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A B S T R A C T   

Rapid diagnosis and case isolation are pivotal to controlling the current pandemic of severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2). In this study, a label-free DNA capacitive biosensor for the detection of 
SARS-CoV-2 that demonstrates real-time, low-cost, and high-throughput screening of nucleic acid samples is 
presented. Our novel biosensor composed of the interdigitated platinum/titanium electrodes on the glass sub
strate can detect the hybridization of analyte DNA with probe DNA. The hybridization signals of specific DNA 
sequences were verified through exhaustive physicochemical analytical techniques such as Fourier transform 
infrared (FT-IR) spectrometry, contact-angle analysis, and capacitance-frequency measurements. For a single- 
step hybridized reaction, the fabricated kit exhibited significant sensitivity (capacitance change, ΔC = ~2 nF) 
in detecting the conserved region of the SARS-CoV-2 RNA-dependent RNA polymerase (RdRp) gene with high 
sensitivity of 0.843 nF/nM. In addition to capacitive measurements, this selective detection was confirmed by the 
fluorescence image and intensity from a SARS-CoV-2 gene labeled with a fluorescent dye. We also demonstrated 
that the kits are recyclable by surface ozone treatment using UV irradiation. Thus, these kits could potentially be 
applied to various types of label-free DNA, thereby acting as rapid, cost-effective biosensors for several diseases.   

1. Introduction 

Since late December 2019, the novel coronavirus, i.e., severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) that firstly reported 
in Wuhan City, China, has been spreading around the world, with 
thousands of deaths (Islam et al., 2020). Moreover, no vaccine or anti
viral agent is currently available. The signs of SARS-CoV-2 infection are 
highly non-specific, including diarrhea, fever, cough, dyspnea, and viral 
pneumonia (Cascella et al., 2020). Notably, it is reported that this virus 
is largely propagated during its incubation period in asymptomatic pa
tients (Rothe et al., 2020). According to a recent model, symptomatic 
patients should be isolated within 24 h of symptom onset to control the 
spread of coronavirus disease (COVID-19) (Chowell et al., 2020). Rapid 
detection and isolation of cases would be most effective in suppressing 

the escalation of the outbreak. Moreover, it is highly important to build 
pre-diagnostic platforms to avoid making unnecessary sacrifices. 

Currently, the standard diagnostic protocol relies on polymerase 
chain reaction (PCR) to amplify the required genetic material for the 
detection of SARS-CoV-2 (Corman et al., 2020). It is a highly sensitive 
and reliable method but not without limitations. The average turn
around time for test results is 24–72 h, but the lag between sample 
collection and delivery is unpredictable on a large-scale for the 
COVID-19 global pandemic. Moreover, it requires well-trained pro
fessionals as well as expensive and sophisticated laboratories, in
struments, and consumables that significantly limit its widespread use. 
The number of COVID-19 cases has already exceeded PCR testing ca
pacity due to shortages in test kits, creating a new wave of challenges 
(Sharfstein et al., 2020). In this context, the implementation of a 
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low-cost, real-time detection method for the screening of SARS-CoV-2 is 
of high priority. 

Point-of-use diagnostic biosensors are an effective alternative to 
PCR-based detection because of their simplicity of operation, low-cost, 
and suitability for mass production (Whitesides, 2006). Among previ
ous biosensors, electrochemical methods have drawn significant atten
tion because of their ease of detection, suitability for miniaturization, 
flexibility in the sensor size, and controllability of sensitive parameters 
(Singhal et al., 2018). These biosensors measure the change in electro
chemical signal upon hybridization between a biotinylated target DNA 
and a thiolated DNA probe immobilized on a gold electrode surface. For 
instance, a biosensor that detects the Ebola virus DNA through an 
enzyme amplification process has been reported (Ilkhani and Farhad, 
2018). Later, the detection of the Middle East respiratory syndrome 
coronavirus (MERS-CoV) using carbon array electrodes modified with 
gold nanoparticles was performed using voltammetric immunosensors 
(Layqah and Eissa, 2019). These sensors were technical in nature, 
requiring high-grade analytical reagents and materials. Furthermore, 
additional labeling and signal amplification were required to achieve 
high-level sensitivity, which may incur additional costs during future 
miniaturization. 

