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Wide-range and selective detection
of SARS-CoV-2 DNA via surface modification
of electrolyte-gated IGZO thin-film transistors

Chuljin Hwang," Seokhyeon Baek,” Yoonseok Song,” Won-June Lee,?® and Sungjun Park’-?4*

SUMMARY

The 2019 coronavirus pandemic resulted in a massive global healthcare crisis, highlighting the necessity to
develop effective and reproducible platforms capable of rapidly and accurately detecting SARS-CoV-2. In
this study, we developed an electrolyte-gated indium-gallium-zinc-oxide (IGZO) thin-film transistor with
sequential surface modification to realize the low limit of detection (LoD <50 fM) and a wide detection
range from 50 fM to 5 M with good linearity (R? = 0.9965), and recyclability. The surface chemical modi-
fication was achieved to anchor the single strand of SARS-CoV-2 DNA via selective hybridization. More-
over, the minute electrical signal change following the chemical modification was investigated by in-depth
physicochemical analytical techniques. Finally, we demonstrate fully recyclable biosensors based on oxy-
gen plasma treatment. Owing to its cost-effective fabrication, rapid detection at the single-molecule level,
and low detection limit, the proposed biosensor can be used as a point-of-care platform to perform timely
and effective SARS-CoV-2 detection.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which was first reported in the city of Wuhan, China, has severely impacted
global healthcare standards and economies owing to its rapid aerosol transmission, " high potential for genomic recombination,” and human-
to-human transmission.® As of February 17, 2023, more than 756 million cumulative cases, including six million cumulative deaths, have been
reported worldwide by the World Health Organization (WHO) (https://covid19.who.int). Although vaccines against SARS-CoV-2 have been
available to the public since late 2020 and early 2021, their cost, effectiveness, need for multiple administrations, and potential for adverse
events have made them controversial.”” In this regard, the crucial aspects to be considered in the pandemic management include the pre-
vention of transmission and early detection and isolation of asymptomatic patients with SARS-CoV-2 at an early stage.® Additionally, large-
scale diagnostic testing platforms are required to develop robust surveillance systems via accurate and timely diagnosis.

The WHO recommends the polymerase chain reaction (PCR) assay based on the hybridization of labeled target DNA to a complementary
DNA as the global gold standard for diagnosing SARS-CoV-2 infection in clinical practice. This is considered a highly effective method owing
to its high specificity, estimated to be close to 100%.” However, despite this advantage of the PCR assay, the lack of resources such as specific
and dedicated laboratories, skilled technicians, specialized facilities, and sophisticated equipment remains a major challenge. Moreover, the
need to resolve several limitations, such as sample collection, transportation, storage, and processing time for sample amplification to
achieve sufficient sensitivity and selectivity, has encouraged the development of a rapid and simple platform for onsite and point-of-care
(POC) diagnostics to perform massive screening of SARS-CoV-2.

To overcome the limitations of the PCR assay, research on rapid test kits for performing immunoassays to diagnose SARS-CoV-2 infection
has been introduced.” ' Immunoassays for SARS-CoV-2 diagnosis can detect antibodies against several envelope proteins, including the
spike protein, nucleocapsid protein, and receptor-binding domain.'”'* Although numerous immunoassay-based test kits have been devel-
oped, some of them exhibit unsatisfactory diagnostic performance with cross-reactions from other biomolecular constituents and false-pos-
itive or false-negative results that mislead patients.'*'> Furthermore, the reported test results of SARS-CoV-2 may not be reliable because of
factors such as limited testing capacity, incomplete reporting, and differences in testing strategies and protocols for individuals. Most test kits
employ disposable test pads, limiting the availability of reusable test kits. Therefore, developing DNA detection technologies with high sensi-
tivity, specificity, and recyclability is necessary to facilitate cost-effective and accurate diagnoses via a POC testing platform.

Electrolyte-gated thin-film transistors (EGTFTs) using metal oxide (MOx)-based semiconductors have shown promising potential as a
viable alternative to traditional POC testing platforms for SARS-CoV-2 diagnosis owing to their properties such as large-area processes, '
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high mobility,'” large current on/off ratio,'® and rapid transient response.'” Moreover, their large electrical double-layer (EDL) capacitance
formed at the boundary between a sensing surface and an electrolyte solution facilitates a low operating voltage,”” high sensitivity”' with
reliability,”* and rapid transient response in biological solutions,* render it highly amenable to biomolecular sensors.” For instance, in a pre-
vious study, we developed a biosensor capable of detecting iodide ions in artificial urine with quantitative detection (from 1to 10% uM).”” Due
to the high EDL between the electrolyte and IGZO surface and the rapid redox reaction of iodide ions, the biosensor enabled low voltage
operation (<0.5 V) and rapid transient response (<1.0 s), respectively.

