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With the advantages of high sensitivity, rapid response, label-free, and simple operation, field effect transistor biosensors have
shown promising application prospects in large-scale pathogen screening. However, in practical biological fluids with relatively high
ionic strength, such as saliva and serum, the Debye screening effect will weaken the interaction between FET biosensors and target
bio-molecules, thereby affecting the sensing sensitivity and accuracy. Herein, an interfacial polymer-engineered field effect transistor
(IPE FET) biosensor was developed for the efficient identification of SARS-CoV-2 N antigens in saliva samples. The inclusion of a pol-
ymer layer shortens the distance between target molecules and the electrode interface, which effectively overcomes the limitation
of Debye screening. The constructed IPE FET biosensors exhibit high sensitivity and anti-fouling capability, achieving efficient detec-
tion of SARS-CoV-2 N antigen in saliva within 5 min with a detection limit of 4.6 fg-mL_l. In a cohort of 35 simulated throat swab
samples of SARS-CoV-2 N antigen, IPE FET exhibits an identification accuracy of up to 97.1%, with predictive sensitivity and specificity
of 96.0% and 100.0%, respectively. The excellent performance of IPE FET not only provides a strategy to design efficient detection
platforms but also suggests a pathway to realize rapid and scalable epidemic screening.
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Background and Originality Content

The Coronavirus disease 19 (COVID-19) pandemic caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
and its variants poses a great threat to public health worldwide.*
Developing high sensitivity assay for the fast detection and quan-
tification of SARS-CoV-2 relevant nucleic acids, antigens, and an-
tibodies is highly required to suppress pandemic spreading and
assist vaccine efficiency assessment.*® During the infection pro-
cess, SARS-CoV-2 relevant nucleic acids and antigens were re-
leased into the blood within 24 h, and antibodies could only be
detected after the appearance of immune response or the onset
of clinical symptoms.[m] Compared to nucleic acids detection
which requires complicated and timely nucleic acids amplification
procedures, trained personnel operation, and a centralized labor-
atory, antigen detection offers a fast and simple approach for
efficient pandemic screening.[g’m] SARS-CoV-2 mainly includes 4
types of antigens: nucleocapsid (N), spike (S), membrane (M), and
envelop (E) proteins. Among them, the N protein dominates the
viral replication process and is less susceptive to mutation.™*" Also,
N protein is highly expressed during the SARS-CoV-2 replication
process, making it a suitable target for fast and reliable COVID-19
screening.m'm Currently, the established antigen detection
method mainly relies on lateral-flow immunoassays due to their
simple and easy operation characteristics.'>™”! However, the prac-
tical point-of-care application of lateral-flow immunoassay is hin-
dered by its relatively low sensitivity and specificity which often
leads to false-positive or false-negative results.#%

Field-effect transistor (FET) biosensors with intrinsic signal
amplification capability could directly convert trace biomolecule
information into a readable electrical signal, endowing its high
sensitivity characteristic.”%** Particularly, the response time of
FET biosensors for target detection reaches as low as a few se-
conds and the dimension of FET biosensors could be miniatured
to a portable format, promising the potential of FET biosensors in
real-time and point-of-care N antigen monitoring.[24’26] The sens-
ing principle of FET biosensors relies on the change in charge car-
riers at the biosensing interface upon the recognition of charged
target biomolecules.?” ¥ Yet, in practical biological environments
such as saliva with relatively high ionic strength, the biosensing
interface and charged biomolecules would be severely screened
by oppositely charged ions through electrostatic interaction. ="
The extent of screening, called the Debye screening effect, would
severely shorten the effective sensing distance characterized by
Debye length, thus weakenin% the interaction between FET bio-
sensors and target N antigens. 31