Very recently, a field-effect transistor biosensor for the detection of 
the SARS-CoV-2 spike protein was successfully constructed (Seo et al., 
2020). This device was designed to use SARS-CoV-2 spike antibodies 
anchored by 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBASE) 
on graphene channel layers. Despite the advantage of a convenient 
workflow requiring little sample preparation, this new test by a sero
logical approach was less sensitive than RT-PCR using viral RNA; hence, 
different materials and platforms need to be explored to improve the 
signal/noise. 

There remain challenges to developing low-cost and rapid sensing 
platforms for highly sensitive viral detection as the minimal change of 
molecular hybridization is hard to distinguish in vertical device struc
tures. Therefore, it is important to develop reliable testbeds to identify 
molecular reactions on a nano-scale interface. In this study, we devel
oped a novel SARS-CoV-2 sensor based on interdigitated electrodes 
(IDE) that detects label-free hybridization between a probe and target 
DNA. Their distinct electrical signals resulting from selective hybridi
zation of specific DNA sequences were successfully proved through 
exhaustive electrical and physicochemical analysis. We hope that our 
demonstration allows for new possibilities in developing real-time, low- 
cost, label-free DNA sensors for timely and effective detection of COVID- 
19. 

2. Material and methods 

2.1. Reagents and materials 

A synthetic SARS-CoV-2 gene and a severe acute respiratory syn
drome (SARS)-CoV gene were used for proof of concept. A target 
sequence was selected from the RNA-dependent RNA polymerase 
(RdRp) genes specific for SARS-CoV-2 (Corman et al., 2020). The com
plementary DNA was synthesized via reverse transcription of RdRp gene 
in the SARS-CoV-2 virus gene and used as the target DNA in this study. 
The probe DNA was designed to form a stable duplex with the target 
sequence (Supplementary Table 1). The sequence of a SARS-CoV gene 
contains four mismatched base pairs with the probe sequence. The probe 
DNA (5′-Phosphate-GCA TCT CCT GAT GAG GTT CCA CCT G-3′), 
complementary target analyte (5′-CAG GTG GAA CCT CAT CAG GAG 
ATG C-3′) and the non-complementary analyte (5′-CCA GGT GGA ACA 
TCA TCC GGT GAT GC-3′) were purchased from Bionics (Seoul, S. 
Korea). Sulfuric acid, hydrogen peroxide, and anhydrous ethanol were 
obtained from Samchun (Seoul, S. Korea). 3-Aminopropyltriethoxysi
lane (APTES) was purchased from Sigma-Aldrich (St. Louis, MO, USA) 
and stored in a dry, ventilated place before use. Phosphate-buffered 
saline (PBS) was purchased from CUREBIO (Seoul, S. Korea). All other 

reagents and solvents were of analytical grade, and deionized (DI) water 
(Milli-Q® system, 18.2 MΩ cm, 25 ◦C) was used throughout the 
experiments. 

2.2. Construction of interdigitated electrode (IDE) on a glass wafer 

A 6-inch glass wafer was prepared by sequential cleaning in acetone, 
isopropyl alcohol, and DI water in an ultrasonic bath for 5 min. After the 
cleaning process, the glass wafer was blown gently with pressurized 
nitrogen gas and kept at 70 ◦C to remove redundant moisture. IDEs were 
constructed on a glass wafer using a conventional photolithography 
process. Thick layers (150 nm) of both titanium (Ti) and platinum (Pt) 
were deposited by e-beam evaporation on to the glass wafer. The Ti layer 
helps with the adhesion between the Pt and glass substrate. Finally, the 
wafer was diced into single chips. The channel width was 4100 μm, 
including the 64 interdigital electrodes, and the channel length was 100 
μm, providing a total sensing area of about 13.12 mm2. 