However, detecting extremely low concentrations, particularly those below picomolar levels, while maintaining a wide detection range
with linear responses, remains a challenge when translating biological reactions into electrical signals. In addition, studies reported some
success in the detection of SARS-CoV-2, but quantitative detection for qualitative diagnosis remains a challenge. This is primarily owing
to the difficulty in controlling the nanoscale biofunctionalization at solid-liquid interface. Furthermore, it is important to consider the surface
properties of the IGZO surface when detecting low concentrations of the target DNA in the presence of other biomolecules such as ions,
proteins, carbohydrates, lipids, and nucleic acids. This consideration is also essential for achieving high selectivity in the specific sequence
of DNA. To significantly improve the sensitivity and reliability of the biosensor, it is necessary to have an in-depth study on both the electrical
and the chemical response of the functionalized IGZO surface.

In this study, we report an innovative SARS-CoV-2 DNA biosensor, demonstrating exceptional sensitivity and a broad detection spectrum
through step-by-step comprehensive investigation into both the electrical and chemical responses of the functionalized IGZO surface. The
biosensor operates at a low voltage of less than 1V, which is lower than the electrolysis voltage based on indium-gallium-zinc-oxide electro-
lyte-gated thin-film-transistors (IGZO-EGTFTs). Through a meticulously performed, sequential process of molecular modification on the sur-
face of the indium-gallium-zinc-oxide (IGZO), we have enhanced the anchoring capacity for probe DNA. This probe DNA has been designed
specifically to recognize and bind with SARS-CoV-2 DNA, facilitating an efficient hybridization between the probe and the target DNA.
Furthermore, the systematic molecular alteration of the IGZO surface can achieve an impressively low detection limit of 50 fM, while also of-
fering a broad detection range from 50 fM to 5 uM. Considering the low costs, the low detection limit, broad detection range with good line-
arity (R? = 0.9965), and excellent reusability, this biosensor can be employed as a point-of-care tool, enabling timely and effective detection of
SARS-CoV-2.

RESULTS AND DISCUSSION
Electrical characteristics of IGZO-EGTFTs

Figures 1A and 1B show an illustration and optical microscope image of the IGZO-EGTFTs comprising an IGZO sensing layer with source and
drain (S/D) electrodes. Since the operating environment must be considered for IGZO-EGTFTs in an aqueous solution, the device structure
adopted a top-gate bottom-contact structure. Therefore, the solution-processed IGZO sensing layer was deposited on S/D electrodes as the
active channel in the EGTFTs. Moreover, it offered the advantage of the IGZO channel acting as a passivation layer for preventing the leakage
current generated by the contact between the S/D electrodes via the electrolyte during the operation. Further details on the fabrication pro-
cess are presented in Figure S1. The gate electrode (Ag/AgCl reference electrode (RE)) was immersed into the polydimethylsiloxane (PDMS)
well, and the controlled amount of electrolytes with a fixed analyte concentration was tested. The operation of the IGZO-EGTFTs, which func-
tioned as n-type transistors, depended on the formation of an EDL with a very high capacitance at the interface between IGZO and the elec-
trolyte. To form proton-electron pairs, mobile ions were rearranged by applying a positive voltage. Similar to the results of our previous study,
an EDL capacitance of 6.2 uF/cm2 was achieved at 10 kHz, which is 1,000 times higher than the capacitance of the thermally oxidized 300-nm-
thick SiO, substrate (11.6 nF/cm?).%° The high capacitance of the EDL facilitated the IGZO-EGTFT operation at a low voltage.

Figures 1C and 1D show the electrical characteristics tested via the transfer and output curve measurements (i.e., sweeping Vgs and Vps in
the ranges of —0.5-1 V and 0-1V, respectively) in a PBS solution when the channel width-to-length ratio was 200/10 pm. For the electrical
performance of the IGZO-EGTFTs, various parameters, such as the subthreshold swing (S.S.) (Figure 1E), transconductance (g, (Figure 1F),
and threshold voltage (V) (Figure 1G) were evaluated under PBS solutions. An S.S. (0Vgs/0log Ips) of 66.085 mV/dec was obtained near the
theoretical limit in the metal-oxide-semiconductor field-effect transistor (MOSFET).?” Such a low S.S. guaranteed the excellent switching per-
formance of the fabricated device under an ultra-low operational voltage (<1 V). In addition, g,,, which is another vital parameter defined as
Alps/AVgs, indicated that the degree of voltage amplification possible using the IGZO-EGTFT was in accordance with the gate signal
(Ag/AgCl RE). This implied a high switching speed and sensitivity when functioning as a biosensor. The calculated average max g, of
1.005 mS in the switching-off situation is consistent with the result obtained in our previous work.”> A small hysteresis was observed at a
width-to-length ratio of 20, as shown in Figure S2. Furthermore, the Vi shift is an important parameter in IGZO-EGTFTs that can potentially
influence the functionality of the biosensor. The calculated average Vi was obtained as 0.126 V using the conventional linear extrapolation
method for the drain current in the linear region. The presented statistical data demonstrate excellent uniformity of IGZO-EGTFTs fabricated
by spin coating method operating at a low voltage under physiological environments (Figure S3).

