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A B S T R A C T   

Facing the unstopped surges of COVID-19, an insufficient capacity of diagnostic testing jeopardizes the control of 
disease spread. Due to a centralized setting and a long turnaround, real-time reverse transcription polymerase 
chain reaction (real-time RT-PCR), the gold standard of viral detection, has fallen short in timely reflecting the 
epidemic status quo during an urgent outbreak. As such, a rapid screening tool is necessitated to help contain the 
spread of COVID-19 amid the countries where the vaccine implementations have not been widely deployed. In 
this work, we propose a saliva-based COVID-19 antigen test using the electrical double layer (EDL)-gated field- 
effect transistor-based biosensor (BioFET). The detection of SARS-CoV-2 nucleocapsid (N) protein is validated 
with limits of detection (LoDs) of 0.34 ng/mL (7.44 pM) and 0.14 ng/mL (2.96 pM) in 1× PBS and artificial 
saliva, respectively. The specificity is inspected with types of antigens, exhibiting low cross-reactivity among 
MERS-CoV, Influenza A virus, and Influenza B virus. This portable system is embedded with Bluetooth 
communication and user-friendly interfaces that are fully compatible with digital health, feasibly leading to an 
on-site turnaround, an effective management, and a proactive response taken by medical providers and frontline 
health workers.   

1. Introduction 

As the new hotspots were hit by the unstopped surges of COVID-19 
[1], the reported cases have surpassed 208 million worldwide as of 
August 2021 [2]. COVID-19, an ongoing pandemic with fast-evolving 
variants, is caused by the severe acute respiratory syndrome coronavi
rus 2 (SARS-CoV-2) emerging as the most impactful threat to global 
health in a century [3]. The cumulative death toll has reached over 4.3 
million since the outbreak was declared by the World Health Organi
zation (WHO) in 2020 [2]. Early symptoms of COVID-19 are similar to a 
common flu-like illness; yet in serious cases, patients may suffer dyspnea 
and proceed with severe pneumonia, acute respiratory distress, multiple 
organ dysfunction, septic shock, etc. [4]. Vaccination, which reduces the 
risk of severe COVID-19 [5,6], is regarded as the most effective tool 
against the viral transmission; whereas the treatments remain unclear 

and mostly rely on supportive care [7,8]. As such, rapid detection, 
effective management, and proactive responses are necessitated to 
contain the spread of COVID-19 across the countries where vaccine 
implementations have not been widely deployed. 

COVID-19 diagnostics can be sorted into two categories [9]: viral 
tests (also known as diagnostic test) and antibody tests. Viral tests, such 
as molecular tests (for viral RNA) and antigen tests (for viral protein), 
diagnose active infection of patients; while antibody tests are serological 
tests reflecting past infection [10]. The real-time reverse transcription 
polymerase chain reaction (real-time RT-PCR), the gold standard for 
SARS-CoV-2 viral tests, is an in vitro diagnostics (IVDs) where a sample is 
usually collected through a nasal swab [11,12]. This nucleic acid-based 
testing can detect as low as ~100 copies/mL of the viral RNA [13], but 
its sensitivity varies from 70% (real-world tests) to 99% (an ideal con
dition) [14–17]. The turnaround time of a real-time RT-PCR test usually 
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takes from 4 h to 2 days, and it needs to be operated by highly skilled 
personnel in a centralized lab [18]. 

