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A microfluidic sensor enabled detecting SARS-COV-2 virus in clinical
samples.
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ABSTRACT: The lack of enough diagnostic capacity to de-
tect severe acute respiratory syndrome coronavirus 2
(SARS-COV-2) has been one of the major challenges in the
control the 2019 COVID pandemic; this led to significant de-
lay in prompt treatment of COVID-19 patients or accurately
estimate disease situation. Current methods for the diagno-
sis of SARS-COV-2 infection on clinical specimens (e.g. nasal
swabs) include polymerase chain reaction (PCR) based
methods, such as real-time reverse transcription (rRT) PCR,
real-time reverse transcription loop-mediated isothermal
amplification (rRT-LAMP), and immunoassay based meth-
ods, such as rapid antigen test (RAT). These conventional
PCR methods excel in sensitivity and specificity but require
a laboratory setting and typically take up to six hours to ob-
tain the results whereas RAT has a low sensitivity (typically
atleast 3,000 TCID50/ml) although with the results with 15
mins. We have developed a robust micro-electro-mechani-
cal system (MEMS) based impedance biosensor fit for rapid

1. Introduction

In December 2019, an infection outbreak caused by a
bat-origin novel coronavirus COVID-19 or SARS-COV-2 was
detected in Wuhan China[1] Within < 3 months [2,3],
COVID-19 has spread across China and worldwide, includ-
ing the United States; on March 11, 2020, the World Health
Organization declared the COVID-19 a global pandemic. As
July 25 of 2022, the ongoing COVID-19 pandemics have
caused >570 million laboratories confirmed infections
worldwide, of which >6.38 million were fatal. A total of >
1.02 million deaths were estimated to be caused by COVID-
19 in the United States alone [4,5],. With the concentrating
efforts on flattening the currently experiencing (the first)
wave, this pandemic expects to cause multiple waves and
remains to become an endemic disease in the future [6].

The majority of the currently FDA-approved tests to de-
tect COVID viruses are nucleic acid- based on methods [7,8],
and monoclonal antibody based rapid antigen test (RAT).
The PCR based methods, such as real-time RT-PCR and real-
time RT-LAMP excel in sensitivity and specificity but re-
quire a laboratory setting and typically take up to six hours
to obtain the results [9]. Recently, Abbott Diagnostics re-
leased a nucleic acid-sequence based method that requires

and accurate detection of SARS-COV-2 of clinical samples in
the field with minimal training. The biosensor consisted of
three regions that enabled concentrating, trapping, and
sensing the virus present in low quantities with high selec-
tivity and sensitivity in 40 minutes using an electrode
coated with a specific SARS-COV-2 antibody cross-linker
mixture. Changes in the impedance value due to the binding
of the SARS-COV-2 antigen to the antibody will indicate pos-
itive or negative result. The testing results showed that the
biosensor’s limit of detection (LoD) for detection of inacti-
vated SARS-COV-2 antigen in phosphate buffer saline (PBS)
was as low as 50 TCID50/ml. The biosensor specificity was
confirmed using the influenza virus while the selectivity
was confirmed using influenza polyclonal sera. Overall, the
results showed that the biosensor is able to detect SARS-
COV-2 in clinical samples (swabs) in 40 min with a sensitiv-
ity of 26 TCID50/ml.

as short as 15 minutes; however, the data for sensitivity and
specificity is still not publicly available. Nevertheless, these
nucleotide-based methods can easily suffer the limitations
in cross-contaminations and in potential false negative re-
sults due to rapid mutations in viruses, especially RNA vi-
ruses such as COVID-19 [10,11],. RAT, particularly the strip
paper, is a rapid immunoassay with the results acquired
within approximately 15 minutes and has been widely for
self-test. However, RAT can reliably detect viral loads in the
clinical samples with 3,000 TCID50/ml [12] thus cannot de-
tect viruses during early stage of diseases and thus can miss
the important time for patient care and to block virus trans-
mission. We have been excited that multiple diagnosis plat-
forms were released for COVID-19 in the past several
months that can diagnose the virus [13]. Serological tests
are not good enough for rapid detection because of the long
delay between infection and seroconversion [14]. On the
other hand, antibody-based testing is rapid and reliable to
identify infection. A countless number of groups have inves-
tigated various diagnostic techniques for point-of-care
(POC) as well as self-detection Kkits, e.g., Lateral Flow Immu-
nochromatographic Assay Strips (LFICS) kits that have been
extensively used due to ease of use [15]. However, the
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infection and testing to produce and detectable response of
IgM [16,17].

