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ABSTRACT: The fast spread of SARS-CoV-2 has severely
threatened the public health. Establishing a sensitive method for
SARS-CoV-2 detection is of great significance to contain the
worldwide pandemic. Here, we develop a graphene field-effect
transistor (g-FET) biosensor and realize ultrasensitive SARS-CoV-
2 antibody detection with a limit of detection (LoD) down to
107 M (equivalent to 107 g mL™") level. The g-FETs are
modified with spike S1 proteins, and the SARS-CoV-2 antibody
biorecognition events occur in the vicinity of the graphene surface,
yielding an LoD of ~150 antibodies in 100 L full serum, which is
the lowest LoD value of antibody detection. The diagnoses time is

SARS-CoV-2
spike antibody

Ag/AgCl =
Vas
7 o - ’

SARS-CoV-2
spike S1 protein

LoD = 2.6 aM (390 ag mL™")

down to 2 min for detecting clinical serum samples. As such, the g-FETs leverage rapid and precise SARS-CoV-2 screening and also
hold great promise in prevention and control of other epidemic outbreaks in the future.
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B INTRODUCTION

The outspreading of COVID-19 poses a great threat to public
health. Precise diagnoses of COVID-19 are crucial in the
pandemic control to minimize the far-reaching impact on
global society and economy. At present, the golden standard
for COVID-19 diagnoses is nucleic acid testing by quantitative
reverse transcription-polymerase chain reaction (qRT-
PCR)."™* However, qRT-PCR requires time-consuming
purification and amplification procedures, costly instrumenta-
tion, and professional technicians,® which significantly lower
the testing efficiency. Thus, it is extremely important to
develop a rapid and easy-operated method to speed the
COVID-19 testing. The detection of SRAS-CoV-2 virus-
mediated immune antibody provides another choice to
diagnose the infection as well as its current status with simple,
fast, and low-cost features.”® In addition, detecting the
neutralizing antibody level after vaccination is also necessary
to evaluate the effectiveness of SARS-CoV-2 vaccine."””
Until now, antibody detection methods including colloidal
gold nanoparticle-based lateral-flow assay,” enzyme-linked
immunosorbent assay,6 luminescence-based biosensor,” and
3D-printed electrochemical approach'” have been established.
However, limit of detection (LoD) for monitoring antibodies
including SARS-CoV-2 antibodies rarely reaches 2.8 fM (1 fM
=107 M),"° leading to a risk of misdiagnosis when the SARS-
CoV-2 antibody concentration is below this value. From the
perspective of vaccine efficacy assessment, the sensitivity of
existing detection methods induces hardness in estimating the
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exact time of the neutralizing antibody generation after
vaccination. Therefore, ultrasensitive antibody detection is
highly demanded for not only COVID-19 diagnoses but also
vaccine development.

Here, we develop a graphene field-effect transistor (g-FET)
biosensor for ultrasensitive SARS-CoV-2 antibody detection.
After immobilizing SARS-CoV-2 spike S1 proteins on the
graphene surface as the probes, the g-FET efficiently converts
the specific binding of SARS-CoV-2 antibodies into the
conductance changes in the graphene channel. Thus, the g-
FET detects SARS-CoV-2 antibody with an ultralow LoD
down to 2.6 aM (1 aM = 107" M), equivalent to 390 ag mL ™"
(1 ag = 107'® g). As an application, the g-FETs are used to
detect serum samples from qRT-PCR confirmed COVID-19
patients within a diagnoses time as short as 2 min.

B RESULTS AND DISCUSSION

The biosensor is a liquid-gated FET with an Ag/AgCl
reference electrode inserted in the electrolyte as the gate
electrode (Figure 1a,b). The drain-source current (Ig) flowing
through the channel can be controlled by the liquid-gate bias
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Figure 1. G-FET biosensor for SARS-CoV-2 spike antibody detection. (a) Schematic diagram of the g-FET biosensor. (b) SEM image of the
sensing region. The inset is a photograph of a packaged g-FET device with a PDMS well. (c) AFM image of graphene uniformly modified with
SARS-CoV-2 spike S1 proteins. (d) XPS N 1s peak of graphene after each functionalization step. (e) Transfer characteristic curves of a g-FET at

each immobilization step.

