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ABSTRACT

Detection of the SARS-CoV-2 spike protein and inactivated virus was achieved using disposable and biofunctionalized functional strips,
which can be connected externally to a reusable printed circuit board for signal amplification with an embedded metal–oxide–semiconduc-
tor field-effect transistor (MOSFET). A series of chemical reactions was performed to immobilize both a monoclonal antibody and a poly-
clonal antibody onto the Au-plated electrode used as the sensing surface. An important step in the biofunctionalization, namely, the
formation of Au-plated clusters on the sensor strips, was verified by scanning electron microscopy, as well as electrical measurements, to
confirm successful binding of thiol groups on this Au surface. The functionalized sensor was externally connected to the gate electrode of
the MOSFET, and synchronous pulses were applied to both the sensing strip and the drain contact of the MOSFET. The resulting changes
in the dynamics of drain waveforms were converted into analog voltages and digital readouts, which correlate with the concentration of pro-
teins and virus present in the tested solution. A broad range of protein concentrations from 1 fg/ml to 10 μg/ml and virus concentrations
from 100 to 2500 PFU/ml were detectable for the sensor functionalized with both antibodies. The results show the potential of this approach
for the development of a portable, low-cost, and disposable cartridge sensor system for point-of-care detection of viral diseases.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001060

INTRODUCTION

The outbreak of the highly infectious SARS-CoV-2 virus
(COVID-19) has led to a global pandemic, mainly through the
spread of respiratory droplets during in-person gatherings. Public
health practices such as home quarantine, social distancing, disin-
fection, and the use of personal protection equipment (PPE)
remain as the main preventive approaches.1 According to the
World Health Organization (WHO), as of late March 2021, there
have been over 125 × 106 confirmed cases globally, with over
2.7 × 106 deaths.2 Although vaccination on a massive scale and

research into potential therapeutics are underway, rapid testing and
diagnostics for COVID-19 are still needed for safe resumption of
daily activity. Presently, there are two main methods of detection
for the diagnosis of COVID-19. The reverse transcription polymer-
ase chain reaction (RT-PCR) method is the most widely used direct
test for the presence of SARS-CoV-2 virus,3–5 with antibody tests
used as a supplemental tool. Serology tests require longer times
compared with PCR; however, tests such as Enzyme-Linked
Immunosorbent Assays (ELISA) and chemiluminescence are able
to scale to large throughput and bring a reduction in cost and
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test-to-result time, according to Marca et al.5 The spiked protein is
crucial for the binding and fusion of the virus, where the S1
protein is responsible for binding, while the S2 protein is responsi-
ble for fusion.6,7 Numerous sensing technologies have also been
established that are based on the receptor binding domain of S pro-
teins for human coronaviruses.5,8–12

Aside from collection through conventional oropharyngeal
and nasopharyngeal swabs, SARS-CoV-2 has also been detected in
human saliva, which indicates that this may contribute as a route
of transmission, but also provides an opportunity for virus testing
with a noninvasive and facile method of collection.4,13–20 In fact,
Wyllie et al. compared patient-match saliva and nasopharyngeal
samples and concluded that saliva tests yield increased titer detection,
reduced variability, and improved consistency in RT-PCR.14 Also,
the self-collection method is noninvasive, and it also minimizes the
interaction between patient and healthcare workers while requiring
no specialized transport medium.15 These appealing features make
saliva an appealing platform for adaptation in diagnostic tools.

Electrochemical-based biosensor systems are one example of
serology tests for COVID-19 that utilizes the formation of an
antigen–antibody complex on a sensing surface to perform diagno-
sis.9 A number of such sensors have been previously demonstrated
using various materials of construction and sensing technologies.9

Seo et al. utilized graphene-based field-effect transistors (FETs) to
demonstrate the detection of the spike protein in cultured virus
and clinical samples for SARS-CoV-2.8 An electrochemical
impedance-based detector for the SARS-CoV-2 antibody has been
demonstrated by Rashed et al.,12 while Alafeef et al. have success-
fully functionalized antisense oligonucleotides on sensor surfaces
for nucleocapsid protein sensing.21

Regardless of the target for sensing and the material of con-
struction, the cost of manufacturing/testing and ease of transporta-
tion are key for successful commercialization of a sensor system.
Similar to many other transistor technologies, AlGaN/GaN high-
electron mobility transistors (HEMTs) have been studied exten-
sively for the detection of various chemicals and biomarkers;22–26

however, the gate of these transistors is exposed as the sensing
surface, which makes the cost of replacing the sensor prohibitive
for large-scale use. A much less costly approach is the detection of
the biomarker using a disposable sensor fabricated on glass slides.
This has been used previously to detect cerebrospinal fluid (CSF),
cardiac troponin I, and Zika virus, using a synchronous double-
pulsed bias voltage on both the gate and the drain of the transistor
and an externalized MOSFET.10,27–31

In this work, a modular biosensor system consisting of a
Si-MOSFET with a built-in digital readout is demonstrated, in
combination with externalized cartridge sensor strips, for fast
detection of the COVID-19 S protein as well as human-inactivated
virus in a saliva platform.