To address these limitations, we developed an interfacial
polymer-engineered field-effect transistor (IPE FET) biosensor to
efficiently identify SARS-CoV-2 N antigen in untreated saliva sam-
ples (Scheme 1). The inclusion of a polymer layer above the sens-
ing channel overcomes the limitation of Debye screening effect,
resulting in increased interaction between the N antigen target
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and recognition molecules. The specific binding between N anti-
gen and recognition molecules was identified and amplified by
the FET biosensor and converted into readable electrical signals
within 5 min. The uniform distributed recognition molecules on
the FET surface endow the biosensors with the capability to relia-
bly detect N antigen with an extremely low detection limit of 4.6
fg-mL_l. The FET biosensor exhibits a broader linear range and
higher sensitivity than Enzyme-Linked Immunosorbent Assay
(ELISA). Importantly, the developed FET biosensor delivers a sensi-
tivity of 96.0% and specificity of 100.0% after analyzing a cohort
of 25 SARS-CoV-2 positive saliva samples and 10 negative saliva
samples. Our developed IPE FET biosensor provides an efficient
strategy for designing ultrasensitive, timely, and reliable biosen-
sors for pandemic screening.

Results and Discussion

© 2023 SIOC, CAS, Shanghai, & WILEY-VCH GmbH

Fabrication and characterization of IGZO FETs

An 8-channel transistor array was prepared with 500 pm x
1400 pm IGZO semiconductor layers on each channel (Figure S1).
Cr/Au electrodes were firstly grown on a silicon wafer substrate
by thermal vaporizer, and a ceramic target (In,0;3:Ga,03:Zn0 = 1:
1:1) was used to deposit IGZO channel layers by magnetron
sputtering with the aid of a metal mask. Figure S1 shows that the
electrodes on IGZO FET array are clearly outlined, and the pre-
pared IGZO channel materials are uniform in color and size. The
SEM image clearly showed the homogeneous and smooth surface
of the IGZO layer with a thickness of about 20 nm (Figure 1a).

In order to determine the capability of the prepared transistor
arrays for constructing high-performance biosensors, the electri-
cal properties of IGZO FETs were first investigated. With the sub-
strate Si as the gate and the SiO, layer as the gate dielectric, we
test the transfer characteristic curve of IGZO FETs in the atmos-
pheric environment. As shown in Figure 1b, the IGZO FET shows
typical N-type transistor transfer characteristics with an on-state
current of 40 pA, a current on/off ratio of 1.2 x 106, and carrier
mobility of 12.4 em*Vts™ The output characteristic curve of the
solution-gated IGZO FET was obtained by holding gate voltage (V)
at a constant value and linearly scanning source—-drain voltage (V)
(Figure 1b). The drain current (/g) increases with V,, passing
through the original point and having a linear relationship,
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Figure 1 Fabrication and electrical performance of IGZO FETs. (a) Cross-
section SEM image of IGZO FETs. The thickness of IGZO channel is about
20 nm. (b) Transfer characteristic and transconductance of IGZO FET at V4
=2 V. Inset is the structure diagram of back-gate IGZO FETs. (c) Output
characteristic curves of solution-gated 1GZO FET device with V; ranging
from 0.6 to 1.0 V in steps of 0.1 V. (d) Transfer characteristic curve of a
solution-gated IGZO FET device at V4 = 0.2 V. Inset is the structure diagram
of solution-gate IGZO FETs.
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indicating that an ohmic contact is formed between the source-
drain electrode and the channel material. The output characteris-
tic curves exhibit similar variation under different gate voltages,
indicating that V, can effectively regulate the electrical properties
of channel materials (Figure 1c). Additionally, the transfer char-
acteristics of 1GZO FET were well maintained under liquid-gated
voltage (Figure 1d), and the 8 sensing channels exhibit excellent
repeatability (Figure S2), promising the extraordinary perfor-
mance of IGZO FET in biosensing. The above results demonstrate
the excellent electrical properties of IGZO FET arrays, which
guarantee their ability to construct high-performance biosensors.