Several rapid antigen testing techniques were approved of Emer
gency Use Authorizations (EUAs) by the U.S. Food and Drug Adminis
tration (FDA) [19,20]. A lateral flow immunochromatographic assay 
(LFIA) provides a qualitative detection for COVID-19 [21,22], while a 
chemiluminescence enzyme immunoassay (CLEIA) offers a quantitative 
measurement of SARS-CoV-2 antigens [23]. Compared to PCR-based 
techniques, the testing time of a viral antigen detection is tremen
dously reduced (within 60 min) [16,22]. However, the sensitivity is 
usually compromised (60 – 80%) [22,23], and the semi-invasive spec
imen collection using nasal, nasopharyngeal, or oropharyngeal swaps 
brings discomfort to testees. As such, a salivary detection, which avails a 
noninvasive sample collection, has been considered as an alternative 
method for rapid COVID-19 screenings. Moreover, viral loads found in 
saliva, ranging from 104 copies/mL to 108 copies/mL, are comparable 
with what are found in nasal cavities and throats [24–30]. Amongst 
novel antigen tests developed for COVID-19 [16,22,23,31], field-effect 
transistor-based biosensors (BioFET) are of significant advantages as 
per a high sensitivity, a wide dynamic range, a real-time readout, and a 
matrix-insensitivity across a wide variety of analytes [31–41]. 
Nanomaterial-based BioFETs demonstrate the excellent candidacy for 
low-concentration measurements [31,35,38]. BioFETs using high elec
tron mobility transistors (HEMTs) are utilized to detect miRNA [37], 
peptide [33,39], SARS-CoV-1 nucleocapsid (N) protein [34], circulating 
tumor cells (CTCs) [40], etc. Though the reported BioFETs using nano
materials [31,32,35,38,41] or HEMTs [33,34,37,39,40] are highly sen
sitive, their costs, reusability, and portability must be improved before 
deploying for in situ COVID-19 immunoassays. As such, a portable Bio
FET featuring low cost, disposable testing sticks, good sensitivity, and 
salivary detection should be developed to address the needs for on-site 
COVID-19 screenings. 

In this work, we developed a saliva-based antigen test of SARS-CoV- 

2 N protein using an electrical double layer (EDL)-gated BioFET system 
(Fig. 1). The proposed system included a portable reader functioned 
with Bluetooth where a testing result can be immediately displayed on a 
smartphone using mobile-based user interface (UI). The ease of pre
treatment and the digital health-compatible setting enabled a fast 
turnaround time (within 30 min). EDLs were redistributed along with 
reactions on surfaces, and the changes in EDL capacitance allowed 
BioFETs to detect analytes in a variety of physiological conditions (e.g., 
serum, blood, saliva, etc.) [32,42]. Surface functionalization was veri
fied with fluorescence imaging, and sensor-to-sensor variation is dis
cussed. The COVID-19 antigen tests using EDL-gated BioFETs were 
validated in both 1× PBS and artificial saliva, and the limits of detection 
(LoDs) were calculated. To investigate cross-reactivity, the antigens of 
MERS-CoV, Influenza A virus, and Influenza B virus were tested. Aiming 
to find a diagnostic niche, the antigen tests in artificial saliva using an 
EDL-gated BioFET can progress toward the detection of clinical samples 
(human saliva). This rapid testing can timely reflect the epidemic status 
quo (e.g., the number of infected individuals) and benefit the policy
making, fighting against the spread of COVID-19. 

2. Materials and methods 

2.1. The BioFET system for COVID-19 viral antigen tests 

The custom-designed BioFET platform, as shown in Fig. 1 and Sup
plemental Fig. 1, consisted of a disposable sensor stick, a portable reader 
(CC&C Technologies, Taiwan) embedded with a Bluetooth function, and 
two custom-written UIs operated for Microsoft Windows and iOS, 
respectively. Each sensor stick (Jumpers Biotech, Taiwan), which was 
custom-designed and fab-manufactured, had 8 individually addressable 
sensors arranged in an 1 × 8 array where each sensor comprised of two 
gold electrodes (500 × 500 µm2) on a 75-µm pitch. SU-8 photoresist 
(Kayaku Advanced Materials, #SU8–2010) was coated on a sensor stick, 

Fig. 1. Schematic illustration of a saliva-based COVID-19 antigen test using an electrical double layer (EDL)-gated field-effect transistor biosensor (BioFET). An 
artificial slaiva sample consisting of SARS-CoV N portein is drop-casted on a sensor stick, and a testing result is displayed on a smart phone via Bluetooth in 30 min. 
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and an active area (450 × 450 µm2) of each electrode was photolitho
graphically defined. An input gate voltage (Vg) was applied on one of the 
electrodes (of each sensor), and an output Vg was measured at the gate 
terminal of an FET via the other electrode (of each sensor). The 
Bluetooth-embedded reader transmitted data to the devices where a 
real-time result was displayed on an iPhone, and raw data were stored in 
a laptop for further analysis. 