2.3. Surface treatment for DNA hybridization 

First, the surface was modified to introduce hydroxyl groups onto the 
glass surface of the IDE sensors. The sensors were cleaned at 80 ◦C in a 
solution of 3:1 concentrated H2SO4/H2O2 (aq) (hereafter referred to as 
piranha solution) and then rinsed with DI water to remove the reagents. 
Then, UV/ozone treatment was conducted for 10 min (UVO Cleaner, 
model 30, Jelight Company, Inc.), resulting in hydroxyl groups with a 
surface transformation from hydrophobicity to hydrophilicity (Fan 
et al., 2019). Second, 5% (v/v) APTES in ethanol was dropped onto the 
surface and dried to functionalize the amine groups as linker molecules 
to react with the probe DNA (Jang and Liu, 2009; Syga et al., 2018). 
Finally, the sensors were rinsed with DI water to remove the adsorbed 
APTES and dried at room temperature before characterization. The 
probe DNA was suspended in DI water at a concentration of 5 μM. Then, 
10 μL of this solution was dropped onto the sensor and immediately 
placed in a closed container for 3 h at 60 ◦C. During the reaction, the 
probe DNA was immobilized onto the amine-functionalized glass surface 
via a phosphoramidate linkage through a one-step reaction. After in
cubation, the sensors were thoroughly rinsed with DI water to remove 
redundant probe DNA and dried in the container at room temperature. 
The linkage between APTES and the probe DNA is a covalent bond 
caused by the molecular reaction between amine and phosphate (Chen 
et al., 2015). The prepared sensors were stored in a closed container 
immediately before use. 

2.4. Detection of the target analyte 

All experiments were performed in quintuplet. First, complementary 
SARS-CoV-2 cDNA and non-complementary SARS-CoV cDNA were dis
solved in DI water and then diluted in PBS to make 5 μM solution. For 
hybridization, 10 μL of each analyte solution was dropped onto the 
sensor and incubated for 1 h at 60 ◦C to reduce non-specific reactions. 
After this, the sensors were washed individually with DI water to remove 
non-hybridized DNA and dried at room temperature. The capacitance 
values were measured in the frequency range of 10 Hz–103 Hz, using an 
impedance analyzer (HIOKI, IM3570) within a few seconds (Mishra 
et al., 2020). A 500 mV root mean square (RMS) AC voltage was applied 
across the IDE sensor. All results were collected and statistically 
analyzed using a paired t-test and p-value for statistical significance. 

2.5. Surface characterization 

The surface energy of the hydroxylation onto the glass surface, amine 
functionalization, and probe DNA immobilization were estimated via 
contact angle measurements, which were carried out by dispensing DI 
water onto different chemical surfaces. The side view photograph of the 
contact angle measurement was taken using a digital camera (Navitar) 
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and processed with an image analysis software (UNI-CAM). The atten
uated total reflection Fourier transform infrared spectroscopy (ATR-FT- 
IR, Nicolet iS50, Thermo) measurement technique was used to investi
gate the carbon skeleton (-CH2) and terminal amine groups (-NH2) in the 
APTES anchored to the glass surface. The intensity of fluorescence was 
confirmed using a fluorescence microscope (EVOS M5000, Thermo) and 
ELISA reader (Synergy H1, BioTek). The probe DNA immobilization and 
the hybridization of the target analyte were further validated using 
fluorescent target capture on the sensor surface. 

2.6. Recyclability test 

The sensor recyclability was tested by checking the capacitance be
tween bare sensors and hybridized sensors whenever it was reused. The 
process was repeated five times, and the change in capacitance was 
measured after each cycle. 

3. Results and discussion 

3.1. The operational mechanism of SARS-CoV-2 biosensor 

Fig. 1A shows a schematic diagram of the sequence of probe DNA 
using specific mRNA sequences in the SARS-CoV-2 gene and hybridi
zation between the probe DNA and SARS-CoV-2 cDNA. From the RdRp 
genes specific of SARS-CoV-2 (Corman et al., 2020), a major sequence 
for probe DNA was selected. As a target DNA experiments, SARS-CoV-2 
(complementary DNA with probe DNA) and SARS-CoV gene 