MATERIAL AND METHOD

Commercially available glucose test strips were used as bio-
functionalized cartridges for electrochemical measurements. The
general schematic of the system is shown in Fig. 1(a). The carbon
electrodes within the microfluidic channel of the test strip were
gold-plated using a gold-plating solution, and biofunctionalized

with SARS-CoV-2 antibodies; meanwhile, the middle electrode was
electrically connected to the gate electrode of the MOSFET (Texas
Instruments SN74S124N). The Au-plated electrodes within the
microfluidic channel were first treated with 10 mM thioglycolic
acid (TGA) in ethanol for 4 h. The formation of Au–S bonding was
verified by electrical measurement and x-ray photoelectron spectro-
scopy, as done in previous work.22,23 To validate the successful for-
mation of Au–S bonding using such a method, electrical
measurement was made using an Agilent 4156C parameter ana-
lyzer to measure the current between an Au-plated carbon elec-
trode treated with ethanethiol (EtSH) and an auxiliary nonplated
carbon electrode. The current was observed to decrease signifi-
cantly with increasing the treatment time and EtSH concentration,
indicating coverage of the surface by the functional layer.

Subsequently, a two-step chemical reaction was used to
enhance the antibody binding via submerging the TGA functional-
ized electrode in N,N0-dicyclohexylcarbodi-imide (0.1 mM) in ace-
tonitrile for 30 min and N-hydroxysuccinimide (0.1 mM) in
acetonitrile for an hour. Excess reactant was rinsed off with aceto-
nitrile and DI wafer after the reaction. Two different types of
SARS-CoV-2 (COVID-19) antibody, MCA-5G8 monoclonal anti-
body (EnCor Biotechnology) and polyclonal spike antibody (Prosci
#3535), were used to functionalize test strips. 20 μg/ml of antibody
solution in phosphate buffer solution (PBS) was introduced to the
electrode surface and was incubated for 18 h at 4 °C. Then, the test
strips were rinsed with PBS and stored in a refrigerator at 4 °C
before use. Both SARS-CoV-2 spike peptide (Prosci 3525P) and
inactivated virus (ATCC VR-1986HK) were diluted serially in
saliva and were stored at 4 °C before use.

A printed circuit board (PCB), Fig. 1(b), was designed to send
a synchronous voltage pulse signal to both the gate and drain elec-
trodes of the MOSFET, using the double-pulse method developed
previously.22–26 The drain pulse duration (square wave at VDD) was
around 1.1 ms at a constant voltage, whereas the gate pulse started
at around 40 μs after the onset of the drain pulse signal and
stopped at 40 μs before the end of the drain pulse. A 13 kΩ resistor
was connected to the drain as a load resistor, shown in Fig. 1(c).
The circuit board was able to generate pulse signals and convert
the analog drain output of the MOSFET into a four-digit digital
output after each pulse trigger. Analog drain waveform (VD) was
collected using an Agilent InfiniiVision DSO7054B oscilloscope,
and voltage reading at 750 μs was extracted as the analog reading.
A voltage-controlled oscillator (SN74S124 N) was used to convert
the drain waveform into a frequency output, and it was subse-
quently integrated by using a built-in Arduino microcontroller to
translate into a four-digit digital signal, shown in Fig. 1(c). A
built-in LCD screen was used for displaying the result. Eight pulse
signals were collected and averaged for each sampling concentra-
tion for the analog signal and digital readout.

RESULT AND DISCUSSION

To prepare a sensing surface immobilized with the proper
antibody of choice for electrical measurement, a metal surface
made with Au or Ag is required to initiate the sequence of reaction
chemistry for surface biofunctionalization.32–34 The SEM images,
Fig. 2, show the time-dependent evolution of coverage of the plated
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gold clusters on the carbon electrodes. A rapid onset of nucleation
occurs within the first minute of plating, and the particle size con-
tinues to grow and form agglomerates during the remainder of the
process. Particle growth results in spikes and shards on this cluster

surface, but no further nucleation of particles is observed after
1.5 min. To further increase the surface area, functionalization
using nanoscale Au particles can be considered in the future
instead of electroplating.