Construction and optimization of IPE FETs

Due to electrostatic interactions, charged proteins in a bio-
logical buffer solution are surrounded by inversely charged ions,
reducing the effective charge of biomolecules. The above effect is
called Debye shielding, and the control distance of its effective
electric field is called Debye length (Ap):

ckgT
2Naq?I

Ap = (1)
where kg, T, and N, represent Boltzmann’s constant, temperature,
and Avogadro number, respectively. [ is the ionic strength of the
solution, and g is the electron charge. The effective electrical field
of FET biosensors could only be controlled within Ap. For typical
biological samples such as blood, urine, and saliva with high ionic
strength, the detection of biomolecules with relatively large sizes
such as antigens and antibodies would be severely influenced by
the Debye screening effect. In order to overcome the above limi-
tation and achieve highly sensitive antigen detection, we engi-
neered the interface of FET biosensors to shorten the distance
between the target N antigen and the IGZO sensing channel
through interfacial polymer engineering (Figure 2a). Figure S3
shows the preparation process of IPE FET biosensors. Specifically,
the antibody of SARS-CoV-2 N antigen was firstly immobilized on
the amino-modified IGZO surface via glutaraldehyde crosslinker
molecules. Subsequently, two types of polymers including poly-
dopamine (PDA) and polypyrrole (PPy) were functionalized on the
surface of IGZO with solution polymerization and electrodeposi-
tion to obtain PDA-IGZO FET and PPy-IGZO FET biosensors. The
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absorption peaks corresponding to amide bonds at 1530 cm ™ and
1650 cm™ were observed in the attenuated total reflection Fou-
rier transform infrared spectroscopy (ATR-FTIR), indicating that
the antibody of SARS-CoV-2 N antigen was successfully immobi-
lized on the surface of IPE FET.B?® The corresponding PDA ab-
sorption peaks at 1494 cm ™" and 1274 cm ™, and the PPy absorp-
tion peaks at 957 ecm™, 1035 cm™, and 1209 cm™* confirmed the
successful modification of PDA and PPy, respectively (Figure
2b).[34'35] The presence of characteristic peaks of C 1s (286.6 eV),
N 1s (399.9 eV), and S 2p (162.4 eV) in the X-ray photoelectron
spectroscopy (XPS) further demonstrates the successful construc-
tion of IPE FET biosensors (Figure 54).[27] The transfer characteris-
tic curves of PDA-IGZO FET and PPy-IGZO FET indicate that the
modification of polymer does not affect the electrical properties
of IGZO FETs (Figure S5).

In order to evaluate the performance of the IPE FET biosen-
sors, real-time dynamic measurements were carried out. We
successively added interfering molecules (1 ng-mL'1 BSA) and
target proteins (1 pg-mLf1 N antigen) to the IGZO FET, PDA-IGZO
FET, and PPy-IGZO FET biosensors, and recorded the changes in /4
over time, respectively (Figure 2c). The percentage ratio of the
change in Iy (Al) to the initial current magnitude (/,) was ex-
pressed as the current response (Al/l,). As shown in Figure 2d, IPE
FET biosensors show significantly higher current responses to the
target N antigen compared to IGZO FET biosensors. The current
response difference of FET biosensors with and without polymer
functionalization was more pronounced at higher concentrations
of PBS solution (Figure 2e). The reason lies in the fact that the
modified polymer layer fills the gap between the antibody-bind-
ing fraction and the sensing channel, thus narrowing the distance
between target N antigen and FET surface and allowing more
charges on the N antigen located within the Debye length. A de-
creased current response was observed when the polymer depo-
sition layer was increased (Figure S6). This phenomenon may be
due to that the binding fraction of antibody was covered and the
binding ability of the sensing interface to the N antigen was di-
minished. In addition, the current response of FET biosensors to
interfering molecules was reduced after polymer modification
(Figure 2d). As shown in Figure S7 and Figure S8, after 4 h immer-
sion in the single-stranded DNA solution labeled by FAM and the
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Figure 2 Preparation and characterization of IPE FETs. (a) Schematic diagram to illustrate the influence of polymer modification layer to overcome the
Debye screening. (b) The FTIR spectra of IGZO FET, PDA-IGZO FET, and PPy-IGZO FET. Characteristic absorption peaks are marked on the spectra. (c) Real-
time response of the FET biosensors toward BSA and SARS-CoV-2 N antigen with and without polymer modification. (d) Comparison of the current re-
sponses of FET biosensors toward BSA and SARS-CoV-2 N antigen with and without polymer modification. (e) Current responses of 1GZO FETs and
PDA-IGZO FETs towards target N antigen under different ionic strengths. Data in d and e are reported as mean + S.D. (n = 3).
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bacterial suspension stained with DAPI, respectively, the adsorp-
tion of biomolecules/cells on IPE FET was significantly less than
that on IGZO FET. The above results indicate that interfacial pol-
ymer modification can improve the sensing sensitivity and anti-
fouling ability of FET biosensors.

