XQ IEEE .. [EEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXXX 1
N\ Y Sensors Council

Electronic Sensors to Detect SARS-CoV-2
Viruses in Real Time

Massood Tabib-Azar, Senior Member, IEEE, Elizabeth Middleton

Abstract— Sensors with 60 nm gap junctions coated with aptamers that bind with S1 and S2 spiking proteins of the
SARS-CoV-2 virus were developed. Sensor impedance changes with virus enabling rapid (~1 min), point-of-care

detection. Exosomes and other nanoparticles in the saliva produce
false positive signals but do not bind with aptamers and are easily
removed to achieve 6% false positivity rates. A positive sensor Au 3
voltage is used to attract the negatively charged SARS-CoV-2 virus to  andhm
the junction and reduce sensor false negativity rates to below 7%. The
limit of detection of the sensor is ~1000 viruses and can be altered by

Aptamers SARS-CoV-2 virus

Si,N, &% |2 SN, 1

changing sensor’s lateral dimension and its transduction noise level.

Index Terms— Biosensors, COVID-19, electrical properties, rapid detection, viruses, point-of-care

|.  Introduction

apid SARS-CoV-2 tests are invaluable in enabling
detection and preventing the spread of COVID-19
infection [1-7]. Lateral flow antibody tests are readily
available and provide results in 10-15 minutes [8-10]. Here we
discuss an electronic COVID-19 sensor that provides
electronic output signals for convenient readout [8-10]. The
electronic sensor described hereis the continuationof our work
on Zika sensors [11-15] and relies on the COVID-19 spherical
shape, diameter ~60-125 nm, its surface spiking proteins S1
and S2, and its negative residual charge to detectit[16,17].
Dry COVID-19 virus, like many other viruses composed of
surface proteins and RNA (or DNA) inner regions, is mostly
dielectric material with relative permittivity of 8-10 and very
high resistivity [18,19]. Exhaled viruses and viruses in the
salivaare hydrated with a thin layerof surface water. Assuming
the surface water is ~10 nm thick and using the volumetric
contribution of different media(water with relative permittivity
of 80 at 25% of the total volume and virus with relative
permittivity of 10 at 75% of the total volume) one calculates a
relative permittivity of &+ ~27 for the hydrated virus.
Salivaisa complex biofluid consisting of 99% water and a
variety of ions, including sodium, potassium, phosphates, and
bicarbonate [20]. It also contains proteins, enzymes, mucins,
urea, ammonia, and immunoglobulins [20]. Its pH ranges
between 6.2 and 7.6 (usually it is slightly acidic) and its
electrical properties in-vivo vary during the day [21]. Different
analytes in the saliva including immunoglobulins, enzymes,
and oxidation processes readily deteriorate the virus structure.
The saliva samples we used in our experiments were fresh
(refrigerated and not more than 3 days old). According to our
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measurements, saliva conductivity increases just before meals
by a factor of 2-3 in the same individual [21]. The
conductivity/permittivity changes we observed between
infected and uninfected saliva are usually ~5x.

[I. SENSOR STRUCTURE

Sensor structure in Fig. 1 was developed with the idea of
trapping viruses between two electrodes and detecting them
through their electrical properties [ 14]. It has a vertical gap that
was realized using a thin oxide layer making it more suitable
for nanofabrication. Our extensive atomic force microscopy
(AFM) studies revealed that SARS-CoV-2 viruses in infected
saliva have ~60-90 nm diameters. Thus, the gap between the
two electrodes was selected to be around 60 nm to match the
virus diameter.
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Fig. 1: a) Schematic of the sensor geometry and structure. b) Different layers
and their dimensions in the sensor. ¢) Optical image of the sensor.

The sensor was fabricated at the nanofabrication facility of
the University of Utah [22] and was functionalized with
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aptamers that bind with the surface spiking proteins of SARS-
CoV-2 (Fig. 1a). The aptamers are commercially available (32
base pairs from Base Pair LLC)[23] and as per manufacturer’s
specification have affinity of 3.52+/-0.17 nM with R’ value of
0.9985 as determined using biolayer interferometry technique
with human saliva as buffer [23].

Fresh SARS-CoV-2 infected saliva were collected from
patients in University Hospitals under study protocols
approved by the Institutional Review Board of the University
of Utah (IRB#: 00093575) and were transported to the sensor
biosafety 2 laboratory in the engineering building. Uninfected
salivae were collected from healthy tested students and other
individuals.

I1l. RESULTS AND DISCUSSIONS

Fig. 2 shows the change in the sensor capacitance as a
function of time at 10 kHz after depositing SARS-CoV-2
infected and uninfected saliva. The sensor capacitance is larger
with the infected saliva, and it becomes smaller as the viral
particles bind with the sensor surface aptamers forming a
dielectric layer on electrodes replacing the water molecules
(salivais 99% water) after 3-4 minutes. The outputofthe sensor
with uninfected saliva did not show the same time dependence
and was constant up to 3.5 minutes shown in here. The change
in capacitance as a function of time in the infected case can be
fitted with an equation C=Cy-a# where Cpis 1x10-°F and “a”
is 7x10-!! F/s?2 with R? value of 0.9646. The saliva water
evaporates in 10-15 minutes and deposits mucus and other
solids on electrodes.
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Fig. 2: Sensor parallel capacitance as a function of time with SARS-CoV-2
infected and uninfected saliva at 10 kHz.