Operational mechanism of SARS-CoV-2 biosensor

Figure 2A depicts a schematic of the domain organization of the SARS-CoV-2 RNA and the hybridization process between the probe and
SARS-CoV-2 DNA. In this study, a major sequence from the RNA-dependent RNA polymerase genes specific for SARS-CoV-2 was selected
as the probe DNA (5'-Phosphate-GCA TCT CCT GAT GAG GTT CCA CCT G-3'). To perform the experiments on the DNA biosensor, the
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Figure 1. Electrical characteristics of indium-gallium-zinc-oxide (IGZO)-based electrolyte-gated thin-film transistors (EGTFTs) using PBS solution

(A) Schematic showing the device structures for EGTFT with the IGZO sensing layer. IGZO-EGTFT fabricated on the silicon substrate (total 20 devices) with
solution-processed IGZO channel measuring 15 X 15 mm?.

(B) Top view of the optical microscopy image of the top-gate bottom-contact EGTFT for DNA biosensor. The dimensions of the IGZO channel are 200 X 10 um?.
Scale bar in the image is 200 pm.

(C) Transfer characteristics (Ips vs. Vgs) measured at Vps = 0.5V (Vgs = —0.5-1V), and (D) output characteristics (Ips vs. Vpps) of the IGZO-EGTFT device (at Vgs =0,
0.2,0.4,0.6,0.8, and 1 V). Histograms of (E) subthreshold swing, (F) transconductance, and (G) threshold voltage with width/length = 200 pm/10 pum.

genes for SARS-CoV-2 (complementary DNA), SARS-CoV?® (non-complementary DNA), and MERS-CoV?? (non-complementary DNA) DNA
were synthesized for this study, as shown in Table S1.

Figure 2B illustrates the sensing mechanism involved for SARS-CoV-2 DNA detection via surface modification with
3-aminopropyltriethoxysilane (APTES) and probe DNA on the IGZO active layer. Surface modification with APTES is a commonly employed
technique to functionalize the surfaces of various materials, including glass-,30 silicon,®’ and metal oxides.®” APTES is a silane coupling agent
that contains an amino group with a triethoxysilyl group, which facilitates its binding to the surface of the IGZO sensing layer and aids in the
formation of a stable covalent bond for the immobilization of DNA,*® antibodies,** and enzyrnes.35 Common strategies to immobilize the
probe DNA on an IGZO surface include covalent immobilization between the probe DNA and APTES, formation of the probe DNA on
gold surfaces,*® absorption via non-covalent interactions,”” layer-by-layer polyelectrolyte assembly,*® and modification of the probe DNA
on chemically functionalized surfaces.*” Among them, the most widely used method to achieve covalent immobilization of the probe
DNA is chemisorption onto chemically functionalized surfaces, which exploits the strong affinity interaction between APTES and the phos-
phate group of the probe DNA, forming a covalent bond. This results in a stable and long-lasting attachment.”” Unlike the N-doping effect
on graphene-based transistors,”"*? our IGZO-EGTFTs employ EDL as a gate-insulating medium, with highly dense surface charges aligning
with oppositely charged ions at the electrolyte-IGZO interface. When IGZO-EGTFTs capture SARS-CoV-2 DNA using immobilized probe
DNA at the optimal condition, the phosphate groups on the DNA backbone induced the accumulation of negatively charged carriers on
the IGZO channel. Consequently, a significant shift of the transfer curve is obtained owing to the negatively charged surfaces, which results
in an increase in V.

Surface analysis of reactive site of SARS-CoV-2 biosensor

The detection of DNA in biological solutions, such as saliva, serum, and PBS, is challenging owing to low concentrations of the target (SARS-
CoV-2) DNA. To improve the sensitivity of DNA detection, the active site of the crosslinker should be chemically functionalized. Moreover,
when analyzing complex biological solutions, there is a risk of non-specific detection of other biomolecules and interference from other
biomolecular processes, which may lead to false-positive results. Therefore, a sophisticated biofunctionalization strategy is required to
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Figure 2. Design of DNA sequence and biosensor based on IGZO-EGTFTs

(A) Schematic for domain organization of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA genome. The SARS-CoV-2 DNA (complementary
DNA) was composed of reverse transcription sequences from RNA-dependent RNA polymerase (RdRp) of SARS-CoV-2 RNA. SARS-CoV and MERS-CoV DNA
(non-complementary DNA) were used to confirm the selectivity of IGZO-EGTFTs.

(B) Functionalization of the IGZO surface for detecting SARS-CoV-2 DNA involves a sequence of steps: treatment with APTES, immobilization of probe DNA, and
hybridization with SARS-CoV-2 DNA.