Detection of SARS-CoV-2 N antigen by IPE FET biosensors

To investigate the detection performance of IPE FET, we
measured the transfer characteristic curves of the IPE FET bio-
sensors toward various concentrations of SARS-CoV-2 N antigen
at optimized antibody modification concentrations and antibody
incubation times (Figure S9). As shown in Figure 3a, the /4 of the
PDA-IGZO FET decreases continuously with the increase of
SARS-CoV-2 N antigen concentration. The current variation is due
to the accumulation of negative surface charge in the n-type IGZO
channel upon the binding of negatively charged SARS-CoV-2 N
antigen. Similar variations were observed in both 1GZO FETs and
PPy-IGZO FETs (Figure S10 and Figure S11). The current response
(Al/1,) was utilized to evaluate the detection performance of the
FET biosensors. As shown in Figure 3b, PDA-IGZO FETs produced a
13.6% current response to SARS-CoV-2 N antigen with concentra-
tions as low as 0.01 pg~mL_1, significantly higher than the current
response without the target. The current response increased lin-
early as the SARS-CoV-2 N antigen concentration increased from
0.01 pg-mL™" to 100 pg-mL™*. Compared with IGZO FETs, IPE FETs
exhibit a significantly improved current response with a lower
detection limit and a wider linear detection range. Based on the
calibration curve, the detection limits of IGZO FETs, PDA-IGZO
FETs, and PPy-IGZO FETs were calculated as 0.65 pg~mL'1, 0.0046
pg-mL™, and 0.0067 pg-mL", respectively (S/N = 3).

For a further step, we evaluated the specificity and stability of
IPE FETs. In view of the highly similar antigen structure of corona-
viruses, N antigens of SARS-CoV and MERS-CoV were selected to
evaluate the specificity of PDA-IGZO FETs. As shown in Figure 3c,
PDA-IGZO FET produced a current response of 43.2% toward 1
pg'mL'1 of SARS-CoV-2 N antigen, much higher than the response
to MERS-CoV N antigen (8.6%). However, a 23.1% current re-
sponse was produced toward 1 pg-mL_1 SARS-CoV N antigen by
PDA-IGZO FETs due to a certain degree of binding between
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Figure 3 Detection of SARS-CoV-2 N antigens. (a) Transfer characteristic
curves of PDA-IGZO FET biosensors toward SARS-CoV-2 N antigen with
concentrations ranging from 107~ to 10° pg:-mL™. (b) The current respons-
es of IGZO FET and PDA-IGZO FET biosensors as a function of N antigen
concentration. (c) Current responses of PDA-IGZO biosensors toward
SARS-CoV-2 N antigen, SARS-CoV N antigen, and MERS-CoV N antigen. (d)
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tions (107 to 10” pg-mL™") of SARS-CoV-2 N antigen before and after BSA
treatment. Data in b and c are reported as mean = S.D. (n = 3).
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SARS-CoV N antigen and SARS-CoV-2 N antibody. We then im-
mersed IGZO FET and IPE FET in 1 ng~mL'1 BSA solution for 4 h and
measured the current response of the FET biosensors, respectively.
As shown in Figure 3d and Figure S12, the current responses of
PDA-IGZO FETs and PPy-IGZO FETs remained consistent before and
after BSA treatment, while the current responses of IGZO FETs
were significantly reduced. For 1 pg-mLfl SARS-CoV-2 N antigen,
PDA-IGZO FETs and PPy-IGZO FETs maintained 92.5% and 90.6%
current response after treatment with BSA, while the IGZO FETs
reduced to 63.7% of their pre-treatment response value. In com-
parison, PDA-IGZO FETs showed superior detection performance
compared with PPy-IGZO FETs, and this phenomenon may be
attributed to the uniform PDA layer alleviating the biofouling. In
addition, the IPE FET can maintain its sensing performance at 4 °C
for up to 7 d (Figure S13). These results indicate that the IPE FET
exhibits higher sensitivity and a better anti-biofouling ability for
the detection of SARS-CoV-2 N antigen, which is conducive to the
application of pathogen screening in practical environments.