Alternative diagnostics techniques for detection of
SARS-CoV-2 antigen include electrochemical immunosen-
sors based on, e.g., screen-printed electrodes with absorb-
ing cotton padding with LOD of 0.8 pg/mL indicating very
good sensitivity [18]; piezoelectric to detect SARS-CoV-2
antigen in just 15 minutes [19], nucleic acid [20]. Although
the nucleic acid-based sensor has good sensitivity, it re-
quires extraction of RNA and trained personnel; optical sen-
sors based on, e.g., surface plasmon resonance to measure
the changes of refractive index between different antigen
concentrations with a resolution of 3.75 x 10-8 RIU [21], a
U-shaped plastic optical fiber sensor has been investigated
for the detection of the SARS-CoV-2 in 15 minutes [22]. In
addition, nanomaterial-based sensors such as graphene,
metal oxides, and quantum dots, have been investigated for
their potential use in the detection of SARS-CoV-2 antigen.
These sensors offer advantages such as high sensitivity, and
rapid detection for on-site testing [23].

The diagnostic method developed and covered in this
paper aims to detect the SARS-COV-2 virus in clinical sam-
ples. Given current testing limitations, it becomes clear a
more sensitive, real time, field deployable detection method
is urgently needed to make testing reliable and practical,
which could have an enormous impact on the virus surveil-
lance.

2. MATERIALS AND METHODS
2.1. Design and Modelling of the Biosensor

A novel microfluidic biosensor based on impedance
change measurements was investigated for rapid diagnostic
of SARS-COV-2 virus. The biosensor consisted of multiple
horizontal fluidic microchannels to concentrate, trap, and
sense the virus. Three dimensional (3D) schematics of the
biosensor are shown in Figure 2(a).

The first region has used an electrical focusing mecha-
nism to concentrate the viruses into the centerline of the mi-
crochannel and directed them toward the sensing region
while the virus free solution, i.e., > 90% volume of the orig-
inal sample media, exited the focusing microchannel via the
outer four microchannels into the waste outlet. This design
resulted in a significant increase in the sensing sensitivity
and achieving low limit of detection (LoD). The focusing re-
gion consisted of two sets of ramp down rectangular prism
shaped electrode pairs along with thin film finger pairs
tilted with 45°. The two sets were connected in a parallel
configuration, inside a single horizontal fluidic microchan-
nel, and had lengths of 1 mm and 2 mm, and widths at the
beginning and end of the focusing sets of 3.6 mm and 1.2
mm, and 630 pm and 210 pm, respectively. The rectangular
prisms were made using electroplated gold (Au) with a
height of 15 um while the tilted fingers were made using
chromium (Cr) and gold (Au) thin films with thicknesses of
50 nm and 150 nm, respectively. This design generated pos-
itive dielectrophoretic (p-DEP) forces and a high E-field gra-
dient, by applying a modulated voltage, to concentrate the
viruses into the centerline of the microchannel, before di-
recting the viruses enriched sample flow toward the sensing

microcnannel. 1ne uuin Iim inger s widul ana spacing be-
tween them, and the spacing between the inner edges of the
finger pairs were 10 pm, and 10 pm, 10 pm, respectively,
while the finger width was varied due to the use of ramp
down microchannel. In addition, the ramp down feature
may marginally aid the focusing process due to the hydro-
dynamic forces. To determine electrode pairs dimensions
with the highest sensitivity, COMSOL Multiphysics software
was used for simulation and modeling, as shown in Figure
2(a). The modeling results showed that the miniaturized di-
mensions significantly increase the impedance measure-
ment sensitivity. The fluidic microchannel was fabricated
with a height of 50 pm.