capture the target DNA and ensure precise detection. In Figure 3, the step-by-step analyzation and verification are shown for surface
modification of IGZO. Figure 3A and Table S2 show the water contact angle (WCA) and the surface energy, which is calculated via the
Girifalco-Good-Fowkes-Young method,”® with different surface modifications such as APTES treatment, probe DNA immobilization, and
complementary DNA hybridization. To ensure accuracy, the WCA was measured as the average of the measurements from three repetitive
trials. The initial WCA and surface energy of pristine IGZO were 51.6° and 59.6 mN/m, respectively. Following the oxygen plasma and APTES
deposition processes, the WCA increased from 0.8° to 68.1° and the surface energy dramatically decreased to 42.2 mN/m; this can be attrib-
uted to a compact formation of self-assembled monolayer (SAM) on the surface of IGZO and the silanol groups of APTES.* This trend was
verified by depositing 1%, 5%, 10%, and 15% APTES. According to increasing APTES concentration, WCA increases from 0.8° to 39.1°, 64.8°,
68.1°, and 75.6°, and the surface energy decreases from 70.6 to 46.3, 42.2, and 35.2 mN/m, respectively, as shown in Figure S4 and Table S3.
The result indicates that the surface of IGZO became more hydrophobic following the amino-terminated surface modification. The process of
DNA immobilization was employed on an IGZO surface with APTES treatment of 10%. This particular concentration was chosen as it demon-
strated reliable and repeatable results in experimental settings, thereby ensuring the success of the DNA attachment procedure. Following
the immobilization of the probe DNA onto APTES, the increase in WCA from 68.1° to 79.1° and the decrease in surface energy from 42.2 to
38.8 mN/m can be attributed to the hydrophobic carbon of the probe DNA, indicating a successful covalent binding between APTES and the
probe DNA.** After hybridization between probe DNA and SARS-CoV-2, the WCA and surface energy reach 73.1° and 37.3 mN/m, indicating
the IGZO surface shows more hydrophilic behavior due to the hydrophobic carbon of the hybridized SARS-CoV-2.

To monitor molecular compounds resulting from chemical reactions and the DNA assembly at the IGZO surface, ATR-FT-IR analysis with
the scan range from 1,500 to 4,000 cm~ " was conducted as shown in Figure 3B. After the APTES were deposited, 1,568 cm ' related peaks
were assigned to the NH, deformation nodes of the amine groups,”® and the two peaks at 2,847 and 2,953 cm ™" were attributed to C-H
stretching.”’ These three peaks indicate that APTES has been successfully deposited on the IGZO surface. As shown in Figure S5, the distinc-
tive peaks associated with silanization were observed across all concentrations of APTES (from 1% to 15%), with the intensity of the peaks
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Figure 3. Surface analysis of IGZO-EGTFT biosensor for detecting SARS-CoV-2

(A) Water contact angle (WCA) measurement and calculated surface energy to confirm hydrophobic characteristics on the IGZO surface with pristine IGZO,
APTES, probe DNA, and SARS-CoV-2 DNA. The insets correspond to the water droplet shape and angles based on the specific surface condition.

(B) Fourier transform infrared spectra (FT-IR) of the IGZO surface with IGZO, APTES, probe DNA, and SARS-CoV-2 DNA. The spectra were obtained without
corrections from 64 transmission scans with 4 cm™ resolution and analyzed using the OMNIC software.

(C) lllustration of the cyanine 3 and é-fluorescein amidite fluorescent labels attached to the probe DNA and analyte DNA (SARS-CoV-2, SARS-CoV, and MERS-
CoV DNA), respectively. The fluorescence spectra were measured at A = 563 and 520 nm before and after DNA hybridization.

(D) Schematic showing the SARS-CoV-2 detection strategy using DNA hybridization between probe and analyte DNA. Direct fluorescence images of probe and
analyte DNA. [Probe DNA] and [Analyte DNA] = 5 uM. The green fluorescence response depends on DNA hybridization when detecting the analyte DNA.

increasing with higher concentrations of APTES. Following probe DNA immobilization, it is observed to peak at 1,488, 1,645, 1,682, and
1,715 cm™" corresponding to the adenine,’® thymine,”” guanine,” and cytosine,”' respectively. The ATR-FT-IR spectrum after hybridization
with target DNA exhibits similar peaks with increased peak intensity. These results indicate successful immobilization of probe DNA and hy-
bridization with target DNA.

For further validation of target DNA detection, we compared the fluorescence response using cyanine 3 (Cy3: red) and é-fluorescein phos-
phoramidite (FAM: green) dye. Figure 3C illustrates the design strategy. The 3'-end of the probe DNA and the 5'-end of the target DNA and
non-target (SAR-CoV and MERS-CoV) DNA are labeled with Cy3 and FAM, respectively. After the chemical reaction between APTES and
probe DNA on the IGZO surface, probe DNA exhibits red fluorescence emission as a result of immobilization on the IGZO surface. Upon
reaction of the target and non-target DNA, the Cy3 labeled probe DNA on the IGZO surface only hybridizes to target DNA to form a duplex
DNA structure by hydrogen bond, resulting in the release of the strong green fluorescence emission as shown in Figure 3D. All results support
the specific detection of target DNA by IGZO-EGTFTs.