2.2. Surface functionalization 

A sensor stick was placed in an O2 plasma cleaner (Harrick Scientific 
Products, USA, #PDC-32G) for 180 s at a constant power of 18 W (high 
RF level), then the sensor stick was rinsed with 10% HCl (Sigma-Aldrich, 
#320331) and DI water, successively. The anti-SARS-CoV-2 N protein 
antibody (GeneTex, Taiwan, #GTX632269), simply named “anti-N 
antibody” throughout the rest of content, was used as the capture anti
body. 14 mM of Traut’s Reagent (Thermo Fisher Scientific, #26101) was 
dissolved in PBS-EDTA (1× PBS, with 5 mM of EDTA) prior to mixing 
with 1.5 mg/mL of anti-N antibody (volume ratio = 1:10) at room 
temperature for 1 h. 11 μL of thiolated antibody, formed through the 
previous procedure, was detached from an excess amount of Traut’s 
Reagent using a desalting column (Thermo Fisher Scientific, #89877) 
which was equilibrated with PBS-EDTA. The thiolated antibody was 
diluted with PBS-EDTA at a volume ratio of 1 : 1, and the final con
centration was 0.68 mg/mL. 0.5 μL of diluted antibody solution was 
then drop-casted on each sensor where the immobilization took place at 
14 – 18 ◦C for 12 h. Finally, the functionalized sensors were rinsed with 
1 mL of 1× PBS to remove the unbound antibody. 

2.3. Fluorescence imaging 

Anti-Mouse IgG (GeneTex, Taiwan, #GTX213111–05), the second
ary antibody bound to the capture antibody (anti-N antibody), was 
labeled with a fluorescent dye (DyLight 594). 50 μL of the solution, in 
the presence of fluorophore-labeled antibody (2 µg/mL), was drop- 
casted on a sensor stick (covering all the eight sensors) and incubated 
at room temperature for 1 h. Afterwards, the sensor stick was rinsed 
with 1 mL of 1× PBS and the unbound fluorophore-labeled antibody 
was removed. An optical measurement was taken by a fluorescence 
microscope (Leica Microsystems, #DM2500 LED) where a result was 
analyzed and quantified using Leica LAS X and Image J. 

2.4. Proteins and immunoassays 

In PBS-based immunoassays, the desired concentrations of SARS- 
CoV-2 N protein (GeneTex, Taiwan, #GTX135357-pro), SARS-CoV-2 S 
protein (Leadgene Biomedical, Taiwan, #61831), MERS-CoV N protein 
(GeneTex, Taiwan, #GTX135653-pro), Influenza A virus nucleoprotein 
(GeneTex, Taiwan, #GTX135868-pro), and Influenza B virus nucleo
protein (GeneTex, Taiwan, #GTX135867-pro) were respectively spiked 
into 1× PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM 
KH2PO4 at pH = 7.4 with NaOH). In saliva-based immunoassays, 
100 μM of sodium dodecyl sulfate (SDS) (Thermo Fisher Scientific, 
#28312) was dissolved in clinically mimetic matrix where artificial 
saliva (Pickering Laboratories, USA, #1700–0305) was mixed with the 
universal transport medium (UTM) (COPAN Diagnostics, USA, #330 C) 
at a volume ratio of 1:1. The mixture of artificial saliva, SDS, and UTM, is 
simply named as “artificial saliva” throughout the rest of content. 
Following the same procedures, the desired concentrations of SARS- 
CoV-2 N protein, SARS-CoV-2 S protein, MERS-CoV N protein, Influ
enza A virus nucleoprotein, and Influenza B virus nucleoprotein were 
respectively spiked into artificial saliva. Both kinds of immunoassays 
were performed in the presence of capture probes (anti-N antibody) 
which were immobilized on a sensor surface. 70 μL of a testing solution 
was drop-casted on a sensing area, and signals were measured/recorded 
using the custom-designed BioFET platform. 