FIG. 1. Schematics and photograph of
the sensor strip used in measurement
(a), printed circuit board fabricated to
produce digital sensor output with a
built-in microcontroller (b) and architec-
ture of a digital signal generation
mechanism (c).
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An additional study was performed to examine the reaction
kinetics of the Au–S bond formation, as one of the most vital parts
in the biofunctionalization on top of the Au-plated carbon elec-
trode. EtSH was used as a surrogate of (TGA) to study the process
of formation of the self-assembled Au–S monolayer.22,23 The
hydrophobic end of EtSH faces toward the solution and gradually
forms an insulating layer from ions within the solution, and even-
tually become electrically insulating. Figure 3(a) shows the time-
dependent current–voltage (I–V) characteristics from 0 to 0.3 V, as
10 mM of EtSH solution in PBS was applied onto the Au-plated
electrode surface. A rapid reduction in current was observed within
a 15 min time frame and above 97% coverage was indicated from
the electrical measurement. Figure 3(b) shows the surface coverage
percentage as a function of time and as a function of EtSH concen-
tration. The facile kinetics enables fast formation of the surface self-
assembled layer, with above 90% coverage within 15 min even for
EtSH concentrations below 10 mM. For an actual test strip func-
tionalized with the COVID antibody, the Au electrodes were
immersed within the 10 mM TGA solution for 12 h, providing suf-
ficient time for surface coverage.

The time-dependent drain waveforms are shown in Fig. 4 at
concentrations ranging from 1 fg/ml to 10 μg/ml. For comparison
across different concentrations, the drain voltage levels at fixed
750 μs were extracted from each curve and compared in Figs. 5(a)
and 6(a) for the spike protein and heat-inactivated virus, respec-
tively. Note that the dynamic behavior of the drain waveform was
dependent on the absolute value of resistance of the load resistor
between the VDD and the drain electrode, as well as the dynamic

behavior of protein on the sensing surface. As described and
modeled previously, antigen–antibody complexes stretch and con-
tract as a double springs under a pulsed gate electric field through-
out a protein structure and cause the entire complex to move.32–34

This variation in protein structure leads to a time-dependent elec-
tric field applied to the gate of the MOSFET and produces a spring-
like behavior in the drain voltage waveform, since the sensor strip
is externally connected with the gate electrode of the MOSFET. In
Fig. 5, it is seen that increasing the spike peptide concentration
causes a consistent drop in the drain voltage, as well as a reduction
in the converted digital reading. The measurement of the analog
drain voltage was performed via measurement of the potential dif-
ference between the drain of the MOSFET and the source, where a

FIG. 2. SEM images of gold clusters formed on a graphite surface within a
microfluidic channel at different plating times.

FIG. 3. Current–voltage characteristics of an Au-plated sensor strip reacting
with 10 mM ethanethiol solution in PBS at different times (a) and coverage of
ethanethiol on a gold surface converted by current measured 1 V as a function
of concentration from 10 s to 15 min of reaction time (b).
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reduction in drain voltage signifies an increase of conductance and
elevated drain current. Improved smoothness of the data curve was
achieved by averaging over eight consecutive and identical pulse
measurements. The total measurement time was less than 10 ms,
and, thus, this approach can provide real-time measurement for
point-of service applications.

For a range of spike protein concentrations from 0 g/ml up to
10 μg/ml in saliva, Fig. 5(a) shows that the drain voltage extracted
at 750 μs of the drain waveform decreases monotonically for 1.31 V
for the monoclonal antibody and 1.24 V for polyclonal antibody,
both with a linear profile with a sensitivity of 117 mV/dec for the
monoclonal antibody and 86mV/dec for polyclonal antibody. This
shows the large dynamic range and large signal output achieved for
the tested peptide concentrations. Digital readings from the built-in
LCD are shown in Fig. 5(b). There is a range of digital readout
from 2584 to 3459 for the monoclonal antibody and from 2342 to
3118 for polyclonal antibody (78/dec for the monoclonal antibody
and 58/dec for polyclonal antibody), which were translated directly
from the drain waveform into the digital readout using the archi-
tecture previously stated. Note that the sensor has not reached satu-
ration for up to 10 μg/ml in concentration, showing the wide
applicability in such a sensor system; however, a higher testing con-
centration than that in this work that might saturate the sensor
response is not relevant in actual clinical sample detection.