Analysis of SARS-CoV-2 N antigen samples in practical sce-
narios using IPE FET biosensors

Having demonstrated the excellent performance of the con-
structed biosensors, PDA-IGZO FET was selected to evaluate the
detection ability of IPE FET in practical applications. We first
measured the recovery rate of SARS-CoV-2 N antigen by adding a
series of concentrations (0.10, 0.50, 1.00, 5.00, and 10.00 pg-mL™")
to negative throat swab samples. The recoveries ranged from 93.0%
to 109.5% (Table S1), indicating that IPE FET has great application
potential in practical samples. Subsequently, SARS-CoV-2 N anti-
gen was added to negative pharyngeal swab samples to simulate
positive pharyngeal swab samples, and the current responses of
25 positive simulated samples and 10 negative samples were
tested by IPE FET (Table S2). As depicted in Figure 4a and Figure
4b, the current variations of positive samples are significantly
higher than those of negative samples (P < 0.001). When 20% cur-
rent response was selected as the threshold to distinguish nega-
tive and positive samples, the discrimination accuracy reached the
maximum of 97.1% (95% confidence interval: 84.1%—100.0%).
According to the receiver operating characteristic (ROC) curve, the
predictive sensitivity and specificity of IPE FET for simulated sam-
ples reached 96.0% and 100.0%, respectively (Figure 4c). In addi-
tion, the multiple responses toward the same saliva sample are
highly consistent (RSD < 5.2%), indicating that IPE FET exhibits
good reproducibility in the analysis of saliva samples (Figure S14).
These results demonstrate that IPE FET can effectively distinguish
the negative and positive samples of the SARS-CoV-2 N antigen in
practical scenarios.

Further, we compared the diagnostic ability of IPE FET with
ELISA and antigen test kits for simulated samples. Compared with
the ELISA kit, which is regarded as the gold standard for quantita-
tive measurement of SARS-CoV-2 N antigen, IPE FET exhibits a
lower detection limit and a wider detection range (Figure 4d).
Subsequently, we prepared 10 simulated positive samples within
the detection range of ELISA, and measured the concentration of
SARS-CoV-2 N antigen in each sample by IPE FET after diluting
1000 times (Table S3). According to Pearson’s correlation analysis,
the results of the two methods showed great linear correlation,
indicating that IPE FET has the same detection accuracy as ELISA
(Figure 4e). Figure 4f and Figure S15 show the identification re-
sults of IPE FETs, ELISA, and antigen test kits on the simulated
sample with low-content SARS-CoV-2 N antigen. It can be seen
that IPE FET can detect SARS-CoV-2 N antigen in the samples
more sensitively. It is worth mentioning that the total detection
time of IPE FET for simulated throat swab samples is no more
than 5 min, including sampling, incubation, and output of detec-
tion results, which is comparable to the N antigen Test Kits (15
min) and much faster than the ELISA technology (about 120 min).
IPE FET biosensors also demonstrate promising detection perfor-
mance compared to previously reported SARS-CoV-2 detection
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assays, including lateral flow immunochromatography, fluores-
cence immunoassay, and electrical/electrochemical detection
assay (Tables S4 and S5). These results indicate that IPE FET can
rapidly and accurately detect SARS-CoV-2 N antigen in saliva sam-
ples, which offers a promising application prospect in the clinical
diagnosis of COVID-19.