2.2 Equivalent circuit

The impedance response of the biosensor has been ex-
amined by creating a model of an equivalent electrical cir-
cuit that represents the IDE array's impedance response (as
shown in Figure 1e). An electrical circuit model was created
to represent the biosensor's impedance response. The
model consisted of two components, the solution resistance
(Rs) and the double-layer capacitance (CDL), which were
proportional to the solution resistivity (ps) and connected
in series. The IDE array's impedance response was simu-
lated when the corresponding SARS-COV-2 antibody on the
detection electrode's surface bound with the SARS-COV-2
antigen in the PBS solution. When an AC voltage was applied
to the IDE array, the equivalent resistance of the solution
(Rs) was generated. The dielectric capacitance of SARS-
COV-2 (CCOVID-19) was also generated and connected in
parallel with both CpL and Rs. The capacitance of CCOVID-19
is influenced by the dielectric constant of the solution and
the structure of the detection IDE array. The electrical wir-
ing can also impact the electrical circuit, but this was disre-
garded because the component's values were insignificant
compared to other components in the circuit. Thus, the
equivalent circuit's total impedance value comprises the RS
and the impedance of the two capacitors, CDL. The RS, gen-
erated when an AC voltage is applied and current flows
through the circuit, can be calculated.

v D
R = 7 Ps n
Where A is the surface area of the detection electrode, D is
the spacing between the interdigitated fingers, and p is the
solution resistivity. The total impedance of the equivalent
circuit is given by

Zpr = 2Zp+R;

_1
Zoi = "/iwcoviD — 19

€04
Ccovip-19 = D

Where €, and ¢, are the vacuum permittivity and the solu-
tion relative permittivity, respectively, w is an angular fre-
quency (in radians per second). An EIS spectrum analyzer
was employed to examine the equivalent electrical circuit
response when a testing solution filled the detection micro-
channel. The values of COVID-19 and Rs were determined to
be 23.6 nF and 10.05 MQ), respectively, for the SARS-COV-2
antigen, depending on the sample concentration. The high
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Figure 1. (a) An electric field (E-Field) modeling and simulation using COMSOL Multiphysics software of the three re-
gions making the biosensor, i.e., (b) focusing, (c) detection regions and (d) tapping (e) An equivalent electrical circuit of
the biosensor was also included in the simulation. (f) Finally, experimental and simulation results were obtained after
the SARA- Covid-19 antibody-antigen binding occurred in the microchannel.

Rs value was due to the significant number of SARS-COV-2
antigens that had attached to the SARS-COV-2 antibodies on
the electrodes. he results indicated that the resistance of the
SARS-COV-2 antigen had a more significant impact on the
impedance value at low frequencies, while the dielectric ca-
pacitance had a minor impact. This suggested that the num-
ber of SARS-COV-2 antigens in the solution was the primary
cause of the impedance response variation. Moreover, the
impedance value remained constant with frequency, except
for a low impedance at high frequencies, which was at-
tributed to the antibody-antigen binding. Figure (1) showed
that the impedance value was dependent on the dielectric
capacitance at higher frequencies, with no impact from the
SARS-COV-2 antigen. Therefore, a frequency range of 100
Hzto 1 MHz was used to obtain an acceptable Bode plot. The
equivalent circuit model confirmed that the impedance
change had the appropriate characteristics, and no machine
learning was employed at this stage. However, machine
learning will be implemented in future phases of the project.