Detection of SARS-CoV-2 DNA with sensitivity, selectivity, and recyclability

To evaluate the feasibility of SARS-CoV-2 DNA detection, the electrical analysis of a step-by-step process was conducted. Figure 4A shows the
transfer characteristics of IGZO-EGTFTs according to each step modification, such as pristine IGZO, APTES treatment, probe DNA immobi-
lization, and SARS-CoV-2 DNA hybridization in PBS. From the transfer characteristics, the Vi value, which was determined for all 60 devices
and plotted using the conventional linear extrapolation method in the linear region, shows a positive shift, as shown in Figure Sé. First, the
hydroxylation by oxygen plasma reduced the positive charge on the IGZO surface after the hydroxyl groups combined with the IGZO surface.
When the APTES covalently bonded on the hydroxylated IGZO surface through the dehydration-condensation reaction, the drain current was

iScience 27, 109061, March 15, 2024 5



¢? CellPress iScience
OPEN ACCESS

>
w

2.0 — C 0.2 e e e
—o— IGZO 1004 ° SARS-CoV-2 1
0.1 .
-9~ APTES =  MERS-CoV S "a2309.,8933
1.61 “@—probe DNA X SARS-CoV X o00; 293 99
< | "9 SARS-CoV-2DNA 2 80 < o1l z R® = 0.9965 |
1S 102 3 @ : 9 é =0. ;
= 12 © c _02] K Y Linear fit ]
c — 10 Qo 601 8
g < ) 2 03l )
5 § 10 % o §
(] 5 (% J
c 0.8 2 10°® ; 40 8 -0.4 ..
£ 5 g N
— (S = = -0.51
a) 107 g 201 g
049 wguid — 3 5 061 @ SARS-CoV
} Gate voltagé (V) 0 \ z -0.74 QMERS-COV o
1 i @ SARS-CoV-2
0.0 e e X J A ————
~0.50 -0.25 0.00 0.25 0.50 0.75 1.00 -1.0 -0.8 -06 -0.4 -02 00 02 04 10° 10" 10”10”10 10° 10’ 10° 10 10" 10
Gate voltage (V) Normalized response (NR) DNA analyte
D E
0.0 1 0.00
© & -0.04 |
= Z
B 3 -0.08 -
c c Y
[] [e]
& 5
004 0 -0.12
e} ©
(0] 0]
N N 016 1
[] ©
g -0.6 g | s |
3 20201 >
I APTES [l probe DNA [l SARS-CoV-2 [l SARS-CoV-2
08 . . : : -0.24 . . , .
#1 #2 #3 #4 #1 #2 #3 #4
Cycles Cycles

Figure 4. Electrical response of IGZO-EGTFT for detecting SARS-CoV-2 DNA

(A) Transfer characteristics of the IGZO-EGTFTs following APTES treatment, probe DNA immobilization, and SARS-CoV-2 DNA hybridization at a linear scale in
PBS solution. The inset shows the transfer characteristics at the logarithmic scale in PBS solution.

(B) Selectivity responses of IGZO-EGTFTs toward SARS-CoV-2, SARS-CoV, and MERS-CoV DNA using cumulative probability distribution function (CDF) of NR for

the entire ensemble of 135 devices. They confirm the excellent selectivity of the current response. Measurements are shown for the NR of the IGZO-EGTFTs
extracted from the transfer curves.

(C) NR of IGZO-EGTFTs for different concentrations of SARS-CoV-2, SARS-CoV, and MERS-CoV DNA. The plot shows the wide detection range and linear

response for SARS-CoV-2 DNA concentration from 5 fM to 5 uM. The detection limit was determined to be 50 fM. The error bars were calculated from three
parallel experiments.

(D) Comparison of the NR after APTES treatment, probe DNA immobilization, and SARS-CoV-2 DNA hybridization at four cycles.
(E) Reversible and repeatable detection of SARS-CoV-2 DNA up to four cycles. N.S. indicates “non-significant”.

gradually decreased by the APTES deposited on the IGZO surface. This trend is confirmed by different ATPES concentrations ranging from
1% to 15%, as shown in Figure S7. The initial stage of silanization (1% APTES), in which APTES molecules react with the abundant hydroxyl
group on the IGZO surface, significantly increased the Vi value. As the silanization reaction progressed and the decrease in the available
reaction sites on the IGZO surface continued, the density of amine groups on the IGZO eventually saturated after reaching a sufficient con-
centration of APTES (10%).

Effective probe DNA immobilization is dependent on the quality of the functionalized APTES layer on IGZO surfaces. The concentration of
APTES is a crucial parameter affecting the anchoring quality of probe DNA with high reliability. In the case of an excessively low APTES con-
centration, the resulting monolayer on the surface may be rendered incomplete and less stable, resulting in poor adhesion of the IGZO
sensing layers or functional molecules.”” Conversely, when an excessively high APTES concentration is used, the silane molecules may
form multilayers or aggregates on the surface, which can also compromise the stability and homogeneity of the modification, as shown in
Figure S8. The concentration of the probe DNA and the reaction time were found to be important factors affecting the hybridization of
the SARS-CoV-2 DNA. As the concentration of the probe DNA increased, the measured normalized response (NR) decreased substantially
and reached saturation at a concentration of 5 uM. Thus, it was concluded that a 10% of APTES concentration and 5 pM of probe DNA for
surface modification of IGZO active layer was optimal for our biosensor, as this concentration resulted in a reduction in the NR from 0 to
—0.712 (Figure S9). Additionally, the surface modification time for the DNA immobilization was also determined via the assessment of the
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effects of varying modification times from 1 h to 4 h, as shown in Figure S10. An increase in the modification time from 1 to 3 h resulted in a
significant change in NR due to immobilized probe DNA onto the APTES layer. By contrast, the extension beyond 3 h did not result in any
significant change in NR. Consequently, a reaction time of 3 h was deemed optimal experimental condition for the probe DNA immobilization
process.