2.5. FET characteristics and signal acquisition 

N-channel depletion-mode DMOS FETs (Microchip Technology, 
#LND150) (n = 8) were electrically characterized by a semiconductor 
parameter analyzer (Agilent, #B1500A) prior to mounting on a printed 
circuit board (PCB) (Supplemental Fig. 1). The transfer characteristics of 
the FET are shown in Fig. 2a, the maximum transconductance takes 
place near Vg = 0 V at a constant source-drain voltage (Vd) of 2 V. The 
FET characteristics of drain current (Id) versus Vd are displayed in 
Fig. 2b. 

The COVID-19 antigen tests were taken at a constant Vd (2 V) with a 
square wave of gate biases (Vg = 0 V for 2 ms followed by Vg = 1 V for 
2 ms) as shown in Fig. 2c. The elapsed time of each measurement was set 
as 212 ms where three pulses of Vg were applied discretely with two 
intermediate turnoffs. The output Id was measured at a sampling rate of 
167 kHz, and Ich was the characteristic current at which the difference 
between two current levels was calculated: 

Ich = Id,1 − Id,0, with (1)  

Id,0 =
∑3

n=1
Id,0V(n) and (2)  

Id,1 =
∑3

n=1
Id,1V(n) (3)  

where Id,0V(n) is the averaged Id calculated within the last 1 ms of the nth 
pulse at Vg = 0 V, and Id,1V(n) is the averaged Id calculated within the last 
1 ms of the nth pulse at Vg = 1 V. 

3. Results and discussion 

The BioFET platform adopted the outreach configuration, where gate 
terminals of the FETs were extended via wires and connected to a sensor 
stick, to prevent direct corrosion of a testing sample on FETs. To over
come the Debye screening while enabling detection in a physiological 
condition (e.g., serum, blood, saliva, etc.), EDL-gated BioFETs were 
leveraged to measure double-layer capacitance rather than surface 
charges. As such, sample pretreatment can be tremendously eased, and a 
turnaround time is significantly reduced (<1 h) [32,37,39,40,42]. The 
detailed sensing mechanism using an EDL-gated BioFET can be found in 
Supplemental Fig. 2. 

To amplify an electrical signal, the FETs measured a testing sample at 
a linear region (Vg = 1 V) and a saturation region (Vg = 0 V), respec
tively (as described in Materials and Methods). A high Vd causes a 
heating effect that gives rise to a noisy background and a signal drift, yet 
a low Vd yields a small transconductance. As a trade-off, Vd was set as 
2 V to achieve a higher conductance (compared to Vd = 1 V) while 
producing a minor heating and an acceptable noise. The data were 
retrieved and collected every 2 min, and totally 11 measurements 
(20 min) were taken for each concentration of analytes. 

3.1. Surface functionalization 

To confirm successful surface functionalization, a fluorescent mea
surement was performed. A sensor stick was split into two groups: three 
(out of eight) sensors were treated with buffer solution, serving as the 
control group; while the other five sensors were functionalized with 
capture antibody, serving as the experiment group. After incubation of 
fluorophore-labeled secondary antibody, the optical tags (i.e., fluo
rophores) were excited at 593 nm and emitted red fluorescence at 
618 nm. A mean fluorescence intensity (MFI) was quantified within a 
quarter of an electrode using ImageJ, and 8 subareas were measured for 
a sensor. The background induced 14.08 ± 0.05 A.U. of MFI prior to 
incubation of secondary antibody as shown in Supplemental Fig. 3. In 
the control group, a minor amount of the secondary antibody remained 
on the surface after the washing step, emitting 18.49 ± 1.16 A.U. of 
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MFI. While the experiment group exhibited at least 28.40 A.U. of MFI 
(Supplemental Fig. 3). The representative images of an unfunctionalized 
sensor (S#1) and a functionalized sensor (S#4) are shown in Fig. 3, and 
the brightness indicates the amount of the fluorophore-labeled second
ary antibody. The relative MFI (R. MFI) was defined as the ratio of an 
MFI measured after incubation of secondary antibody to an MFI 
measured before incubation of secondary antibody 
(R .MFI ≡

MFIafter incubation
MFIbefore incubation

). Error bars represent one standard deviation 
(1σ) of uncertainties measured across sensors as shown in Fig. 3 (n = 5 
in the experiment group, n = 3 in the control group). The experiment 
group exhibited 2× the R.MFI of the control group, indicating a suc
cessful functionalization that can be employed for the succeeding im
munoassays. While the sensor-to-sensor variation of R. MFI can be 
attributed to nonuniform immobilization of capture antibody. 