(Vgs), where the electrical double layer forms at the
electrolyte/graphene interface serving as the dielectric layer.
The graphene channel is biochemically functionalized for
SARS-CoV-2 antibody recognition. 1-Pyrenebutyric acid N-
hydroxysuccinimide ester (PASE) molecules are noncovalently
coupled to graphene through z—7 interactions as the linkers,""
and subsequently the spike S1 proteins are anchored on the
graphene surface via the reaction between the amine groups on
protein and hydroxyl-free succinimide esters on PASE. X-ray
photoelectron spectroscopy (XPS) of graphene displays
appreciable N 1s peak after modifying PASE molecules rather
than pristine graphene, and the N 1s peak is enhanced when
proteins are immobilized in Figure 1d (the blue region in
Figure S3). In addition, the surface immobilization is studied
by measuring the transfer characteristic curve (Ins—Vgs) of the
g-FET at each step (Figure le). Dirac point (Vpy,.), the Vg
value when I reaches its minimum, shifts from 226 to 362
and 306 mV after being modified with PASE and proteins,
respectively. Meanwhile, atomic force microscope (AFM)
image shows that the graphene surface is entirely covered by
spike S1 proteins with an average height of 9.1 nm (Figure 1c),
which is consistent with previous literatures.'>"* All of these
characterizations reveal successful surface immobilization of
graphene with spike S1 proteins.

SARS-CoV-2 genomes encode four main proteins including
spike, nucleo, membrane, and envelope proteins.H’15 In
particular, spike antigen protein has been proven to feature
higher sensitivity in terms of antibody detection due to its
earlier immune response than that of other proteins.'*'® When
integrated with g-FETs, the strong specific binding between
antibodies and spike S1 proteins contributes to the sensitive
detection of SARS-CoV-2 antibody.'” Meanwhile, the SARS-
CoV-2 spike antibody with an isoelectric point of 6.47 is
negatively charged in fetal bovine serum (FBS) with a pH
value of 6.8—7.8 (Figure 2a), whereas spike S1 protein is
positively charged with an isoelectric point of 8.28. Thus, there
is a strong electrostatic attraction force between spike Sl
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protein and the antibody. With atomic thickness and high
surface-to-volume ratio, the g-FET biosensor possesses a high
receptor load, and all of the charge carriers flow merely on the
graphene surface and are exposed directly to the external
environment, ensuring a much higher sensitive response to
specific perturbations compared with bulk materials.'*™*
Importantly, turbulent diffusion induced by the sample
addition benefits faster antibody diffusion, enabling detection
of a low-concentration antibody within several minutes
(Supporting Information (SI) Note 4 and Figures S6 and
S7). Moreover, drain-source voltage generates local electric
field within the Debye length, which might attract negatively
charged antibodies for effective biorecognition at the sensing
interface. The above factors contribute to the ultrasensitive
SARS-CoV-2 antibody detection. Once the antibody is
specifically recognized on the graphene surface, it serves as
the electron donor to the graphene channel and shifts the
Fermi level to the hole conduction band (the inset of Figure
2¢), resulting in an n-type doping to graphene. Thus, antigen—
antibody binding induces a change of carrier concentration in
the graphene channel, yielding a measurable electrical
response.