By optimizing the experimental conditions, the IGZO surface was effectively functionalized for detecting SARS-CoV-2 DNA. Furthermore,
based on the DNA sequence, the SARS-CoV-2 DNA could be used to hybridize with a probe DNA, resulting in the formation of a double-
stranded DNA (dsDNA) molecule via hydrogen bonding between the base pairs (adenine with thymine and guanine with cytosine). However,
the SARS-CoV and MERS-CoV DNA is incapable of hybridization because the sequence is not complementary to the probe DNA, thereby
preventing the formation of a dsDNA molecule (Figure S11). The hybridization of SARS-CoV-2 DNA exerted a Vi shift significantly toward
the positive direction. These results were primarily caused by potential drops between the IGZO surface and electrolyte owing to the relatively
large negative charge of the phosphate backbone of the DNA on the surface after the binding interaction. Thus, a larger positive gate voltage
is required to turn the IGZO-EGTFTs when compared with that required for the pristine IGZO and APTES-deposited surfaces. Finally, to
evaluate interference with various biomolecules, including growth factors, proteins, trace elements, vitamins, and hormones, transfer charac-
teristics of IGZO-EGTFTs were investigated according to each step modification in FBS solution (Figure S12). The result confirmed that the
presence of a diverse mix of biomolecules in FBS does not compromise the electrical performance of the IGZO-EGTFTs.

The cumulative probability of NR values was evaluated under the optimal experimental conditions to verify the selectivity for SARS-CoV-2
DNA. The results confirmed that SARS-CoV-2 DNA caused a statistically dramatic decrease in the NR values (Al/ly = —0.685), whereas SARS-
CoV and MERS-CoV DNA caused an invariant response in the saturation region, as shown in Figure 4B.

To determine the sensitivity of the IGZO-EGTFTs, several concentrations of SARS-CoV-2, SARS-CoV, and MERS-CoV DNA were evaluated
using electrical analysis, as shown in Figure 4C. The results verified that IGZO-EGTFTs exhibited an excellent linear response to the SARS-
CoV-2 DNA, with a high correlation coefficient (R?) of 0.9965 and a wide detection range from 50 fM to 5 uM (limit of detection of 50 fM).
Therefore, the IGZO-EGTFTs demonstrated good linearity in a wide detecting range and prominent sensitivity when compared to those
of previously reported electrochemical DNA sensors (Table S4).

We also examined the time-dependent variation in the drain current of the IGZO-EGTFT, maintaining consistent S/D and gate voltages, as
shown in Figure S13. Over time, the output values of the IGZO-EGTFT biosensor, functionalized with probe DNA for SARS-CoV-2 DNA detec-
tion, varied at a concentration of 5 uM. With the increase in reaction time between the probe DNA and SARS-CoV-2 DNA, there was a sig-
nificant decrease in the measured normalized response, which eventually stabilized after reaching an optimal reaction time of 60 min.

Finally, we conducted a recyclable test to determine whether the device maintained its sensitivity following repeated use. The IGZO sur-
face was cleaned via a simple oxygen plasma treatment, which removed the redundant biomolecules and reactivated the IGZO active layer, as
shown in Figure S14. Figure 4D shows that the fabricated biosensor based on IGZO-EGTFTs maintained its sensitivity and linear response to
the SARS-CoV-2 DNA even after four cycles of biofunctionalization and removal. Therefore, the IGZO-EGTFTs can be effectively reused
without loss of their sensing capabilities, indicating excellent recyclability. This is a significant finding, as it renders the DNA sensor a cost-
effective and sustainable option for diagnostic biosensing applications. Based on a one-way analysis of the variance test, it was determined
that there were no statistically significant differences in the measured data of the NR values across the repeated cycles, with a p value greater
than 0.05. In addition, the IGZO-EGTFTs maintained a consistent level of sensitivity, as evidenced by the NR values remaining at approxi-
mately —0.14, as shown in Figures 4E and S15. Therefore, the IGZO-EGTFTs could effectively detect SAS-CoV-2 DNA being measured while
also being sufficiently robust to withstand repeated use. Overall, this is an indispensable characteristic for biosensors as it facilitates their
reuse and reduces the waste associated with disposable sensors. The IGZO-EGTFTs maintained their sensitivity and reliability even after
multiple uses, further supporting the excellent recyclability of the biosensor.