(non-complementary DNA containing four mismatched base pairs with 
probe sequence) were synthesized for this study. The photograph of 
capacitance-frequency (C-f) measurement setup is shown in Supple
mentary Fig. 1A. By mounting and withdrawing several chips repeat
edly, signal detection in reliable and rapid manner can be achieved. 
Compared to conventional electrode design, our novel IDE design is 
beneficial due to their larger effective area for detecting biological 
species and enabling better spatial capability and reactivity (Supple
mentary Fig. 1B). The interdigitated electrode structure consists of 64 
electrode fingers, and the width and length of IDE are 4100 and 100 μm, 
providing a total sensing area of 13.12 μm2. After constructing the IDE, 
surface modification of the glass substrate was conducted, as shown in 
Fig. 1B. There are various reports on the surface modification of glass 
substrates with different functional groups for making covalent bonds 
with DNA. Among the functionalized silane chemistry, APTES is most 
widely used for DNA immobilization (Albalá et al., 2004; Chen et al., 
2015; Olmos et al., 2003; Wang et al., 2006; Watson et al., 2001). The 
formation of well-defined short-chain functionalized silanes can be 
achieved under precise control of the reaction time and the concentra
tion of the medium (APTES treatment). Sequentially, the probe DNA 
immobilization takes place on APTES-modified glass substrates (probe 
DNA immobilization). The ordered layer of probe DNAs on the surface is 
a prerequisite to ensure accessibility to the target DNAs (Dufva, 2005). 
To maximize the number of chemisorbed probe DNA molecules on the 
surface, a concentration of 5 μM with an incubation time of 3 h was 
chosen in our experiments because the DNA immobilization is suscep
tible to the rough surface of the glass, incubation time, and 

Fig. 1. Operational principal of the IDE biosensor for SARS-CoV-2 cDNA detection. (A) A schematic diagram of the sequence of probe DNA using specific mRNA 
sequences in the SARS-CoV-2 virus gene and the sequence of complementary DNA using reverse transcription sequence of SARS-CoV-2 mRNA (B) The schematic 
diagram showing the surface construction process of APTES treatment followed by probe DNA immobilization and the hybridization reaction of analyte DNA with 
probe DNA for SARS-CoV-2 cDNA detection. 
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concentration (Rashid and Yusof, 2017). Based on the DNA sequence, 
the complementary target DNA can be hybridized with the probe DNA to 
form double-stranded DNA (dsDNA) through hydrogen bonds (DNA 
hybridization), but the non-complementary SARS-CoV cDNA cannot 
(DNA non-hybridization). When the target DNA reacts and hybridizes 
with the probe DNA, the strengthened spatial charge distribution be
tween the electrodes leads to an increase of the capacitance values. 

3.2. Physicochemical analysis on the reactive site of the SARS-CoV-2 
biosensor 

The optimization of the sensor surface for DNA hybridization is 
crucial to secure both high specificity and sensitivity, which is primarily 
dependent on the condition of the immobilized probe DNA. During the 
step-by-step device construction process, physiochemical analysis of the 
reactive surface was conducted to verify compatibility between the 
probe and the target DNA. Fig. 2A shows the contact angle measurement 
of the surface after chemical modification. The contact angle of the bare 
surface was 45.8◦. After piranha and UV/ozone treatment, the contact 
angle of the hydroxyl-modified surface decreased to an immeasurable 
value (<3◦); this corresponds with previous research (Schrader et al., 
2018). The contact angle was increased to 39.4◦ after APTES treatment, 
implying that the uniform coverage of the silane molecular layer con
sisting of exposed free hydrophilic amine groups was achieved. The 
higher contact angle than 41◦ would be achieved due to the partial 
exposure of hydrophobic hydrocarbons and hydrophilic amine func
tional groups of APTES (Kyaw et al., 2015), indicating fewer binding 
sites of probe DNA molecules. According to a previous study, the ideal 
contact angle of 41◦ was achieved where each Si bond from the APTES 
molecules was covalently bonded as a tripod structure, leading the 
amine groups toward the substrate (Kyaw et al., 2015). Therefore, 
neutral pH was carefully chosen for surface washing treatment after 
APTES treatment (Supplementary Fig. 2A). Our results indicate that the 
effective surface of the sensor was successfully modified with hydrox
ylation, followed by amination. When probe DNA is immobilized onto 
APTES, the contact angle gradually increased because of the changes in 
the surface properties from the presence of the DNA (Chaudhary et al., 
2014; Elder and Jayaraman, 2013). 