To demonstrate the sensing capability of g-FETs, the device
is exposed to SARS-CoV-2 spike antibody in 100 L FBS with
increasing concentrations from S aM to S pM (1 pM = 107"
M). Surprisingly, the SARS-CoV-2 spike S1 protein modified
g-FETs feature appreciable antifouling capability. Before and
after 15 min FBS incubation, Dirac point of bare g-FET's shifts
bY 22 mV; while IAV'DiracI (AVDirac = VDirac - VDirac,O) where
Vbirao corresponds to the value before sample addition) is
neglected in the case of protein modified g-FETs (SI Note S
and Figure S8), indicating the antifouling nature.”’ After
addition of the antibody solution, the device is incubated for
1S min to reach a binding equilibrium state. A consecutive left-
shift of Vp, is observed (Figure 2b), verifying the n-type
doping upon antigen—antibody binding. Appreciable IAVp,, |
response around 8 mV is observed upon 5 aM antibody, and
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Figure 2. Detection of SARS-CoV-2 spike antibody. (a) Schematic illustration of SARS-CoV-2 spike antibody biorecognition. (b) Transfer
characteristics measured after exposing the g-FET biosensor to SARS-CoV-2 spike antibody with increasing concentrations from S aM to 5 pM. (c)
AVpirae/ AVpiramax as a function of antibody concentration. The inset shows the shift of Fermi level as the antibody concentration increases. Error
bars represent the standard deviation obtained from three devices. (d) Time-resolved |AILg/Il of spike S1 protein modified g-FET upon SARS-
CoV-2 spike antibody by consecutive additions from S aM to S pM (red line) and direct addition of S pM (gray line) to a fresh sensor. (e) IAIs/Il
response as a function of antibody concentration in logarithm scale at Vigg = 0 V and —0.5 V, respectively. Error bars are obtained from three
devices. (f) |AILg/Iy| response upon anti-CD79A IgA (500 aM), MERS IgG (500 aM) and SARS-CoV-2 spike antibody (50 aM) solutions in FBS.
Error bars are obtained from three devices. (g) The dependence of Ig and g, on Vg at Vg = 0.05 V. Comparison of transconductance (h), LoD
(i), and sensitivity (j) at Vgg = 0 and —0.5 V, respectively. Error bars are obtained from three devices.

overall 28 mV for the whole concentration range. The
equilibrium dissociation constant (Kp,) is extracted from the
AVpiae/ AVpirae, max Versus antibody concentration curve in
Figure 2c (here, AVVDirac, max — VDirac,max - VDirac,O and VDirac,max
is the V.. at S pM antibody) to evaluate the binding affinity
between SARS-CoV-2 spike S1 protein and antibody (SI Note
7 and Figure S10). The relationship between AVp../
AVpirae, max and antibody concentration can be described by
the Hill-Langmuir model*?

(Cantibody/ KD)n
1+ (Cantibody/I<D)n

A‘/Dirat:
AVDirac,max

(1)

where A is the saturation response coeflicient of the protein
modified g-FET biosensor, C,ypoay is the SARS-CoV-2
antibody concentration, and # is the Hill coefficient reflecting
the binding cooperativity. In accordance with the fitted curve,
Kp is estimated to be 0.87 fM, indicating the strong binding
tendency. The reproducibility is above 90% for detecting
different concentrations of the SARS-CoV-2 spike antibody (SI
Note 6 and Figure S9).

