diagnosis of diseases.

4 Experimental Section
Preparation of Graphene Samples

Monolayer graphene grown by CVD on Cu foil was coated with poly(methyl methcrylate)
(PMMA) to support the graphene transfer. Graphene at the backside of Cu foil was etched using
oxygen plasma. The Cu was then etched using ammonium persulfate (APS) (0.01 g/mL in H20)
overnight. The freestanding PMMA/graphene layer was transferred to a SiO»/Si substrate. The
PMMA/graphene on substrate was baked on a hotplate for 1 h at 150°C to improve the adhesion
of graphene to the substrate. PMMA was then removed using acetone overnight followed by
isopropanol (IPA) for 5 min. The sample was then annealed at 210°C for 16 h to remove PMMA

residues on the graphene surface. The 10/50 nm Ti/Au electrodes were subsequently deposited by
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DC magnetron sputtering for the FET source and drain electrodes. A polydimethylsiloxane
(PDMS) channel (6 mm in length, 0.5 mm in width and height) was fabricated in-house and cured

for 12 h at room temperature.
Preparation of CDs

A 10wt% solution of D-glucose in DI water underwent hydrothermal synthesis in a Teflon-lined
stainless steel autoclave at 200 °C for 12 h. The resulting dark yellow solution was vacuum-filtered
and subsequently dialysed for 72 h using a 1,000 Da regenerated cellulose membrane. The solution
was freeze dried and the resulting powder was reconstituted to a concentration of 0.05 mg/mL as
needed.

Modification of G-FETs Surface with CDs

CD water solution of 0.05 mg/mL was introduced to the graphene surface for 3-5 h before being

rinsed with DI water and dried with No.
Functionalization and Antibody Conjugation

The FET samples were incubated for 2 h in PBASE 10 mM in dimethylformamide (DMF) (Sigma-
Aldrich) at room temperature before being rinsed in DMF to remove excessive PBASE from the
surface and dried with N.. Following PBASE functionalisation, samples were conjugated with 100
pug/mL anti-CD63 antibody (BD Biosciences US). The CD63 antibodies are supplied in a stock
solution of 0.5 mg/mL in an aqueous buffered solution (containing <0.09% sodium azide) and were
diluted to 100 pg/mL using 1X PBS at pH 8.4. In order to conjugate these to PBASE NHS esters
on the surface, FET sensors were incubated by placing a 25 pL droplet of the antibody solution
onto the surface and left overnight in a humidified environment at 4°C. The sensors were then
sequentially rinsed in 1X PBS at pH 8.4, de-ionised (DI) water and dried with No.

Raman Spectroscopy

Raman spectroscopy measurements were performed using a confocal Witec spectrometer and
excited with laser wavelength of 532 nm (excitation energy E; = hw; = 2.33 eV/) through an
optical fibre, and an objective lens of 100X, NA=0.8 and laser spot of 0.4 um. The laser power was
kept below 2 mW and spectral resolution was ~3 cm™; the Raman peak position was calibrated
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based on the Si peak position at 520.7 cm™. The D, G and 2D peaks were fitted with Lorenzian

functions.
X-ray Photoelectron Spectroscopy (XPS)

XPS experiments and measurements were performed with K-Alpha+ and an Al radiation source
(hv = 1486.6 eV) in an ultrahigh vacuum chamber for spectroscopic analysis with a base pressure
of 5x10°8 mbar.

Electrical Characterization

FET sensor measurements were performed in 0.001X PBS solution using a Keithley source meter.
Source-drain voltage was fixed at 0.1 V and electrolyte gate was swept from 0 to 1.2 V at a

sweeping rate of 0.03 VS™,

Purified exosomes from healthy plasma bought from HansaBioMed was used as a stock solution
(3 X 10% particles/mL). The working concentration of exosomes was prepared by a 10 times serial

dilution from stock soluton. 1000 times diluted PBS was used as the solent.
Transmission Electron Microscopy (TEM) Measurements

High-resolution transmission electron microscopy (HRTEM) was used for CD imaging. The TEM

images were taken with a JM21Plus HRTEM with an accelerating voltage of 200 kV.
Atomic Force Microscopy (AFM) Measurements

AFM was performed using Asylum MFP-3D classic and a Bruker Innova system in tapping mode
with commercial tips of average radius 15 nm and typical scan resolution of 512 pixel X 512 pixel.
All AFM scans were performed in dry conditions.

Total Internal Reflection Fluorescence (TIRF) Imaging

Sample preparation: After transfer onto a glass coverslip, the graphene was incubated for 2 h in
PBASE (10 mM) in DMF at room temperature before being rinsed in DMF and dried with N2. The
sample surface was then conjugated with 50 uL of 0.1 mg/mL Alexa 568 labelled CD63 antibodies
overnight in a humidified environment at 4°C. The CD63 antibodies (BD Biosciences) were pre-

conjugated with Alexa 568 dye (Thermofisher, UK) according to the manufacturer’ protocol and
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extra unconjugated dye was removed by filtration with centrifuge at 12,000x g for 2 h with Amicon
ultra 30 kDa cut-off filter. After antibody conjugation, the sample was then sequentially rinsed in
1x PBS at pH 8.4, DI water and dried in air or under N2 flow. Similarly, isotype antibody (IgG1x,
BD Biosciences) was used for the preparation of the control sample. The GFP labelled exosomes
(HansaBioMed) (50 pL, 0.01 mg/mL) were then added to the surface and incubated for 0.5 h. The
sample was then rinsed with DI water and dried with N2. TIRF measurements: The coverslip with
sample was mounted onto a microscopic slide using nail polish. The sample was observed using
total internal reflection fluorescence (TIRF) imaging carried out using a Leica TIRF microscope
with 100x TIRF objective. Images were processed using the FI1JI software package, using a central
in-focus region of 250x250 pixels. A rolling ball background with 5 pixel rolling ball radius was
subtracted. For quantification, exosomes were defined as locations of maxima in intensity using
the procedure ‘Find Maxima’ with a 10% prominence threshold. The images presented have
brightness and contrast adjusted for visual clarity, but quantification of exosomes was performed
prior to this adjustment. The quoted increase in exosome density was determined from average
values over 3 spots on the CD-decorated and 3 spots on the non-decorated surface. The exosome-
counting approach is preferred to evaluate the total fluorescence signal as it will be less sensitive
to variations in the apparent background fluorescence that may occur due to slight variations in

TIRF angle and/or the graphene coupling to the surface.
Capacitance Measurements

The capacitance measurements of ND-G and CDs-G on 90nm(SiO2)/Si(p++) substrate were carried
out using a Methrom Multi Autolab/M101 with three electrodes setup, which consists of Ag/AgCl
reference electrode, Pt rod counter electrode, and the surface of the graphene on silicon as the
working electrode. While carrying out cyclic voltammetry (CV), all three electrodes were
immersed in PBS solution for the measurement. The potential window was chosen between -0.05

V and 0.05 V due to minimum effect from the substrate.
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Supporting Information.The Supporting information is available free of charge on the ACS

Publications website at DOI:

Photoluminescence measurements of CDs, additional XPS, Raman and AFM of functionalization
process, characterization of the exosomes and antibodies, Dirac voltage stability, hysteresis and
ionic strength measurements, additional electrical tests of exosomes on ND-GFET and CD-GFET
sensors, electrical measurements for isotype, electrical measurments for CD-GFET sensor without
CD63 functionalization, electrical measurements of CDs under dry conditions, fitting models of

the Dirac voltage measurements, diffusion model.
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