To confirm the presence of a chemical reaction at the effective surface, 
ATR-FT-IR analysis was conducted, as shown in Fig. 2B. ATR-FT-IR is a 

useful tool for examining functional groups on thin molecular layers with 
a penetration depth of around 1–2 nm. Effective assembly of the APTES 
layer on the glass surface was reflected by the presence of a strong ab
sorption peak at 1568 cm− 1 and 2800-2980 cm− 1, indicating N–H (Wang 
et al., 2014) and C–H stretching (Gunda et al., 2014), respectively. In 
Fig. 2C, the probe DNA immobilization was successfully verified by pro
ducing a strong fluorescence expression. To optimize the stimulus signal 
frequency, C-f electrical characterization was conducted by measuring 
capacitance values of the bare chip, APTES, probe DNA at frequency 
ranges from 10 to 103 Hz as displayed in Fig. 2D (Wang et al., 2017). At a 
low frequency of 10 Hz, reliable capacitance changes were observed on 
each step of the surface modification in our experiment. The values of 
capacitance decreased rapidly with increases in stimulus frequency. When 
the frequency applied to the capacitor increases, the capacitive reactance 
(Xc) decreases because the electrical charge in the internal space between 
the electrodes can rapidly pass from one to the other electrode at varying 
frequencies. The capacitive reactance can be expressed by the following 
equation: 

Xc=
1

2πfC  

Where Xc is capacitive reactance in Ohms, f is frequency in Hertz, and C 
is capacitance in Farads. 

We observed large increases of capacitance values at 10 Hz produced 
by probe DNA immobilization compared to the bare chip and APTES 
treatment due to intrinsic property of dielectric constant. Indeed, it is 
reported that the dielectric constant of functionalized APTES (Mac
ambira et al., 2018) and the complex carbon chain of DNA (Cuervo et al., 
2014) is approximately ε = 3.57 and ε = ~8, respectively. 

3.3. SARS-CoV-2 cDNA sensitivity, identification, and device 
recyclability 

After immobilization of the probe DNA, the sensitivity and specificity 
of the complementary SARS-CoV-2 target analyte were evaluated. To 
validate minimum sensitivity of the sensors, different concentration of 
complementary SARS-CoV-2 target DNA was tested as shown in Fig. 3A. 
It is confirmed that linear capacitive response for complementary SARS- 
CoV-2 cDNA (0.843 nF/nM, 10 nM of limit of detection (LoD)) and 

Fig. 2. The physicochemical and electrical validation of the binding-site of the sensor surface. (A) Contact angle changes with surface treatment (from left to right): 
Bare glass substrate, substrate after UVO treatment, APTES treatment, and probe DNA immobilization (B) ATR-FT-IR spectra for the bare surface (top, black) and the 
surface after APTES treatment (bottom, blue). The black arrows indicate the (C–H) and (N–H) functional groups of the APTES molecule (C) Fluorescence microscope 
and histogram of probe DNA immobilization. Strong expression of red fluorescence indicates successful binding between APTES and the probe DNA (D) Capacitance 
measurement of each experimental step; bare condition (black), after APTES treatment (blue), and after probe DNA immobilization (red). 
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invariant response for non-complementary SARS-CoV cDNA were 
detected with logarithmic change of target concentration from 5 μM to 
10 nM. It is worth to note that our capacitive sensor exhibits prominent 
sensitivity compared to previously reported electrochemical DNA sen
sors (Faria and Zucolotto, 2019) and it is validated to be used as 
point-of-use diagnostic biosensors as long as preconditioning and 
high-concentration DNA extraction platform on site is well established. 

The average change of capacitance values of the sensors incubated 
with complementary and non-complementary analyte DNAs were 
evaluated in Fig. 3B. The non-complementary SARS-CoV analyte did not 
induce a significant capacitance change, whereas the complementary 
SARS-CoV-2 target analyte exhibited statistically significant increases in 
capacitance (ΔC = ~2 nF), with a narrow statistical distribution (p <
0.05). Upon the introduction of the complementary SARS-CoV-2 cDNA, 
the successful formation of dsDNA was confirmed by the statistically 
significant increase in capacitance values (Supplementary Fig. 3A). As 
has been previously demonstrated in the literature, the increase in 
capacitance occurred when the properties of the dielectric materials 
between the electrodes changed (Tsouti et al., 2011). 