Subsequently, time-resolved |AIg/Iy| response (Alpg = Ipg
— I, where I, is the initial Ig) of the g-FET biosensor upon
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SARS-CoV-2 spike antibody is monitored in FBS at Vg3 =0V
(Figure 2d). A |AIg/I,l response of 0.6% is observed upon 5
aM antibody, and it increases to 4% when the concentration
reaches 5 pM (red curve). A small current drift exists in the
measurement, which is probably attributed to the influences
from environment temperature, ion concentration, pH value,
and so forth.”® To ensure the accuracy of the measurement, the
drift must be controlled within an acceptable range.”*>” Here,
the real-time |AIpg/I)l response upon addition of 500 aM
analytes is 1.72% at approximately the 27th min, and the drift
is only 0.06% after 3 min (Figures 2d and S11). Considering
the large response, 0.06% drift is neglectable, and the drain
source current reaches saturation at approximately the 30th
min. All of the drifts are small, which are 0.03%, 0.02%, 0.07%,
0.02%, 0.08% and 0.05% for S aM, 50 aM, S fM, S0 fM, 500
fM, and S pM antibodies, respectively. As a comparison, bare
g-FET has no obvious response to SARS-CoV-2 spike antibody
from S aM to S pM (Figure S12), proving that the electrical
response comes from specific binding of SARS-CoV-2 spike
antibodies rather than nonspecific adsorption on the graphene
surface. Three repeated measurements with different devices
(Figure 2¢) show a linear correlation between |AIg/Il and the
antibody concentration in logarithm scale (SI Note 8). It is
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Table 1. Summary of the Existing Antibody Testing Methods

LoD or clinical diagnostic
methods antibody type detection limit response time specimen reproducibility  verification  sensitivity ref.

electrochemical HIV antibody 67X 107 M 5 min (6.7 X 107°  serum yes 100% 39
enzyme-linked M)
immunosorbent assay

lateral flow-based assay Ebola antibody ~13X 10°M 15 min serum yes 100% 40

(13 x 107 M)
bead-based immunoassay Concanavalin A 26X 107 M <60 min cell no 41
antibody (2.6 x 1078 M) supernatants

electrochemical DNA-based  antidinitrophenol 1.0 X 107° M <10 min serum no 42
platform antibody (1.0 x 1077 M)

black phosphorus-based Human IgG ~6.7 X 107" M seconds PBS no 43
FET (6.7 x 1071 M)

thermally reduced graphene Human IgG ~13 X 1072 M PBS no 31
oxide FET

vertically oriented graphene Human IgG 13X 107" M seconds PBS no 44
FET (1.3 x 107" M)

aptamer-modified graphene  IgE 29X 107 M seconds PBS no 25
FET (2.9 x 1071 M)

colloidal gold SARS-CoV-2 qualitative serum yes 100% 3
nanoparticle-based antibody
lateral-flow assay

luminescence-based SARS-CoV-2 29 x107° M <5 min (1.3 X 10™®  serum/plasma yes 9
biosensor antibody M)

3D-printed electrochemical =~ SARS-CoV-2 28X 100°M 125 (2.8 x 107 PBS >90% no 10
test chip antibody M)

magnetic immuno-detection SARS-CoV-2 ~22%X100" M 42 min (22 X 107" serum no 45
assay antibody M)

enzyme-linked SARS-CoV-2 ~2.7 X 107" M 161 min serum no EN
immunosorbent assay antibody (2.7 x 107" M)

near-infrared-fluorescence SARS-CoV-2 ~1.1x 107" M serum/saliva yes 100% 1
amplification method antibody

electrochemical SARS-CoV-2 ~6.7 X 107 M seconds buffer yes 100% 46
impedance-based detector  antibody (6.7 x 1071* M)

surface plasmon resonance ~ SARS-CoV-2 6.0 X 107° M 15 min (6.0 X 107 serum no 47
sensing method antibody M)

paper-based electrochemical = SARS-CoV-2 ~6.4 %X 107> M 30 min (6.4 X 107> serum >90% yes 100% 28
biosensor antibody M)

vertical flow cellulose-based ~ SARS-CoV-2 50X 107° M serum yes 100% 48
assay antibody

nonradiative energy transfer ~SARS-CoV-2 ~2.0X 107" M 42 min (2.0 X 107** PBS yes 100% 29
assay antibody M)