Conclusions

In this study, a SARS-CoV-2 DNA biosensor that exhibits unprecedented sensitivity and a comprehensive detection spectrum was demon-
strated by IGZO-EGTFTs submerged in PBS solution with operational voltage under 1V, an environment that closely mimics physiological
conditions. Through a rigorous, step-by-step process of molecular modification on the IGZO surface, we have augmented the probe
DNA's binding capacity, which has been engineered to specifically recognize and latch onto SARS-CoV-2 DNA. This precise molecular inter-
action between the probe and target DNA has enabled a low detection limit of 50 fM and a broad-range detection capacity up to 5 uM with
high selectivity. Moreover, the recyclability of the biosensor was demonstrated by the regeneration of the IGZO surface following a rapid and
cost-effective cleaning process using oxygen plasma treatment, thus enabling its reuse in resource-limited environments. With these defining
characteristics, this SARS-CoV-2 biosensor can play a pivotal role in the timely and effective detection of the virus, transforming our ability
to monitor and respond to this global health crisis. Furthermore, this work can lay the foundation to explore future high-performance
SARS-CoV-2 DNA biosensor based on IGZO-EGTFTs for achieving ultra-low detection limits. We believe the design principles elucidated
in this study will be instrumental in guiding the development of next-generation biosensors for various biomedical applications.

Limitations of the study

In this study, we developed the significant advancements made in the field of nanoscale biofunctionalization at the solid-liquid interface. Our
study focuses on detecting the SARS-CoV-2 DNA at low concentrations and ensuring that the detection is quantitative and reliable in the
presence of a myriad of biomolecules. However, we did not detect SARS-CoV-2 DNA in clinical samples such as saliva and sputum nor a
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comparison of these detection results with current PCR-based methods. Future studies are warranted to validate the results of this study in
clinical samples and ensure quantitative and reliable detection of SARS-CoV-2.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Indium nitrate hydrate Sigma Aldrich CAS No. 207398-97-8
Gallium nitrate hydrate Sigma Aldrich CAS No. 69365-72-6
zinc acetate dehydrate Sigma Aldrich CAS No. 5970-45-6
3-aminopropyltriethoxysilane Sigma Aldrich CAS No. 919-30-2
Ag/AgCl (3.0 M KClI) reference electrode CH Instruments CAT No. CHIT11
2-methoxyethanol Sigma Aldrich CAS No. 109-86-4
Polydimethylsiloxane Dow Corning N/A

Fetal bovine serum Sigma Aldrich MFCD00132239
Phosphate Buffered Saline Samchun Chemical MFCDO00131855
PDMS monomer (Sylgard 184A) Dow Corning Co., Ltd N/A

Curing agent (Sylgard 184B) Dow Corning Co., Ltd N/A

Oligonucleotides

5'-GCATCTCCTGATGAGGTTCCACCTG-3' Bioneer N/A
5'- CAGGTGGAACCTCATCAGGAGATGC-3' Bioneer N/A
5'- CCAGGTGGAACATCATCCGGTGATGC-3' Bioneer N/A
5'- TACGAGCCCACTACTCCCATTTCGTCAGCG-3' Bioneer N/A

Software and algorithms

Image J Open source N/A
Origin 2023 software https://www.originlab.com N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sungjun Park
(sj0223park@ajou.ac.kr).

Materials availability

No new reagents were developed in this study.

Data and code availability

e Date: Data reported in this paper will be shared by the lead contact upon request.
e Code: This paper does not report original code.
e All other requests: Any additional information required to reanalyze the data reported will be shared by the lead contact upon request.

METHOD DETAILS
IGZO precursor preparation

The IGZO precursor solution was prepared by dissolving In (NO3)3-xH,0, Ga (NO3)3-xH,0, and Zn (CH3COO),-2H,0 in 2-methoxyethanol
with a total concentration of 0.1 M at a molar ratio of In-Ga-Zn = 0.1:0.15:0.0275. The mixture was stirred at 60°C for 4 h, and the resulting
precursor solution was filtered through a 0.2 um hydrophobic polytetrafluoroethylene membrane-based syringe filter before deposition.

Fabrication of IGZO-EGTFT biosensor

To fabricate the samples, the substrates were prepared by thermal oxidation of a 300-nm-thick-layer of silicon dioxide on heavily boron-
doped Si wafers. The source and drain electrodes were then fabricated using a combination of 10 nm titanium and 50 nm gold metals via
e-beam evaporation and photolithography. Prior to spin coating the IGZO precursor solution onto the Si wafers, oxygen plasma treatment
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was performed at a power of 100 W for 10 min to transform the hydrophobic surface of the Si wafers into a hydrophilic surface. Thereafter, the
IGZO solution was spin coated at 4000 rpm for 30 s, followed by annealing the coated layers in air at 400°C for 1.5 h to form a densified metal-
oxide-semiconductor layer. Consequently, the IGZO thin film was patterned via photolithography and wet etching processes.

PDMS well preparation

To prevent device degradation and ensure appropriate storage of the analyte solutions, the epoxy-based SU-8 3008 was deposited onto the
device except at the active site. To form the PDMS well, two components—the base solution (Sylgard 184A) and curing agent (Sylgard 184B)—
were mixed at a 10:1 ratio by weight and dried in a vacuum oven at 60°C for 4 h. Following the vacuum-thermal curing, the PDMS well was
fabricated using 8 mm diameter punch holes attached to the top of the IGZO-EGTFTs. Accordingly, a sensing area of 50.24 mm? was
obtained.