Compared with conventional nasal (anterior nares, midturbi-
nate, and nasopharyngeal) and oropharyngeal specimens, which
require preparation of test samples in a viral transport medium
(VTM), advances in sensing technology using saliva samples offer
a unique advantage in a painless and facile sample collection
process, which shows the promise of electrical testing compared

with the traditional PCR method in testing human saliva. Given
the high sensitivity down to 1 fg/ml of the spiked protein and low
relative standard deviation (maximum 1.7 %. at 100 ng/ml for the
monoclonal antibody and 2.2 %. at 10 pg/ml for polyclonal anti-
body), the application of our current measurement system was
further evaluated using inactivated human virus in artificial saliva
as the medium.

Human-inactivated virus (ATCC VR-1986HK) was purchased
from a vendor and was serially diluted into various concentrations
from 100 to 2500 plaque forming units per milliliter (PFU/ml).
The response curves for both analog and digital data throughout
the concentration range are shown in Fig. 6. Interpolations from

FIG. 4. Example MOSFET drain waveform at a fixed gate voltage (1.5 V) for dif-
ferent SARS-CoV-2 spike peptide concentrations in saliva using a test strip func-
tionalized with a SARS-CoV-Spike antibody. The voltage of interest was
extracted at 750 μs from these waveforms.

FIG. 5. Average voltage reading extracted at 750 μs from a drain waveform for
different concentrations of a SARS-CoV-2 spike peptide in artificial saliva (a)
and average digital reading (b) using a test strip functionalized with a
SARS-CoV-Spike monoclonal antibody and polyclonal spike antibody.
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the concentration range in Fig. 6(a) show sensitivities of
465 mV/dec for the monoclonal antibody and 649 mV/dec for
polyclonal antibody tested. Likewise, Fig. 6(b) shows similar
changes in the digital readout range compared with spiked peptide,
with a calculated sensitivity in a digital reading of 356/dec for the
monoclonal antibody and 454/dec for its polyclonal counterpart.
The higher sensitivity of the polyclonal antibody in this case shows
great promise for future investigations into extending to lower
limits of detection.

The choices between polyclonal and monoclonal antibodies
depend on many factors. Polyclonal antibodies are more readily

available, are less expensive, and are highly stable with high affinity.
By contrast, monoclonal antibodies have the advantage of homoge-
neity and consistency.35,36 When tested with protein, the polyclonal
and monoclonal antibodies showed relatively similar sensitivity.
When it came to virus detection, polyclonal antibodies showed
slightly stronger signals than monoclonal antibodies. This is proba-
bly because polyclonal antibodies can recognize different epitopes
of the target molecule, so that binding to different epitopes from
one target virus is likely. The tighter binding could strengthen the
detection signals. However, because of the polyclonal antibodies’
tolerance to the minor difference between antigens, and the fact of

FIG. 6. Average voltage reading extracted at 750 μs from a drain waveform for
different concentrations of inactivated virus (ATCC VR-1986HK) in artificial
saliva (a) and average digital reading (b) using a test strip functionalized with a
SARS-CoV-Spike monoclonal antibody and polyclonal spike antibody.

FIG. 7. Net drain voltage changes for a sensor strip exposed to different spiked
protein (a) and inactivated virus (b) concentrations and model fitting by the
Langmuir extension model.
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their being affected more by background noise and cross-reactivity,
the use of polyclonal antibodies might lead to an increased possi-
bility of false-positive results for pathogen screen testing.37

Yang et al. previously reported that the reversible binding
process of antigen–antibody complexes can be modeled by the
Langmuir extended isotherm, correlating the gain of the sensor as a
function of antigen concentration,28,38

jΔV j ¼ qmb[c]
η

1þ b[c]η
,

where qm and b are constants, [c] is the tested antigen concentra-
tion, and η is related to the spread of energy distribution.38,39

Figure 7 shows good fitting for both sets of data for the S protein
and virus via fitting the net change of drain voltage versus sample
concentration using the Langmuir extended isotherm, showing the
small molecule approximation is still valid in the tested range we
examined.

CONCLUSION

The ongoing SARS-CoV-2 pandemic has made rapid and
decentralized PCR and serology testing technology essential. The
portable and inexpensive cartridge sensor system described here
provides the opportunity for off-site biomarker testing of viral and
life-threatening diseases with fast turnaround time. This study pre-
sents a modular sensor system with a disposable sensor strip made
with Au-plated and biofunctionalized electrodes, specifically for the
detection of COVID-19. Two different commercially available anti-
bodies were successfully tested, with a limit of detection down to
1 fg/ml for a spike peptide and 100 PFU/ml for an inactivated virus.
This shows the potential for point-of-care COVID-19 detection
with high sensitivity using a biosensor system based on a semicon-
ductor transistor.
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