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Raman Spectroscopy
Raman spectroscopy measurements were performed using a confocal Witec spectrometer and excited 
with laser wavelength of 532 nm (excitation energy ) through an optical fibre, and 𝐸𝐿 = ħ𝑤𝐿 = 2.33 𝑒𝑉

an objective lens of 100X, NA=0.8 and laser spot of 0.4 μm. The laser power was kept below 2 mW 
and spectral resolution was ~3 cm-1; the Raman peak position was calibrated based on the Si peak 
position at 520.7 cm-1. 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 (

) in an ultrahigh vacuum chamber for spectroscopic analysis with a base pressure of ℎ𝑣 = 1486.6 𝑒𝑉
5×10-8 mbar. 

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.

Electrochemical Measurements 
A number of cyclic voltammograms were performed in the 10-1000 mV/s scan rate range, reflecting 
the sensing operating conditions of 1-100 seconds. Each scan rate was cycled 10 times and the third of 
each was plotted. Ag/AgCl reference electrode was purchased by BioAnalytical Systems Inc. (BASi) 
and stored in a 3 M KCl solution before usage. Ag/AgCl Reference electrode was calibrated with an 
identical Master Reference Electrode that is non-cycled and stored in controlled conditions of 3 M 
KCl solution at 25oC and remeasured after any series of electrochemical measurements, without 
conditioning.  Working electrode contacted with a flat-end crocodile clip that was clamped above the 
electrolyte surface. The same amount of the device’s surface area was immersed into the 0.001 M 
PBS electrolyte, at a pH level of 7.4 and 40 mL in volume, for each experiment. Counter electrode 
was 1 cm2 of Carbon foil purchased from Merck. All electrodes were rinsed thoroughly with DI and 
air-dried before cell assembly.

Surface charge measurement
The surface charge (zeta potential) of purified exosomes and labelled exosomes in PBS were 
measured using a Zetasizer Nano Series ZS with illumination from a 633 nm He-Ne laser (Malvern 
Instruments, Malvern, UK). Samples were diluted into approximately 108 particles/mL concentration 
using 10 times diluted PBS and then transferred to a disposable plain folded capillary Zeta cell. Zeta 
potential was determined from the electrophoretic mobility using the Smoluchowski approximation. 
Measurements were carried out at room temperature.

Nanoparticle Tracking Analysis
The size distribution and particle number/concentration of exosomes were measured by nanoparticle 
tracking analysis (NTA) using a Nanosight LM10 system with blue (488 nm) laser (Malvern 
Instruments, Worcestershire, UK). Exosomes were diluted in filtered deionised water to obtain 20~60 
vesicles per field of view for optimal tracking. Three videos of 30 s were taken and analysed using the 
NanoSight NTA 3.2 software. The area under the histogram for each triplicate measurement was 
averaged and used as one particle concentration measurement. All NTA measurements were done 
with identical system settings for consistency.

Antibody Testing
The samples were first prepared in d1000 PBS as a proof-of-concept study. In order to mimic the 
COVID-19 antibody positive patient sample, the antibody stock (3.3 μM) were mixed with 
commercial supplied serum at 1:1 ratio (v:v). The sample was then diluted to a serial antibody 
concentration by d1000 PBS until 160 aM before testing using this on-chip biosensor. For testing the 
neutralizing antibodies for COVID-19, each chip was incubated with SARS-CoV-2 (2019-nCoV) 
spike S1 recombinant protein (40591-V08H, Sino Biological, Germany).





Figure S1. Portable measurement device involved in GFET measurements. (A) Image of the on-chip 
GFET sensor array. (B) Measurement setup with the proposed device connected to the GFET chip. (C) 
Graphical user interface developed to control the device and visualize the acquired signals from the 
GFETs on the computer side.



 
Figure S2. The zeta potential of SARS-CoV-2 spike protein (30 pM) in testing buffer d1000 PBS.

Spike
 protei

n
buffe

r o
nly

-50

-40

-30

-20

-10

0

Ze
ta

 p
ot

en
tia

l (
m

V)



0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
45

50

55

60

65

70

I S
D
 (

A)

VLG (V)

 Meas1
 Meas2
 Meas3
 Meas4
 Meas5
 Meas6

PBS

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
45

50

55

60

65

70

I S
D
 (

A)

VLG (V)

 Meas1
 Meas2
 Meas3
 Meas4
 Meas5
 Meas6

330 fM(A) (B)

Figure S3. Series of repeated transfer curve measurements of GFETs (A) in PBS; (B) after injection 
of spike protein (330 fM). The data shows that the transfer curve become stable after the 5th 
measurements in both cases. Injection of 330 fM causes a shift of 40 mV in Dirac voltage compared 
to PBS.   