3.2. Saliva-based COVID-19 antigen tests using BioFETs 

The structural proteins of SARS-CoV-2 are majorly composed of en
velope (E) protein, transmembrane (M) protein, N protein, and spike (S) 
protein. N protein is abundantly expressed during an infection, thus it is 
regarded as a highly immunogenic protein and was selected for the 
antigen tests in this work [43]. To investigate the sensor response to 
SARS-CoV-2 viral protein; the desired concentrations of SARS-CoV-2 N 
protein, ranging from 0.4 ng/mL to 400 ng/mL, were prepared in 
1× PBS. The testing samples were drop-casted onto a sensor stick 

successively varying from lowest to highest concentration, and electrical 
measurements were taken every two minutes using BioFETs. Prior 
testing sample was removed from the sensor stick before the next testing 
sample was added. A baseline of each series of measurement was defined 
as where a norm measurement was first taken in the absence of an an
alyte (N protein), and the subsequent BioFET signals were measured 
with a subtracted baseline: 

BioFET signal ≡ ΔIch = Ich,j − Ich,0, (4)  

where Ich,j is the Ich measured at [N protein] = j ng/mL, and Ich,0 is the Ich 
measured at [N protein] = 0 ng/mL. BioFET measurements usually took 
several minutes to get signal stabilized after spiking analytes (due to 
temperature drift, diffusion, binding kinetics, etc.), so 8 out of 11 mea
surements were used to calculate a mean signal at each concentration. 

In the controlled experiment, reference sensors were tested in the 
absence of an immobilized antibody (anti-N antibody), and the 
increasing concentrations of viral N protein had an unremarkable effect 
on a sensor response (variation < 3 µA) as shown in Fig. 4a. This in
dicates that non-specific binding was negligible. While the active sen
sors, immobilized with capture antibody, linearly responded to the 
added SARS-CoV-2 N protein (in a logarithmic scale) that the concen
trations ranged from 0.4 ng/mL to 400 ng/mL. The sensor-to-sensor 
variation, as shown in Supplemental Fig. 4, may result from a nonuni
form coverage of capture antibody (Fig. 3). To benchmark the sensor 
performance and quantify a LoD, the method of the Clinical and 

Fig. 2. (a) Transfer characteristics, and (b) Id-Vd characteristics at different gate biases of a FET. (c) Signal acquisition. The inputs were applied with a constant Vd 
and three pulses of Vg during each measurement, while the output signals (Ich) were retrieved by the difference between two current levels. 
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Laboratory Standards Institute (CLSI) was adopted [44,45]: 

LoD = LoB + 1.645 × σlow conc, with (5)  

LoB = meanblank + 1.645 × σblank, (6)  

where LoB is the limit of blank, σlow conc is the standard deviation of the 
result measured from the low concentration sample, meanblank is the 
mean result of the blank sample, and σblank is the standard deviation of 
the result measured from the blank sample. The overall change in signal 
was 22.0 µA, and the calculated LoD was 342.16 pg/mL (7.44 pM). 

To validate COVID-19 antigen tests using BioFETs in a more realistic 
scenario, the measurements were taken in artificial saliva (as described 
in Materials and Methods). Saliva is viscous and tends to congeal 
quickly after collection, making it difficult to be pipetted for further 
liquid-based measurements. As such, UTM was used to mix with artifi
cial saliva due to its stability at room temperature when collecting as 
well as transporting viral samples [46,47]. Plus, the detergent (SDS), 
which can break a coat of the enveloped virus by denaturing a viral 
membrane or causing a conformational change, was added [48]. 

