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Section S1. Characterization of carbon dots (CDs)

e Photoluminescence measurements
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Figure S1. PL measurements of CDs. The CDs used in this study show blue-green emission predominantly

and are most emissive when excited in the UV range (in this case between 320 — 360nm), with excitation-

dependent emission at higher wavelengths.



27

28

29
30

31

32

33

34

Section S2. XPS and Raman characterization of surface functionalization process
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Figure S2. N1 s XPS spectra of graphene with 2 different PBASE exposure durations (Measurements were
performed under the same conditions).

Table S1. N1s peak properties for different PBASE treatment times

PBASE exposure Average peak FWHM (eV) Average normalized
time (hr) position (eV) area
2 400.32 2.11 14.10
8 400.56 1.76 12.31
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Figure S3. Histogram of 1o/l of as-transferred graphene and after PBASE functionalization of graphene

surface.
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Figure S4. XPS survey spectra of the bare graphene and CDs functionalized with PBASE and antibody; C1

sand (j) N1 s XPS spectra of graphene with different levels of functionalization: bare, CDs-G with PBASE

+ anti-CD63 antibody.
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Section S3. Exosome and antibody test
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Figure S5. Characterization of the exosomes used in this study. (a) particle size. Sizing is obtained by
interferometry-based label free measurements performed on each spot using the ExoView™ R100 system
from NanoView Biosciences. The mean is calculated from three spots for each capture antibody, CD81,
CD9, and CD63, respectively. Results show the size of the exosomes used were around 45-80 nm. (b)
Surface marker expression. Total fluorescent count is quantified based on the number of particles in a
defined area of the antibody capture spot (normalised particles). In this example, the total number of
fluorescently labelled particles for each spot has been calculated, showing the relative abundance of each
tetraspanin, CD9, CD63, and CD81.
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Figure S6. Validation of the binding ability of the anti-CD63 used in this study. Labelling bound vesicles
with fluorescently conjugated antibodies allows for detailed analysis of vesicle subpopulations. Fluorescent
labelling of captured vesicles was performed using the anti-human CD63 conjugated to Alexa568 (which
is used in the study for binding to exosomes). To avoid competition, the standard CD63 Ab was not included
in the fluorescent cocktail. Similarly, CD81 was not included since Alexa568 is detected in the green
channel. Only CD9 antibody is included as a control (reference) for interpreting the binding abundance of
the tested anti-CD63. Results demonstrate good binding and specificity of anti-human CD63 for captured

vesicles.
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Figure S7. AFM profile of CD63 on the graphene surface. a) 2D profile showing the distribution of Ab on

the graphene surface. b) 3D AFM profile of the same spot. Scale bar =200nm.

Figure S8. AFM profile of IgG1x isotype on graphene surface (rms=0.63 nm); Scale bar =1pm.
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77 Section3. Dirac voltage stability, hysteresis and ionic strength measurements
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79  Figure S9. Stability of different devices in buffer solution. (a) and (b) after different rinsing with PBS; (c)
80  change in Dirac voltage over time in 0.001X PBS.
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Figure S10. Transfer characteristics (IDS vs VGS) under forward and backward gate voltage sweep for (a)
ND-GFET and (b) CD-GFET sensors.
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Figure S11. Transfer characteristics (Ips vs Ves) of GFETS in different ionic strength 0.001X PBS, 0.01X

PBS, 0.1 PBS, 1X PBS.
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92  Section S4. Electrical tests of exosome on ND-GFET and CD-GFET sensors
93
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94
95  Figure S12. Ips-Vgs of (a) non-decorated FETs and (b) CD-FETSs with different concentration of exosome.
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97
98  Figure S13. (a) Dirac voltage shift of ND-GFETs and CDs-GFETs sensors for exosome and isotype
99  conjugated control sample; (b) lps-Ves for CD-FETs with different concentration of exosome for isotype

100  conjugated samples.
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103  Figure S14. Measured Ips-Vss for CD-FETS for different concentrations of exosome for CD-GFET sensors
104  without CD63 functionalization (n=5). (b) Dirac voltage shift of CDs-GFET sensors for exosome with and
105  without CD63 functionalization.
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e Fitting the shift in Dirac voltage as a function of exosome concentration

The Sips model is used to fit the shift in Dirac voltage as a function of exosome concentration in

Figure 4d. This model has been previously used for describing the DNA hybridization to fit the

Dirac voltage change in GFET sensor with target concentration.™? However, Sips hasn’t been used

before to fit the binding kinetics of exosome. The general equation that describes the Sip model is

given by:

Table S2. Fitting parameters of Dirac voltage as a function of exosome concentration based on Sips

model

AVpy = Vpmax

C \q
%,

C
1+ &)

Fitting parameter

ND-GFET sensor

CD-GFET sensor

Vpmax (mV) 120 208
K, (Exosome/mL) 108 108
a 0.2 0.35

The value of K, is 100 times lower than the reported in literature.® It is possible that the

measurements in low buffer concentration* has enhanced the affinity of antibodies with the

exosomes. However, the role of CDs in enhancing the CD63-exosome interaction is not clear.
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e Time measurements fitting

AVp = AVppax(1 —e7™)

Table S3. Fitting parameters of change in Dirac voltage as a function of time

Fitting parameter

ND-GFET sensor

CD-GFET sensor

AVppyax (mV)

85.70

187.15

t(1/Sec)

0.07

0.19

Table S3 shows that the response of the CDs-GFET sensors is twice as fast as ND-FET

Sensors.
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Section S5. Calculation of exosome accumulation time for nanosphere and flat surface in
pure diffusion regime

The number of molecules accumulated on the sensor at a given time can be written as®:

A 1
>4

N(t):NACOt(CD(t) o
on¥”m

)1 S3

where NA is the Avogadro’s number, Co is the initial analyte concentration, CD(t) is the diffusion

capacitance and can be calculated by using an analogy to the electrostatic capacitance. CD(t) is

given by®:
D Flat
— a
c _ V2Dt s
p(t) = 47D
Sphere

a!—(/6Dt+a)?
where D is the diffusion coefficient and a is the nanosphere radius.

KT

D = S5
6mnr

n viscosity; r radius of the molecules; T temperature and KB is Boltzmann constant. The value of
D for exosome is extracted from Figure S9. The accumulation of molecules at the sensor surface

proportional with (t) for spherical sensor and (+/t) for planar sensor.
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149  Figure S15. (a) Calculated accumulation time required to capture exosomes on spherical and flat surface
150  (a=10 nm; N=2 um). (b) calculation of diffusion coefficient as a function of particle radius.
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152  Section S6. Electrical measurements of CDs under dry conditions
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154  Figure S16. Ips-Ves showing the effect of CDs on electrical properties of FETS.
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