SARS-CoV-2 spike S1 SARS-CoV-2 26x 107" M <2 min (5.0 X 107" serum >90% yes 100%  this
protein modified g-FET antibody ~5.0 X 107> M) work

noted that due to the affinity binding |AIg/Ijl response is up
to 3.8% upon direct addition of S pM antibody solution (gray
curve in Figure 2d), which is similar to the response (4%)
upon 5 pM by consecutive additions from S aM to S pM
(Figure S13). The response time decreases from ~2 min (5 X
107"¥ M) to ~1 min (5§ X 107> M) for g-FETs (SI Note 9 and
Figure S14). In terms of SARS-CoV-2 antibody detection
(Table 1), g-FETs have a response time of ~80 s in serum at
107" M level, comparable to that of 3D-printed electro-
chemical test chip'® in PBS at the same level of concentration.
The response time of g-FETs is <2 min upon § X 107" ~ § X
107> M antibody, faster than paper-based electrochemical
biosensor”® (30 min for 6.4 X 107> M) and nonradiative
energy transfer assay” (42 min for 2 X 107'* M). The fast
response is attributed to the large association rate (K,,), which
is calculated by

_AI%, — Al%,
t,—t ()

K

on

where t; and t, are the time of adding the sample and after a
while; AI%, and AI%, are |Alyg/I)l values at t; and t,,
respectively. According to Figure 2d, K, is estimated to be

7900

0.10908% min™" (5 aM), 0.11742% min™* (50 aM), 0.11202%
min™" (500 aM), 0.11274% min~" (5 fM), 0.10002% min™"
(50 fM), 0.12% min™* (500 fM) and 0.123% min~' (5 pM).
The association (K,,) and dissociation (K,g) rate constants
describe how quickly the antibody associates with and
dissociates from the protein, respectively. These values strongly
depend on the number and quality of all atomic interactions
within the binding pocket as well as Ky of the related
antibody—antigen systems.’® The specificity of SARS-CoV-2
spike S1 protein toward SARS-CoV-2 antibody and its
analogues anti-CD79A IgA and middle east respiratory
syndrome (MERS) IgG is evaluated. The |AILg/Ijl of SO aM
SARS-CoV-2 antibody is 4%, while it is smaller than 0.4% for
control analytes (anti-CD79A IgA and MERS IgG) at 500 aM,
even with 10-fold concentration (Figures 2f and S15). The
high [AILg/Il response of 4% at 50 aM might be attributed to
the variation of material quality, device fabrication, probe
density, as well as high sensitivity of graphene.

LoD is calculated as the concentration generating a |AIyg/I|
response equal to three times the average noise level
(~0.05%). As such, the LoD obtained from the linear standard
curve is ~2.6 X 107¥ M (3.9 x 1071¢ g mL™) (Figure S16)
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Figure 3. Measurements of clinical samples. (a) Workflow of SARS-CoV-2 antibody detection by spike S1 protein modified g-FET biosensors. (b)
|AIg/Iyl response to clinical samples S1—S9 and N1—N9. The red dashed line denotes the cutoff value of 0.3%. (c) Real-time |AIg/I,l signal
response upon addition of the clinical samples N1 and S4. (d) Box plot of the diagnoses time for S1—S9.

when |AILg/I)| reaches the threshold of ~0.15%. As a
comparison (Table 1), existing technologies hardly reach a
LoD of 2.8 X 107'° M for antibody detection,'” and the LoD
of antibody FET sensors is normally larger than 1.3 X 107"
M.”" The spike S1 protein modified g-FET biosensor achieves
the lowest LoD value in serum for detecting not only SARS-
CoV-2 antibody but also other antibodies up to date. The LoD
and the sensitivity depend on the carrier mobility y, and y is
linearly correlated with the transconductance g,, described as**

w
—cuVpg

gmzL

(3)
where g, is the steepness of the Ing— Vg curve (Figure 2g), W
and L are the channel width and length, ¢ is the gate
capacitance. At Vg = 0 V, the average Ig,| estimated from 10
devices is 256 uS with a standard deviation of 33 S (Figures
S$17 and 2h), indicating small device-to-device deviation. The
LoD and sensitivity obtained by repeatedly measuring different
devices have small deviation at Vgg = 0 V (Figure 2ij),
indicating appreciable reproducibility. At Vg = —0.5V, the Ig,|
is only 18 uS. The sensitivity and LoD decrease by 1 and 3
orders of magnitude, respectively, compared with Vg = 0 V.
As such, the LoD and sensitivity closely depend on the g,
value at a certain Vgg.