Following the same procedure of the PBS-based immunoassay, only the 
medium was replaced with artificial saliva. The reference sensors 
exhibited signal variations less than 5 µA (Fig. 4b), and the use of arti
ficial saliva induced an opposite change in capacitance compared to 
what was measured in 1× PBS. In the experiment group, the overall 
change in signal was 46.33 μA with a good linearity (R2 = 0.998), and 
the calculated LoD was 136.25 pg/mL (2.96 pM). The change of 
matrices exhibited comparable LoDs, and an addition of detergent (SDS) 
did not interfere with the assay. While an one-fold increase in the overall 
signals might be a consequence of inhomogeneous surface functionali
zations and different media. The real-time results of COVID-19 antigen 
tests, in both 1× PBS and artificial saliva, can be found in Supplemental 
Fig. 5. Considering a small volume (500 nL per sensor) used in surface 
functionalization, experimental uncertainty (e.g., manual pipetting) led 
to inhomogeneous surface coverages. In addition, biological complexity 
in artificial saliva brought on electrical fluctuation more formidably 
than in PBS. Overall, the testing time of each concentration was 20 min, 
and the turnaround time was less than 30 min, effectuating rapid 
COVID-19 antigen tests using an EDL-gated BioFET. 

Fig. 3. Optical quantification of surface funcctionalization (left) and fluorescent images (right). The relative mean fluorescence intensity (R. MFI) was calculated by 
the MFI measured before/after incubation of secondary antibody. The control group exhibits 2.62 A.U. of R. MFI. Error bars represent 1σ of sensor-to-sensor un
certainty measured by fluoroscence intensity. 

Fig. 4. COVID-19 antigen tests using EDL-gated BioFETs in (a) 1× PBS and (b) artificial saliva. Active sensors were functionalized with capture antibody, while 
reference sensors were unfunctionalized. SARS-CoV-2 N protein concentration varied from 0.4, 4, 40, to 400 ng/mL. Error bars represent ± 1σ of uncertainty 
measured by sensors (n = 3). 
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3.3. Investigation of cross-reactivity 

To further inspect the specificity, various antigens were tested with 
EDL-gated BioFETs. SARS-CoV-2 S protein, MERS-CoV N protein, 
Influenza A virus nucleoprotein, and Influenza B virus nucleoprotein 
were spiked into artificial saliva, drop-casted on a sensor stick where its 
sensor surfaces were functionalized with anti-N antibody. The data of 
SARS-CoV-2 N protein shown in Fig. 5 are extracted from Fig. 4, 
enabling a visual comparison of the cross-reactivity. Among the groups 
of the lowest testing concentration (0.4 ng/mL), the specificities are 
relatively insignificant in both matrices. Notably, the signals of different 
antigens (except SARS-CoV-2 N protein) were located within the vari
ations which were 3 uA for PBS and 5 uA for artificial saliva, respec
tively; and no increasing/decreasing trend was found in all cases. The 
detection specificities improved as the concentrations of antigens 
increased (>4 ng/mL), and SARS-CoV-2 N protein eventually achieved 
11.21× the signal of other antigens at a concentration of 400 ng/mL in 
PBS. While the measurements in artificial saliva yielded signal-to-cross- 
reactivity ratios ( SignalSARS− CoV− 2N

Signalmaxamong other antigens
) of 4.04, 8.73, and 21.03 at concen

trations of 4 ng/mL, 40 ng/mL, and 400 ng/mL, respectively. Though 
the higher signals were found in artificial saliva, the detection uncer
tainty was more significant in artificial saliva than PBS. This phenom
enon can be attributed to the extra electrolytes and chemicals which 
may complicate the molecular environment. Taken together, EDL-gated 
BioFETs demonstrated good specificities (signal-to-cross-reactivity ratio 
> 4.04) in both PBS and artificial saliva when antigen concentrations 
were higher than 4 ng/mL, indicating a negligible cross-reactivity. 