Figure S4. Electrochemistry of the pure gold in a three-electrode setup with an Ag/AgCl reference 
electrode and carbon foil counter electrode in 0.001M PBS solution of pH 7.4.



Figure S5. On-chip internal control and performance assessment of GFET sensors: (A-C) signal 
monitoring of multiple devices for internal control (PBS buffer without any target proteins) and 
SARS-CoV-2 spike protein samples (33 pM). I-V curves from 5 devices showing no change of Dirac 
point in PBS samples (A), whereas a significant shift to the right is shown for target samples (B); (C) 
comparison of signal changes for the internal controls and tested target samples, n=5. P<0.001,***. 



Figure S6. Optimization of some key conditions of the development of GFET sensors. (A) The linker 
molecule PBASE incubation methods. (B) The antibody incubation methods. (C) Comparison 
between buffers with different ionic strengths. (D) Antibody concentration. (E) Ionic strength of 
different PBS detection solution. 



Figure S7. Antibody testing in PBS buffer by the on-chip GFET sensors for COVID-19. (A) Transfer 
characteristics and (B) Calibration curves of the GFETs in detecting a range of concentrations of 
antibody dilutions.



Figure S8. Antibody testing in serum by the on-chip GFET sensors for COVID-19. (A) Scheme of the 
GFET design using recombinant spike protein antigens immobilized onto the GFET surface; (B) Transfer 
characteristics of the GFET sensor for the detection of a range of antibody dilutions in serum (n=5).



Figure S9. Specificity test of spike protein antibody against other non-target proteins using GFET 
sensors. I-V curves showing much larger right shift of Dirac point for (A) MERS-CoV spike protein + 
SARS-CoV-2 spike protein mixture samples, (B) HCoV-229E + SARS-CoV-2 spike protein mixture, 
and (C) BSA + SARS-CoV-2 spike protein mixture samples than the control MERS-CoV spike 
protein only, HCoV-229E spike protein only or BSA only sample, respectively.
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Figure S10. Real time monitoring of the source-drain current (ISD) change by time (s) in response to a 
series of spike protein concentrations. VSD=20 mV, VG=0.65 V. Response time of the GFET sensor 
can be as fast as 100-150 s.



Table S1. Comparison of key parameters of the GFET biosensors reported recently for diseases 
detection from 2015.

Target Molecular 
weight (kD)

Biorecognition 
element GFET type1 LOD Ref.

Spike protein 76.5 Ab On-chip devices 3 fM This 
work

IgG antibody 150 Recombinant 
antigen protein On-chip devices 330 aM This 

work

VLPs >>150 Ab On-chip devices 105 p/mL This 
work

VLPs >>150 Apt On-chip devices 103 p/mL This 
work

Exosomes >>150 Ab Conventional 105 p/mL 1

Exosomes >>150 Ab Conventional (back 
gate)

0.1 μg/mL 
(~107 
p/mL)

2

Geosmin 0.18 Apt Conventional 10 pM 3

Cu2+ 0.06 CQDs Conventional 10 fM 4

DNA ~2 DNA Deformed 
conventional GFET 20 aM 5

DNA ~2 Apt Conventional + AuNPs 15 aM 6

Lactose 0.34 Protein Conventional + AuNPs 200 aM 7

Neuropeptide 
Y (NPY) 4.3 Peptide Conventional 1 pM 8

Spike protein 76.5 Ab Conventional 1 fg/mL
(13 aM)

9

Interleukin-6 
(IL-6) 21 Apt Conventional 618 fM 10

Insulin 5.8 766 fM

Biotin 0.24
Apt
Avidin

Conventional
Conventional (six 
devices) 370 fM

10

11

17β-estradiol 0.27 Apt Conventional 34.7 pM 12

Penicillin 0.33 Enzyme Conventional+ 
hydrogel 0.2 mM 13

Gene ~6 dCas9-sgRNA Conventional+ 
CRISPR/Cas9 1.7 fM 14

DNA <5 DNA Conventional 1 fM 15

Bisphenol A 0.23 DNA Conventional+ 
microfluidics

10 ng/mL 
(~4 nM)

16

Brain 
natriuretic 
peptide (BNP)

3.5 Ab Conventional + PtNPs 100 fM 17

DNA 3.3 Peptide nucleic 
acid (PNA) Conventional 4 pM 18

PSA 26 Ab Conventional (rGO-
FET) 1.7 fM 19

miRNA ~6 Peptide nucleic 
acid (PNA) Conventional+ AuNPs 10 fM 20

Note: 1. Unless stated separately, all the examples listed here are top/electrolyte gated GFET sensors.
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