2.3. Fabrication of the Biosensor

The impedance-based microfluidic biosensors were
micromachined on glass substrates using thin film, electro-
plated gold (Au), SU8 negative photoresist, and Polydime-
thylsiloxane (PDMS) silicone material. The fabrication was
performed using surface micromachining technology in the
following steps and are shown in Figure 2 (a). The glass sub-
strates were cleaned with piranha solution for 5 minutes to

remove any existing organic residues and/or contaminants.
The piranha solution is a mixture of hydrogen peroxide
(H202) and sulfuric acid (H2S04) with a ratio of 1:3. The sub-
strates were then cleaned with deionized (DI) water for 2
minutes and blown dry with nitrogen. To fabricate reliable
biosensors, a layer of negative photoresist (SU8-2005) with
a thickness of 3 pm was spin coated on the substrate,
prebaked on two hotplates at 65 °C for 1 minute, and 95 °C
for 2 minutes. The SU8 was left overnight (> 24 hours) in
order to reduce its stickiness. This is followed by an ultravi-
olet (UV) flood exposure for 10 seconds, post baking at 65
°C for 1 minute. and 95 °C for 1 minute. The substrate was
then hard baked at 150 °C for 30 minutes to harden the pho-
toresist thin layer.

To create and pattern the thin film electrodes for focus-
ing, trapping, and sensing, and the seed layer for electro-
plating the vertical sidewall of the focusing and trapping
electrodes, Cr/Au thin films were deposited using an elec-
tron beam (e-beam) evaporator. The Au thin film was pat-
terned using Shipley 1805 photoresist and wet etched using
a gold etchant solution (Techni gold 25 ES RTU). The Cr
layer was used to allow continuous DC current flow to ena-
ble uniform electroplating across all desired regions and de-
vices on the substrate, as shown in Figure 2(b). To create
the rectangular prism shaped ramp-down focusing elec-
trode pairs, and the half 3D ellipsoid trapping electrode
pairs, a micromold was patterned with a thickness of 15 pm.

The micromold was patterned using a thick layer of
photoresist (AZ4620). The photoresist was spin coated, soft
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Figure 2: (a) Three-dimensional (3D) Schematics of the biosensor, presenting the focusing, trapping and detection regions,
(b) A side view of biosensor showing the materials used in device fabrication, (c) Scanning electron microscope (SEMs)
micrographs of the fabricated biosensor.

baked at 95 °C for 4 minutes, developed using AZ400k, and um, a current of 50 nA was applied for 6 hours. The mi-

washed with DI water. We have then electroplated gold un- cromold was then removed using acetone and isopropanol
til the micromold was filled, using gold electroplating solu- (IPA), the Cr thin film was etched using Chromium etchant
tion (Technic gold 25 ES solution). The solution was heated (sigma aldrich) and washed with DI water Figure 2(b).

at 54 °C and stirred at 75 RPM. To achieve a thickness of 15 The fluidic microchannel was patterned with a



thickness o1 ou pm using a negauve pnoLoresist (SUs-2Usu ],
which was spin coated at 3000 RPM for 30 seconds,
prebaked at 65 °C for 2 minutes and then at 95 °C for 6.5
minutes, exposed with UV light for 8 seconds, post baked at
65 °C for 1.5 minutes and at 95 °C for another 5.5 minutes,

developed for 1 minute, and hard baked at 150 °C for
30 minutes. Next, the microfluidic channel was sealed using
a PDMS slab. The PDMS was mixed with a curing agent thor-
oughly inside a plastic bag and poured into a petri dish with
pre-fixed fluidic connectors, with glue, at locations corre-
sponding to the inlets and outlets. The PDMS was left to cure
overnight (> 24 hours). The PDMS was then cut into two
rectangular slabs. The fluidic connectors were removed
from one of the two PDMS slabs, exposed to oxygen plasma,
and spin coated with a SU-8 2005 layer with a thickness of
3 um. It was then baked at 95°C for 10 min, aligned manu-
ally, and bonded to the glass

substrate, and baked at 50 °C for 10 minutes on a hot-
plate while a weight of 4 kg was placed on top of the PDMS
slab to improve the bonding strength. The second PDMS
slab was exposed to oxygen plasma and bonded to the first
PDMS layer manually. The PCB board was then patterned
and etched with large copper (Cu) bonding pads, and the
fabricated biosensors were fixed on the PCB board and wire
bonded using silver epoxy. Scanning electron micrographs
(SEMs) are shown in Figure 2 (c).