3.4. Testing landscape and comparison of COVID-19 diagnostics 

As of August 2021, low vaccination rates and insufficient capacity of 
diagnostic testing have fueled the new cases of COVID-19 worldwide. To 
fight against the spread of COVID-19, a critical solution is to field 
diagnostic tools which have a high accuracy, a fast turnaround, a 
portable configuration, an user-friendly operation/readout delivering 
quantitative results, and a digital health-compatible setting [16,49]. 
Several proposed tools have received EUA [19,20,50], yet the govern
mental action primarily relies on the reported cases confirmed by 
real-time RT-PCR. Ideally a turnaround time of real-time RT-PCR re
quires couples of hours (Table 1) [12,50], however, the delayed de
liveries of samples/results between infrastructures induce the issue of 
testing backlogs [51]. Due to centralized testing, a limited capacity, and 
excessive numbers of samples during an outbreak, sole reliance on 
PCR-based results have conceivably hampered the policymaking against 
the spread of COVID-19, leading to misjudgment of the epidemic status 
quo and obscureness of the disease control [51]. 

To address the needs, some diagnostic tests (e.g., molecular tests and 
antigen tests) and antibody tests using commercially-available devices 
and/or lab prototypes have been proposed as shown in Table 1 [12,16, 
21–23,31,50,52–56]. In general, molecular tests exhibit the best sensi
tivity/specificity, yet centralized settings and slow turnarounds deteri
orate disease control. Chaibun et al. developed a portable 
electrochemical biosensor for molecular tests, while the LoD was not as 
low as the conventional PCR-based methods are [13,53]. Several anti
body tests using surface plasmon-based techniques, which have an in
termediate turnaround, were developed to verify a past infection; 

Fig. 5. Investigation of cross-reactivity in (a) PBS and (b) artificial saliva. The data of SARS-CoV-2 N protein are retrieved from Fig. 4 and are replotted here for the 
comparison of cross-reactivity. Error bars represent ± 1σ of uncertainty measured by sensors (n = 3). 
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Table 1 
Comparison of COVID-19 diagnostics.   

Molecular tests Antibody tests Antigen tests 

Target RNA (RdRp, E 
gene, N gene) 

RNA (ORF- 
1a, E gene) 

RNA (N gene, S gene) N Ab N Ab, S Ab 
(S1, S1S2) 

S Ab N Protein N protein S protein (S1) N protein, S protein 
(S1) 

N protein 

Testing 
specimen 

NPS, NS NPS, NS, 
OPS 

NPS Serum Serum Human 
plasma 

NS NPS, NS PBS, 0.01x 
UTM, culture 
medium, NPS 

DPBS, saliva Artificial saliva 

Dilution – – – No 1:1600 in 
PBST 

1:1000 in 
PBS 

– – – 1:2 in DPBS 1:1 with UTM 

Methodology Real-time 
RT- PCR 

Real-time 
RT- PCR 

Electro-chemical 
biosensor 

SPR GC-FP LSPR LFIA CLEIA Graphene- 
based 
BioFET 

Glucometer 
(electrochemical 
biosensor) 

EDL-gated BioFET 

Portability No, 
centralized 

No, 
centralized 

Yes, handheld Yes, hand-carried No, 
centralized 

No, 
centralized 

Yes, 
handheld 

No, 
centralized 

No, centralized Yes, handheld Yes, handheld 

Size (mm3) – – 157 × 97 × 35 175 × 155 × 55 – – – – – 76 × 48 × 16 120 × 80 × 30 
Commercial 

Availability 
Off-the-shelf 
device 

Off-the-shelf 
device 

Off-the-shelf device 
+ lab-engineered 
testing strips 

Off-the-shelf device 
+ lab-engineered 
testing chips 

Lab 
prototype 

Lab 
prototype 

Off-the-shelf 
device 

Off-the-shelf 
device 

Lab prototype Off-the-shelf device 
+ lab-engineered 
testing strips 

Lab prototype 

Highlights – – Isothermal RCA – – – – – – Aptamer-based 
competitive assay 

Bluetooth- 
embedded, 
mobile-based UI 

Testing time 2 hr 3 – 8 h N/A 15 min 30 min 30 min – – 1 – 2 min < 5 min 2 – 20 min 
Turnaround 

time 
> 4 hr 1 day 2 hr 60 – 90 min ~1 hr ~1 hr 15 min 2 – 4 hr < 1 hr ~65 min 30 min 