The capture of the target analyte was further validated by measuring 
the fluorescent signal above the glass surface. As shown in Fig. 3C, the 
strong green fluorescence revealed the successful hybridization between 
the SARS-CoV-2 target and the probe DNA. All these results support the 
specific detection of complementary SARS-CoV-2 cDNA by our sensors. 

Finally, a recyclability test was conducted for each experimental 

cycle, as shown in Fig. 3D and E. By the simple process of piranha 
cleaning and UV/ozone treatment, the clean glass substrate of the sen
sors was regenerated without removing the transducers. The piranha 
solution was used as a denaturing agent to remove the DNA bound to the 
glass surface, and regeneration of the hydroxyl group on the glass sur
face was achieved by the following UV/ozone treatment. With no further 
treatment, the same construction steps were repeated for the sensor to 
detect SARS-CoV-2 cDNA. Based on one-way ANOVA statistical analysis, 
it was confirmed that the differences of all measured capacitance data in 
each repeated cycle were not statistically significant (Fig. 3D), with p- 
value higher than 0.05. More importantly, the capacitance change (ΔC) 
remained constant within a range of ~2 nF when reusing the sensors, 
retaining excellent sensitivity across the recycling (Fig. 3E and supple
mentary Fig. 5). 

4. Conclusions 

In this study, a rapid, low-cost capacitive sensor for the sensitive 
detection of SARS-CoV-2 cDNA was developed. The results demon
strated that the capacitance changed upon the introduction of the target 
SARS-CoV-2 analyte to our constructed sensor with no significant cross- 
reactivity with SARS-CoV. The formation of dsDNA via molecular-level 
hybridization was verified by exhaustive electrical and optical surface 
analysis. The recyclability was also demonstrated by the regeneration of 
the glass surface after a simple construction process, allowing for their 

Fig. 3. Sensitivity and recyclability test of SARS-CoV-2 cDNA sensors. (A) The sensitivity was tested by varying the concentration of SARS-CoV-2 (B) Capacitance 
histogram showing the statistically significant differences between the before and after hybridization of SARS-CoV-2 as well as SARS-CoV (C) Comparative histogram 
analysis of signal intensity indicating the strong green-colored fluorescent target capture (D) Comparable capacitance values after APTES treatment, probe DNA and 
SARS-CoV-2 cDNA during the recycle of the three sets of sensors (E) The changes in capacitance values across the recycling indicating the highly sensitive detection of 
SARS-CoV-2. * indicates “significant, (p < 0.05)”, N.S indicates “non-significant”. 
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reuse in low-resource settings. Owing to high sensitivity and specificity 
(Supplementary Table 2), the reported sensors have great potential in 
practical use and commercialization as point-of-care diagnostics for 
COVID-19. 

Credit author statement 

Chuljin Hwang: Data curation, Visualization, Investigation. Nak
kyun Park: Data curation, Formal analysis, Investigation. Eun Seong 
Kim: Resources. Miran Kim: Validation. Su Dong Kim: Funding 
acquisition, Conceptualization. Sungjun Park: Methodology, Writing – 
Review & Editing. Nam Young Kim: Validation, Resources. Joo Hee 
Kim: Project administration, Conceptualization, Writing – Review & 
Editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

This research was supported by the Ministry of Food and Drug Safety 
(Program No. 21153MFDS431). This work was also supported by the 
new faculty research fund of Ajou University and a research grant (NRF- 
2020R1F1A1073564, 2018R1A6A1A03025242 and 2018R1D1A1A09 
083353) from National Research Foundation (NRF) funded by the 
Ministry of Science and ICT, Korea. 

Appendix A. Supplementary data 

Supplementary data related to this article can be found at https://do 
i.org/10.1016/j.bios.2021.113177. 

References 
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