2.4. Antibody Preparation

Anti-SARS-CoV-2 ferret polyclonal antibody was used
as the capture antibody. IgG was purified from the polyclo-
nal ferret anti-SARS-COV-2 serum using a Pierce Protein
A/G Chromatography Cartridge (Thermo Scientific,
Cat#89930), and concentrated by using a 10k Ultra-0.5 Cen-
trifugal Filter Unit (MilliporeSigma, Cat#UFC510096). The
purified polyclonal antibody original concentration was de-
termined using the Quant-iT Protein Assay Kit with the
working stock concentration of 1.8 mg/mL. As a negative
control, IgG from the anti A/Switzerland/9715293/2013
(H3N2) specific ferret polyclonal antiserum (Ab SWZ/13)
was purified in the same way with a working stock concen-
tration of 3.72 mg/ml.

To improve the adhesion of the antibody to the gold
electrode which is the detection area located on the surface
of the IDE array, our previous study used cross-linker, sul-
fosuccinimidyl 6-[3-(2-pyridyldithio) propionamido] hexa-
noate (Sulfo-LC-SPDP) to immobilize the antibody to our
device [16] and obtained effective signal response. In this
study, we first combined the purified antibody with Sulfo-
LC-SPDP (25 pL of 20 mM SPDP solution every 2 mg anti-
body), then removed extra cross-linker by dialysis (Slide-A-
Lyzer Dialysis Cassette, Cat# 66383) to exclude potential
false signal responses from non-specific binding. The final
concentration of antibody was then determined by Quant-
iT Protein Assay Kit (1.66 mg/ml). The antibody was then
diluted and tested at various concentrations between
0.0166 — 1.66 mg/ml.

Before being immobilized on gold electrode, 5 pl
thiolated antibody was incubated with 1.67ul DTT (150mM,
pH7.0) for 30 minutes at room temperature to remove extra
disulfide bonds from antibody. Subsequently, the thiolated
antibody and DTT mixture experienced 10-fold dilution

pelore 1minoolized on uie gola suridce o1 uie 1L arrdy. We
also used second IDE array without antibody
immobilization as a control.

2.5 Sample Preparation

Viruses: SARS-CoV-2 viruses were propagated in Vero
E6 cells (CRL-1586, ATCC) at 37°C with 5% CO:z for 72
hours. For viral titration, the 50% tissue culture infection
dose (TCID50/ml) was determined on Vero E6 cells. Briefly,
viruses were serially diluted on a 96-well plate and cultured
with Vero E6 cells with a final concentration of 2x10*/well
at 37 °C in 5% CO2. Cytopathic effects (CPE) were observed
and recorded at 72 h post-infection (hpi).

To inactivate the viruses, formalin was added to viruses
and made the final formalin concentration to 0.1%, which
then incubated at 37°C for 24 hours. During method
establishment, Fig. 1 & Fig. 2, we 10-fold serially diluted
inactivated viruses into various concentrations with
phosphate buffer saline (PBS). 500 pL of viruses were used
for each test and three repeats were performed for each
experimental condition.

Clinical samples: The human nasopharyngeal or nasal
swab samples were collected from COVID-19 patients in the
summer of 2020. These deidentified samples were
inactivated with formalin as described above and diluted
1:10 in PBS before testing. A 10-fold dilution of inactive
samples was executed before been loaded on the device. A
total amount of 500 pL of each sample was then loaded into
biosensors via suction at a flow rate of 3 pl/min, from the
waste outlet, with the IDE array electrodes coated with the
appropriate antibody.