Quantification Yes No Yes Yes Yes Yes No Yes Yes Yes Yes 
LoD* 3.6 – 3.9 

copy/rxn 
1.8 × 103 

ndu/mL 
1 copy/μL 1 µg/mL < 2 ng/spot ~0.5 pM 1.58 × 102 

TCID50/mL 
2.2 × 101 

TCID50/mL 
13.1 aM (PBS)a 

1.31 fM (UTM)a 

16 pfu/mL 
(CM)a 

242 copies/mL 
(CS)a 

DPBS: 1.50 pM (N 
protein)b 

1.31 pM (S protein)b 

Saliva: 5.27 pM (N 
protein)b 

6.31 pM (S protein)b 

7.44 pM (PBS)c 

2.96 pM (AS)c 

Reference [12] [52] [53] [54] [55] [56] [22] [23] [31] [16] This Work 

Ab: antibody. AS: artificial saliva. CM: culture medium. CS: clinical sample. DPBS: Dulbecco’s potassium phosphate buffered saline. GC-FP: grating-coupled fluorescent plasmonics. 
LSPR: localized surface plasmon resonance. NPS: nasopharyngeal swab. NS: nasal swab. OPS: oropharyngeal swab. PBST: phosphate buffered saline with Tween-20. RCA: rolling circle amplification. 
RdRp: RNA-dependent RNA polymerase. SPR: surface plasmon resonance. TCID50: median tissue culture infectious dose. 
* The methods of defining LoDs: a the lowest concentration detected by a sensor; b the slope method where LoD = 3σblank/slopecalibration curve; and c the CLSI method, please refer to the main text in this article. 
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whereas the LoDs were traded off against the complexity of pre
treatments and the portability of a device [54–56]. Amongst novel 
methods developed for antigen testing, Seo et al. detected SARS-CoV-2 S 
protein using graphene-based BioFETs that was ultrasensitive and pro
vided the LoDs (242 copies/mL in clinical samples) comparable to 
PCR-based methods, yet this nano device had to be measured using a 
bulky semiconductor analyzer in a centralized lab [31]. Singh et al. 
utilized an off-the-shelf glucometer with custom-engineered test strips to 
validate COVID-19 antigen detection in human saliva, and the LoDs 
reached in the range of few pM, yielding high accuracy of 100% of 
positive percent agreement (PPA) (n = 16) and 100% of negative 
percent agreement (NPA) (n = 8) in clinical testing [16]. While the 
4-step pretreatment using aptamers and magnetic beads prolonged the 
turnaround time to ~65 min. To find a diagnostic niche, we developed a 
saliva-based COVID-19 antigen test using an EDL-gated BioFET system. 
Considering its LoD (~3 pM), a diagnosis of active infection, a quanti
tative result, a compatibility to a digital health using Bluetooth 
communication and mobile-based UI, a handheld portability (120 ×

80 × 30 mm3), and a fast turnaround (30 min); the proposed system 
detecting SARS-CoV-2 N protein in artificial saliva owns a high potential 
to be deployed amid the frontline of diagnostic screening. 

4. Conclusion 

Endeavoring to fight against COVID-19, we successfully developed 
an antigen test of SARS-CoV-2 N protein in artificial saliva using an EDL- 
gated BioFET system. This portable system can be fielded for on-site 
COVID-19 screening since the matrix insensitivity simplifies a pre
treatment and the digital health-compatible setting eases a data 
outputting/collection, speeding up a turnaround time to 30 min. Surface 
functionalization was verified with fluorescence imaging, and sensor-to- 
sensor variation could root in a nonuniform coverage of surface func
tionalization. The detections of SARS-CoV-2 N protein were corrobo
rated in 1× PBS and artificial saliva, indicating LoDs of 342.16 pg/mL 
(7.44 pM) and 136.25 pg/mL (2.96 pM), respectively. The cross- 
reactivity was minor, and specificity increased as the antigen concen
tration exceeded 4 ng/mL. The proposed system validated COVID-19 
antigen tests in artificial saliva, while the assessment of clinical sam
ples and deployments around medical infrastructures will be processed 
when receiving the approval/authorization from the Institutional Re
view Board (IRB). The testing of clinical samples collected from human 
saliva is expected to be more challenging since human saliva consists of 
extra electrolytes, enzymes, proteins, cells, mucus, etc., increasing the 
complexity of detections. 
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