As an application, we measure clinical serum samples,
including S1—S9 collected from venous blood of qRT-PCR
confirmed COVID-19 patients, and N1-N9 collected from
gqRT-PCR negative participants (Figure 3a). One hundred
microliters of human serum is served as the buffer in the
polydimethylsiloxane (PDMS) reservoir. After totally replacing
the buffer by the testing sample, the |AIg/Ijl response is
recorded simultaneously. COVID-19 positive and negative
samples are diagnosed by setting the cutoff value at three times
of the maximum value of negative samples which is 0.3%.
Hence, clinical samples with |AIg/Iyl > 0.3% are diagnosed as
positive and |AIng/Ijl < 0.3% as negative. The g-FETSs yield
overall |1AIpg/Iyl > 0.36% upon S1—S9 and neglectable |AILg/
Iyl £0.1% upon N1—-N9 (Figure 3b). In particular, the |AIg/
Iyl response up to 0.37% is measured when the g-FET is
exposed to 50% diluted S4, indicating high sensitivity of the g-
FETs in clinical testing (Figure 3c). The diagnostic sensitivity
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is defined as the true positive rate, which equals to the number
of true positives/(the number of true positives + the number of
false negatives). The results fully match the qRT-PCR results
with a diagnostic sensitivity almost 100%.”>*" The diagnoses
time is estimated by setting the threshold of |AIs/Iy| response
to 0.3%, which is 3-folds of the maximum |AILg/Il to the
control samples N1—N9. The average diagnoses time is 5.3
min (Figure 3d) with the shortest only 2 min, indicating the
great potential of spike S1 protein modified g-FET's in real-
world applications of rapid massive screening of possible
SARS-CoV-2 infections.

B CONCLUSIONS

In this work, the g-FETs realize ultrasensitive detection of
SARS-CoV-2 spike antibody, including clinical samples, with a
LoD down to aM-level. Compared with the established
technologies, the functionalized g-FETs achieve the highest
sensitivity, which could reduce the probability of misdiagnosis
in practical applications. The detection result is read out
directly from the electrical response without the need of
complex operations or data processing. The detection chips
can be fabricated by semiconductor manufacturing processes
with relatively low cost and integrated into portable systems.
Thus, it holds great promise for on-site and point-of-care
detection of SARS-CoV-2 and enables one to monitor the
infection status in customs, stations, clinics, at home, or even
on the Internet, reducing the risk of cross-infection and
ensuring the safe world reopening. Moreover, because of the
high sensitivity it can be used to estimate the neutralizing
antibody level after vaccination in the development of vaccine.
Apart from COVID-19, the g-FETs have the feasibility to
detect other emerging viral diseases and show great potential
for future applications in precision medicine and epidemical
control.

B EXPERIMENTAL SECTION

Materials and Chemicals. Large area monolayer graphene
films were prepared by chemical vapor deposition on copper
foils. PASE linkers were obtained from Shanghai Aladdin
Biochemical Technology Co. Ltd. SARS-CoV-2 spike S1
protein and SARS-CoV-2 spike antibody were ordered from
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Sino Biological, Inc. Anti-CD79A IgA antibody was purchased
from Sangon Biotech (Shanghai) Co., Ltd. MERS IgG
antibody was prepared by the previously reported method.>
The FBS was received from Zhejiang Tianhang Biotechnology
Co., Ltd. The serum samples from COVID-19 patients and
COVID-19 negative participants were inactivated by heating at
56 °C for 30 min and stored at —20 °C for further detection.
The clinical experiments were approved by Shanghai Public
Health Clinical Center Ethics Committee (Ethical approval
ID: YJ-2020-S080-02).