Wastewater samples: Considering the technical
application on SARS-CoV-2 surveillance in communities, we
collected wastewater samples from Columbia, Missouri in
April 2020 when COVID-19 cases were very low, and in the
summer of 2020 when the COVID-19 cases peaked (Table
1). 100 ml of wastewater samples were concentrated to 1
mL volume by a microbial collection and concentration
system (SP select system, Innova Prep). The running
condition of concentration was: “Ultra Protocol”, 25% of
pump speed, Ultrafilter (Cat. #: SKU CC08003-10), Tris
elution fluid (Cat. #: SKU HC08001). 500 ul of these
concentrated wastewater samples were used for tests.

2.6 Virus mRNA transcription level determination

The correlation between TCID50/ml titration and the
RNA copies of SARS-CoV-2 virus was determined by
quantitative reverse transcription PCR (qQRT-PCR). Briefly,
virus was subjected to was 10-fold serial dilution. The RNA
of viruses with different concentration were extracted and
purified from 200 pl dilutions and finally finished in 50 pl
eluant. 2 pl of RNA eluant was used to qRT-PCR running.
Primer and probe used in this experiment were from SARS-
CoV-2 RUO gPCR Primer & Probe Kit (IDT, Cat#10006713).
In this experiment, we detected N1 and N2 RNA levels. For
the final calculation, we used the mean of N1 and N2 as the
total RNA level of viruses.

2.7 Data analysis

The TCID50/ml was calculated by Reed-Muench
Method [15] based on observed CPE. In order to unify the
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Figure 3. (a) A schematic of the device testing setup showing. Top view schematics of the biosensor showing the so-
lution flow direction during (b) antibody coating where the antibody-cross linker mixture was first placed at the an-
tibody inlet and suction was applied to the antibody outlet while all other inlets were closed, (c) SARS-CoV-2 virus
antigen sample was placed at the sample inlet while suction was applied to the sample outlet directing the flow toward
the focusing region. The flow subsequently continued toward the detection region. (d) Process flow for antibody im-
mobilization, and the antibody/ antigen binding on the IDE array, (d-1) sideview of the device, (d-2) the antibody was loaded
from the antibody inlet while suction was applied from the antibody outlet. All other inlets and outlets are closed, (d-3) the
microchannel was washed after adhesion of antibody to the IDE array, (d-4) the virus sample was loaded into the sample
inlet while suction was applied to the sample outlet, (d-5) the microchannel was washed again after antibody antigen bind-

ing was completed.

detection wastewater, we converted the RNA quantities to
copies per milliliter.

3.RESULTS AND DISCUSSIONS

3.1 Testing the Concentration Region

To demonstrate the biosensor’s focusing and trapping
capabilities, fluorescent dielectric latex nanobeads

standard (Thermo Fisher Scientific) were used because
they can be seen using optical or fluorescent microscopes,
and their permittivity value is 2.49[1], which is similar to
that of the SARS-CoV-2. The nanobeads have diameters <
0.5 um suspended in water with a dilution of 5 ul : 1 ml. They
were injected from the sample inlet toward the focusing re-
gion while an optimum AC signal of 4 Vp-p at 5 MHz was
applied across the focusing electrode pairs to generate p-



DEP forces pusing e ndnooedaus towdra ie centerine ol
the microchannel. Fluorescent images of the nanobeads
were captured, by a fluorescent microscope (Zeiss Axiovert
200M with Leica DFC290 color camera), before and after fo-
cusing and are shown in Figure 4(a-d). The nanobead en-
riched solution was then entered the trapping/ sensing mi-
crochannel were another optimized AC voltage of 5 Vp-p at
6 MHz was applied to the trapping electrode pairs generat-
ing p-DEP forces which surface. Fluorescent images of the
nanobeads before and after trapped the nanobeads on top
of the sensing electrode trapping is shown in Figure 4(a-d).