Surface functionalization for DNA hybridization

In the biofunctionalization process, the IGZO surface was initially modified to introduce hydroxyl groups by oxygen plasma treatment at a
power of 60 W for 1 min. The treatment generated hydroxyl groups on the surface, which transformed its hydrophobicity to hydrophilicity.
Subsequently, a solution of APTES was prepared by dissolving it in ethanol at a volumetric concentration of 10%. The APTES solution was
then mixed using a vortex mixer for 3 min to disperse the APTES molecules in the solvent. Thereafter, the device was submerged in the so-
lution for 17 h, which was followed by rinsing with DI water and blow drying with nitrogen to remove the weak bonds. The IGZO surface was
modified with the amino functional group (-NH,). The modification facilitated the covalent bonding of the probe DNA to the IGZO surface. In
the second step of the biofunctionalization process, the APTES-probe DNA interaction was employed, wherein the APTES and probe DNA
served as models for the crosslinking and receptor molecules, respectively. To immobilize the probe DNA to the modified IGZO surface, a
DNA solution was prepared in Dl water at a concentration of 5 pM and mixed using a vortex mixer for 2 min until complete dissolution. There-
after, 20 plL of the DNA solution was applied to the surface and incubated at 60°C for 3 h. Following that, any unbound probe DNA was
removed by washing the surface with DI water and drying it using nitrogen gas. The resulting devices were then stored for future use.

Surface characterization

Water contact angle (WCA) measurements were performed to estimate the surface free energies onto the pristine IGZO, APTES treatment,
probe DNA immobilization, and target DNA hybridization. The analysis was conducted by dispensing DI water onto various chemical sur-
faces, followed by capturing a side-view photograph of the contact angle measurement using a digital camera (Phoenix-MT), which was
then processed using image analysis software (Surfaceware 9). Fourier transform infrared spectroscopy (FT-IR) (NICOLET iS50, Thermo Fisher
Scientific) was utilized to investigate APTES and DNA anchored to the IGZO surface. Furthermore, the probe DNA immobilization and the
target DNA hybridization were validated by examining the IGZO surface using a fluorescence microscope (EVOS M7000, Thermo Fisher
Scientific) and hybrid multimode reader (Synergy Neo2, Biotek).

Detection of SARS-CoV-2

Following the surface functionalization step, the probe DNA was utilized to prepare the biosensor as a receptor to detect the SARS-CoV-2
DNA. To obtain a 5 uM solution, both the complementary DNA (SARS-CoV-2) and non-complementary DNA (SARS-CoV and MERS-CoV)
were dissolved in DI water and then diluted in PBS and FBS. To detect the target DNA in the hybridization reaction, 20 plL of this solution
was placed onto the surface of the biosensor and allowed to incubate at 95°C for 5 min, followed by an additional incubation at room tem-
perature for 1 h. This was done to reduce the likelihood of non-specific reactions occurring. Subsequently, the surface of the biosensor was
rinsed three times with PBS and then blow-dried using nitrogen.

Recyclability test

To evaluate the recyclability of the biosensor, the modification in the drain current following the APTES treatment, probe DNA immobiliza-
tion, and SARS-CoV-2 hybridization were measured each time the biosensor was reused. This sequence was repeated four times, and the
variation in the drain current was assessed after each cycle.

Electrical characterization

The electrical characteristics of the IGZO-EGTFTs were measured after submerging an Ag/AgCl reference electrode (RE) containinga 1 M KCl
internal filling solution in an electrolyte solution. To prevent parasitic leakage current, the source and drain electrodes were covered with an
IGZO semiconductor. All reported potentials were biased with respect to a commercial Ag/AgCI RE (CHI111, CH Instruments). Additionally, a
PDMS well was integrated with the IGZO-EGTFT to form a container for the electrical measurement. Subsequently, the Ag/AgCl RE was in-
serted into the PDMS well to stabilize the potential. The |-V characteristics were measured for all the fabricated IGZO-EGTFTs by using a
Keithley 2602B dual-channel source meter with a sweep rate of 1000 mV/s under ambient conditions. Measurements were performed after
each experimental step, including the APTES treatment, probe DNA immobilization, and SARS-CoV-2 DNA hybridization. The normalized
response (NR) of the biosensor was calculated according to Equation 1.
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o
where |g and Ip are the drain current of the IGZO-EGTFT before and after reactions such as ATPES treatment, probe DNA immobilization, and

target DNA hybridization, respectively.

Normalized response (NR) = (Equation 1)

QUANTIFICATION AND STATISTICAL ANALYSIS

We used Microsoft 365 Excel software (Microsoft Corp.; Redmond, WA, USA) to record the individual results and calculate the statistical sig-
nificance. For the case when the p value was less than 0.05, a significant difference was considered between the two experimental values. All
graphs were plotted using the OriginPro 2023 software (OriginLab Corporation, Northampton, MA, USA).
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