Characterization. AFM (XE7, Parks System) was
employed to measure the surface topography of graphene
before and after functionalization. Raman spectrum for bare
and PASE-functionalized graphene was measured by HORIBA
XploRA with a 532 nm laser. LaB6 scanning electron
microscope (SEM) by VEGA 3 XMU was performed to
characterize the morphology of channel graphene and drain-
source electrodes. The chemical binding component was
measured by XPS (Thermo Fisher Scientific K-Alpha instru-
ment) with an Al X-ray source (hv = 1486.6 eV).

Fabrication of the g-FET Biosensor. The wetting
method was adopted to transfer graphene from copper foil
to 300 nm SiO,/Si substrate on which electrodes (30 um X
460 pm) were processed with photolithography. Cr/Au (S
nm/38 nm) layers were deposited by thermal evaporation and
lift-off techniques. Wire bonding was used to connect the g-
FET device with the chip carrier. Phenyl methyl ether solution
of poly(methyl methacrylate) (PMMA) was spin-coated on
bare graphene on the Cu foil at 3000 rpm for 40 s followed by
baking at 180 °C for 1 min. By electrochemical bubbling
method,*®*’ graphene was peeled off from Cu foil at 2.3 V
using NaOH solution (0.5 M) as the electrolyte. After being
rinsed repeatedly with deionized (DI) water, the PMMA/
graphene film was transferred onto the SiO,/Si substrate and
dried at room temperature for 1 h following by 180 °C baking
for another 2 h. The PMMA carrier layer was dissolved by
soaking the device in acetone overnight. The device was
washed with ethanol and DI water and dried with N, gas. To
ensure device consistency, the graphene sheet was patterned
into regular rectangle shapes with photolithography and
oxygen plasma etching techniques.”® The g-FET device was
immersed in dimethyl sulfoxide solution of PASE at S mM for
2 h and sequentially rinsed by ethanol and DI water several
times to remove extra residues. Subsequently, the function-
alized g-FET device was soaked in phosphate buffer saline
(PBS) of 200 nM (1 nM = 10~° M) SARS-CoV-2 spike S1
protein for 6 h. In the end, a PDMS open well with a height of
~6 mm and height/width ratio (H/W) of 1 was placed on top
of the g-FET biosensor device to hold sample solutions.

Device Measurement. Electrical performance measure-
ment was carried out by the semiconductor parameter analyzer
(Keysight, B1S00A). The antibody samples of different
concentrations were prepared by serially diluting the stock
solution of SARS-CoV-2 spike antibody. In time-resolved
measurement, in order to avoid possible disturbance induced
by sample replenishment and ensure efficient turbulent
diffusion of antibodies we took out 10 yL solution from the
PDMS well and injected 10 uL analyte solution to keep the
total volume as 100 uL. We assumed that the current entered
saturation until there was no significant change of |AIpg/Iyl
above 0.1% for ~3 min, and then added a new sample with
higher concentration. To decrease the drift, we made sure that
the measurements were under the same parameters in stable
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environment. The Ips—Vgs curve for SARS-CoV-2 spike
antibody was measured by sweeping Vg from 0.04 to 0.20
V at a fixed Vpg = 0.05 V. Before testing, the g-FET was
immersed in 100 uL FBS for 20 min. Ten microliters of
solution was taken out from the PDMS well, and then 10 uL of
the antibody solution with higher concentration was injected.
After 15 min, the Ig—Vg curve was measured to obtain Vi,
The time-resolved |AIg/I response for clinical samples was
measured with Vg = 0.05 V and Vigg = 0 V. Prior to the clinic
testing, the g-FET was soaked in a COVID-19 negative serum
sample for 20 min to stabilize the device.
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