Conclusions

In conclusion, we developed an IPE FET to realize highly sensi-
tive and precise detection of SARS-CoV-2 N antigen in practical
saliva samples. By modifying polymer layers on the surface of
channel material, IPE FET shortened the distance between the
target biomolecules and the sensing interface, overcame the limi-
tation of Debye length, and realized ultrasensitive identification of
SARS-CoV-2 N antigen in fg~mL_1 level. Additionally, the polymer
layer effectively reduced the non-specific adsorption of IPE FET
and improved the anti-biofouling performance of the biosensor. In
a cohort of 35 simulated throat swab samples of SARS-CoV-2 N
antigen, IPE FET exhibits an identification accuracy of up to 97.1%,
with predictive sensitivity and specificity of 96.0% and 100.0%,
respectively. IPE FET could achieve sample-result detection within
5 min and demonstrated quantitative accuracy comparable to
ELISA. The excellent performance of IPE FET in the detection of
SARS-CoV-2 N antigen not only provides a strategy to design effi-
cient detection platforms but also suggests a pathway to realize
rapid and scalable epidemic screening.

Experimental

Chemicals and reagents

Methanol, ethanol, isopropyl alcohol, acetone, glutaraldehyde
(25.0%), polyvinyl butyral (PVB), pyrrole (Py), dopamine hydro-
chloride (DA), sodium p-toluenesulfonate, sodium carbonate, and
iron(l) chloride (FeCl;, >99.0%) were purchased from Sinopharm
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Chemical Reagent Co., Ltd. Poly(methyl methacrylate) (PMMA),
trismetyl aminomethane (Tris), and (3-aminopropyl) triethoxy-
silane (APTES) were obtained from Aladdin. Bovine serum albu-
min (BSA) and phosphate-buffered saline (PBS) (0.1 mmol/L, 1
mmol/L, and 10 mmol/L, pH 7.4) were bought from Shanghai
Yuanye Bio-Technology Co., Ltd. SARS-CoV-2 N antigens were
obtained from Wuhan Huamei Biotech Co., Ltd. SARS-CoV anti-
gens, MERS-CoV antigens and the corresponding antibody mole-
cules anti-SARS-CoV-2, anti-SARS-CoV, anti-MERS-CoV were pur-
chased from ACRO Biosystems Co., Ltd.

Instrument and characterization

Ultraviolet (UV) lithography (ABM. Inc, America) and a ther-
mal evaporator system (Jiashuo JSD-300, China) were used to
pattern and deposit the metallic electrodes (Cr/Au) array. A radio
frequency sputtering system (Jiashuo JSD300-1I, China) was used
to deposit the IGZO channel layer with the assistance of mask
templates. An electron beam lithography system (EBL, JSM-6510,
Japan) was used to expose the biosensing region of the FET bio-
sensor. An optical microscope (Olympus BX53MRF-S) was used to
obtain the microscopy images of the IGZO biosensing devices. XPS
(ESCAI AB250Xi, USA) and ATR-FTIR (FTIR5700, USA) were used to
characterize the immobilization of antibody molecules and the
modification of PPy on the 1GZO surface. High-resolution field-
emission SEM (FEI Verios 460, USA) was used to characterize the
surface morphology and thickness of the IGZO channel. The digital
source meter (Agilent B2902A, USA) was connected to a probe
station to measure the electrical characteristics of the 1GZO FET
device.