We applied 1 pl of fresh saliva on the sensor and waited for
1 minute and then removed the excess saliva without drying the
sensor. The sensor parallel capacitance (Cp) in infected saliva
is larger than in uninfected saliva as canbe seen in Fig. 3a. The
sensor resistance also changes by the hydrated viruses. Dry
virus has a very large resistance and is insulating. The
conductance of the hydrated virus (Gv) can be estimated by
considering the dc conductivity of the saliva (~1.8x102
Siemens/cm), the gap distance between the electrodes (d~60
nm), and the effective conduction through the virus resulting
in Gy of 3.6x10% Siemens. For 3000 viruses, the calculated
sensor conductance becomes ~1x10-* Siemens very close to
experimental values at 10 kHz. At frequencies below 100 Hz,
ionic conductivities dominate and shield the virus contribution.
We thus selected 10 kHz as the measurement frequency in our
SARS-CoV-2 sensors.
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Fig. 3: a) The difference in sensor capacitance (C,.ipeciea- Cpunipecie) and b) the
difference in sensorresistance (R, uingected - Rp-infecied) @S a function of frequency.

Even if viruses are present in the saliva, it may take thema
long time to encounter the gap region of the sensor. Most
viruses have residual charges depending on the pH value of
their environment [24-26]. To measure the residual charge of
the SARS-CoV-2 in saliva, current versus voltage (I-V)
measurements were performed across the sensor (Fig. 4) with
infected and uninfected saliva and de-ionized water. We have
consistently observed that the infected saliva conductivity is
higher (5x) than the uninfected saliva in more than 100
individuals. We have also observed that the infected saliva I-
Vs are shifted near the origin as shown in Fig. 4b. In these
measurements we functionalized only one of the electrodes
with the aptamer leading to different I-V slopesin the 15t and
the 34 quadrants.

The average resistance in the first quadrant (away from the
origin) was Re+~1.3 M2 thatreducedto Re~ 0.48 M2in the
third quadrant (Fig. 4b). The observed change in the cell
resistance and the behavior of the [-V near the origin can be
explained by assuming that the viruses are negatively charged.
The aptamer coated positive electrode attracts the negatively
charged viruses that form a layer of insulator increasing its
effective dc resistance. Subsequently, when the other electrode
that is bare is positively charged, it attracts viruses giving rise
to the currentin the 3 quadrantnear the origin. Within -0.01
volts corresponding to the potential needed to de-bind viruses
from the aptamer-coated electrode, the magnitude of the
current increases abruptly. Uninfected saliva and water do not
show any of these features. The conduction path from the
electrodes through the virus involved tunneling, surface
channels and ionic conduction mechanisms [14].
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Fig. 4: Current versus voltage (I-V) measurements of a sensor with gold
electrodes. Only one electrode was functionalized with aptamers. a) The
infected saliva conductance is usually higher than the uninfected saliva and
water. b)Near the origin the infected saliva I-V can be explained by assuming
that the SARS-COV-2 virus has negative residual charge in saliva.

Fig. 5 AFM scans of the positive and negative electrode
surfaces both coated with aptamers. In most cases, positive
electrode surfaces contain higher density of nanoparticles than
the negative electrodes. Not all these nanoparticles are SARS-
CoV-2 virus, however. Many nanoparticles such as exosomes
[27] and food stuffin the saliva are also negatively charged.
The SARS-CoV-2 viruses in this case were around 60-90 nm
in diameter.
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Fig. 5: 15 ym x 15 pm AFM scans of a) positive electrode and b) negative
electrode. 60-90 nm SARS-COV-2 particles are seen in large numbers on the
positive electrode. c¢) 2.3 pum x 2.3 pum AFM scan of a region in (a). In addition
to the SARS-CoV-2 viruses (the larger nanoparticles) many other smaller
nanoparticles are also present.

Fig. S5c shows a zoomed AFM scan of a region in Fig.5a. In
addition to the SARS-CoV-2 (here around 60 nm in diameter)
many other nanoparticles are present. Unlike SARS-CoV-2
viruses, all other nanoparticles lack S1 and S2 spiking proteins
to bind with the sensor aptamers and they are easily removed
from the sensitive gap region of the sensor.

Saliva in infected patients may additionally contain bacterial
and other viral particles with 300-800 nm diameters according
to our AFM studies. These donot bind with the sensor aptamers
and are too large to be trapped in the sensor structure. The
contribution of a single virus to the sensor outputis estimated
as AC=gwrAvirus/d~2.4x10-"7 F. In a typical experiment with 1
pL of infected saliva, we observed a change of around 0. Ix10
 F that when divided by the above AC gives an estimated
number of viruses of around 4.2x10°. Assuming a moderate
detection capability of 0./ pF in the sensor capacitance, the
limit-of-detection for the above sensor can be estimated to be
around 1000 viruses. Many techniques can detect /0-/— 10
F but require long integration time to reduce the contribution
ofthe environmental noise. The noise in our sensor was around
0.05 pF. Figure 6 shows Cp in 54 sensors with infected and
uninfected fresh saliva samples.
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Fig. 6: Sensorcapacitancesat 10 kHz in sensors with different saliva samples.
In these experiments, we used 54 fresh saliva samples of which 7 were
infected.

The false positivity rate of our sensor is around 6% and its
false negativity rate is around 7% in the laboratory
environment. Its main source of false detection are other bio
nanoparticles such as exosomes and comparable food particles
in the saliva. Soot particles and other airborne carbon
containing nanoparticles can also contribute. However, these
nanoparticles do not bind with the sensor aptamers, and their
electrical properties are different thanthe SARS-CoV-2 virus.
The virus density in the immediate vicinity of the sensor
junction gap is directly proportional to the viral load in the
saliva that varies in individuals and in the course of the
infection.
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