Fabrication of IGZO FET arrays

The preparation processes of 1GZO FET arrays were as fol-
lows.F®! First, the interdigital source, drain, and gate electrodes
(15 nm Cr/50 nm Au) were deposited by photolithography and
thermal evaporation on a 1 cm x 1 c¢cm Si/SiO, wafer. With the
assistance of a mask template, a 20 nm thick 1GZO channel layer
was deposited by magnetron sputtering between the patterned
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source and drain electrodes. The channel length and width were
500 and 1400 um, respectively. The Ag/AgCl reference electrodes
were firstly fabricated by dropping silver colloidal on the gate
electrodes and heating at 75 °C for 15 min to evaporate the sol-
vent, followed by reacting with FeCl; for 4 min to form an AgCl
layer. The surface of Ag/AgCl electrodes was then treated with
PVB-methanol solution for 3 h at room temperature to form a
protective layer.

Electrical characterization of IGZO-FET arrays

The electrical characterization of IGZO-FET arrays was as fol-
lows. The transfer characteristic curves were obtained by meas-
uring the relationship between /4 and V; when Vj is a fixed value.
The output characteristic curves were obtained by measuring the
relationship between /4 and V4 when V, is a fixed value. The rela-
tionship between V,; and |4 was measured to calculate transcon-
ductance (g.,). And the field-effect carrier mobility (i) was cal-
culated using the following equation to evaluate the performance
of IGZO-FET:

ImlL dlg L

= = —_— 2
HFE = Wy cox AVg WV 4Cox (2)

where L and W are the channel length and width, C,, is capaci-
tance per unit area, and g, is the transconductance of IGZO-FET.

Construction of IGZO FET biosensors

To achieve the surface functionalization of antibody molecules
on the IGZO biosensing channel, a layer of PMMA was spin-coated
on the surface of IGZO layer. PMMA eliminated the contact re-
sistance between the source-drain electrode and the biosensing
channel as a protective layer to avoid leakage current in the bio-
sensing measurements. Next, the IGZO biosensing region was
exposed by electron beam lithography with an area of 500 x 1400
um2 and then integrated with a PDMS well (with 2.5 cm length,
1.5 cm width, and 0.3 cm height) for selective functionalization
and biosensing. Subsequently, the 1GZO surface was covalently
functionalized with APTES to introduce amine groups on the 1GZO.
Specifically, 1 mL of 5% APTES in ethanol was dropped into the
PDMS chamber for 1 h and then heated in an oven at 110 °C for
30 min to enhance the silanization of APTES. 1 mL glutaraldehyde
(5%) PBS buffer solution was added into the chamber and reacted
for 2 h at room temperature to serve as linker molecules. Then,
100 pL antibody solution was added to the IGZO channel and
coupled with glutaraldehyde at 4 °C for 12 h. A series of antibody
solutions with concentrations ranging from 10—30 ug-mL_1 were
utilized to explore the optimized antibody modification concen-
tration. To minimize influence of environments such as pH and ion
strength on the biosensing performance, the biosensing channels
were blocked with BSA (0.01 g~mL_1) at 4 °C for 12 h to minimize
the non-specific adsorption.

Construction of IPE FET biosensors

IPE FET biosensors were obtained by modifying PDA/PPy layer
on the surface of IGZO FET biosensors. Specifically, the IGZO FET
was immersed in 20 mL Tris-HCI buffer solution (50.0 mmol/L, pH
= 8.5) containing 0.02 g dopamine, and the PDA layer was pre-
pared by solution polymerization method by shaking at 150 r/min
for 20 min, 40 min, 60 min, and 100 min.2” The PPy layer was
prepared by electrochemical deposition at a working voltage of
1.0V for30s,60s,120s, and 240 s. 20 mL aqueous solution con-
taining 0.15 mol/L Py monomer, 0.1 mol/L sodium p-toluenesul-
fonate, and 0.1 mol/L sodium carbonate was utilized as the PPy
precursor solution.®®

Detection of SARS-CoV-2 N antigens

To achieve the optimized current response, the target N pro-
tein incubation time was determined as 5 min before the meas-
urements. The current response of IGZO FET biosensors toward
target protein in PBS buffer with different concentrations was
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recorded to investigate the relationship between ionic strength
and the current response of biosensors. The calibrated response
curves were recorded by measuring the current responses of the
IGZO FET biosensors before and after target N proteins conjuga-
tion. The /4-V, curves were recorded at Vy = 0.2 V. The /-t curves
were recorded at Vy = 0.2V and V, = 0.7 V. The SARS-CoV N Pro-
teins and MERS-CoV N Proteins with concentrations of 1 pg'mLf1
were used as interfering molecules to investigate the selectivity of
IPE FET biosensors.

Nonspecific adsorption evaluation of FET biosensors

To evaluate the nonspecific adsorption ability of FET biosen-
sors, PDA-IGZO FET, PPy-IGZO FET, and IGZO FET were immersed
in FAM-labeled DNA solution (1 umoI-Lfl) and DAPI-stained E. coli
solution (109 cfu-Lfl) for 4 h, respectively. The FET biosensors
were then removed from the solutions and the adsorption on the
surface was observed under a laser confocal microscope.

Simulated throat swab samples preparation and measure-
ments

Negative throat swab samples were collected from the College
of Chemistry and Molecular Sciences, Wuhan University. All rele-
vant ethical laws and regulations concerning human participants
were complied with. The study was approved by the Ethics Com-
mittee of Renmin Hospital of Wuhan University. All the partici-
pants in this study signed informed consent forms before partici-
pating. The collected negative throat swab samples were stored in
VTM at -20 °C.

Simulated throat swab samples were prepared as follows. The
SARS-CoV-2 N antigen was diluted in PBS buffer with different
concentrations. Then, 10 puL SARS-CoV-2 N antigen solution was
added to 90 pL healthy human saliva sample to mimic a
SARS-CoV-2 positive saliva sample. Negative samples were naso-
pharyngeal swab extracts in the absence of antigens. A total of 25
SARS-CoV-2 positive samples and 10 negative simulated throat
swab samples were prepared. Each sample (50 uL) was added to
the IPE FET biosensors and incubated for 5 min to measure the
current responses.

ELISA measurements

Standard solutions and test samples with a range of concen-
trations diluted with buffer solution were prepared in advance.
Sample dilution buffer was used as the control. 100 pL standard,
test, and control samples were added into the blank wells and
incubated for 90 min at 37 °C. Then, the wells were washed 2
times for 1—2 min each time. 100 pL biotin-labeled antibody
solution and 100 pL SABC solution were sequentially added into
each well and incubated at 37 °C for 60 min and 30 min, respec-
tively. Each incubation was followed by 3 washing processes.
Subsequently, 90 pL TMB substrate solution was added into each
well and incubated for 10—20 min at 37 °C. The O.D. absorbance
at 450 nm in the Microplate reader was recorded immediately
after adding 50 pL stop solution. The relative 0.D.450 was calcu-
lated as the difference between the 0.D.450 of each well and the
blank wells. The standard curve was plotted as the relative
0.D.450 of each standard solution versus the respective concen-
tration of the standard solution. Then, the target concentration of
the sample was interpolated from the standard curve.

N antigen Test Kit measurements

Briefly, the sample was mixed with the sample treatment so-
lution. Then, 75—100 pL sample was vertically added into the
sample hole of the test card. After 20 min reaction, the test and
control lines could be read to determine the result of negative or
positive.

Data analysis

All the statistical analysis and the data panels in this article
were generated using GraphPad Prism 8 and OriginPro 9. Statisti-
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cal details for each experiment can be found in the figure legends.
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