RKINA/ITIL wWdS pldced dl Uie sdimnpile iniet dna sucuon was ap-
plied, with a flow rate of 3 pl/min, from the sample outlet,
making the sample flow toward the focusing electrode re-
gion. The virus antigens were concentrated at the centerline
of the microchannel and continued to flow toward the sens-
ing microchannel. When the sensing microchannel was
filled with the sample solution, the flow was stopped for 30
minutes, during which the antigen was allowed to bind with
the antibody. The microchannel was then cleaned with DI
water for 15 minutes and the impedance was measured
again. The impedance of viruses alone was determined by

Figure. 4. (a) fluorescent images before focusing the nanobeads into the centerline of the focusing region, (b) fluores-
cent images after focusing the nanobeads into the centerline of the focusing region. (c) fluorescent images before trap-
ping the nanobeads onto the surface of the detection electrode array. (d) fluorescent images after trapping the nano-

beads onto the surface of the detection electrode array.

These images demonstrated that the focusing and sensing
regions were able to concentrate the nanobeads. Therefore,
to concentrate the SARS-CoV-2, we have applied similar AC
signals on the focusing and trapping electrodes. Although
these alternating voltages may/may not provide an opti-
mum value for concentrating the virus, they could be close
enough due to the similarity of the permittivity values.

3.2 Testing Antibody Concentration

To determine the optimal polyclonal antibody concen-
tration against SARS-CoV-2 virus, we have prepared multi-
ple antibody dilutions from 0.0166 mg/ml to 1.66 mg/ml
and mixed them with a cross linker (Sulfo-LC-SPDP). Each
antibody dilution was tested using propagated inactivated
SARS-CoV-2 virus at original concentration (9.05x1010 viral
RNA/ml in PBS) and a fixed antibody coating time, i.e., 60
minutes. The sensing IDE array was coated with a specific
antibody cross linker mixture, the microchannel was then
washed using DI water for 15 minutes and the antibody im-
pedance was measured as discussed in the experimental
testing setup section. Then, a SARS-CoV-2 sample (propa-
gated virus spiked in PBS) at a concentration of 9.05x101°

subtracting the antibody impedance from the impedance af-
ter antibody-antigen binding. The impedance change was
measured at 1 KHz plotted as a function of frequency for dif-
ferent antibody concentrations from 0.0166 mg/ml to 1.66
mg/ml, as shown in Figure 4(a). The impedance changes as
a function of antibody concentration measured at 1 kHz and
plotted in Figure 4. The results demonstrated that the high-
est average impedance signal of ~ 2.2 MQ was achieved
with an optimal antibody concentration of 0.83 mg/ml. We
also determined that the 0.166 mg/ml antibody provided a
relatively statistic importance and acceptable average im-
pedance value of 1.2 MAQ.

Wastewater-based epidemiology (WBE) has been suc-
cessfully used in surveillant the spread of SARS-CoV-2 since
the beginning of COVID-19 pandemic. It provides better un-
derstanding the virus prevalence in the communities [18].
Our goal to develop this device is to provide an alternative
viral detection method thus further to contribute the SARS-
CoV-2 virus surveillance. Towards the aim, we sought to
mimic clinical application in the context of wastewater. We
spiked inactivated SARS-CoV-2 at a concentration of
9.05x108 viral RNA/ml (equals to 1x103 TCID50/ml) into
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early April of 2020 when the cases were sparse in the com-
munities, to define the optimized antibody concentration.
We tested two antibody concentrations, 0.166 mg/ml and
0.083 mg/ml. Similar to the PBS viral background, in
wastewater background, 0.166 mg/ml antibody provided a
higher average impedance signal of ~ 5.8 M{), while 0.083
mg/ml antibody generated an acceptable average imped-
ance value of 2.8 M{), as shown in Figure 5(c).

Although a higher concentration of antibody displayed
more statistic importance of impedance signal, in practice,
detection cost is also an important consideration. There-
fore, from experimental (in PBS) and clinical (in
wastewater) background test results above, we utilized
0.083 mg/ml antibody as our optimized condition for the
subsequent experiments.

3.3 Testing the Sensitivity of the Biosensor

To determine the biosensor sensitivity i.e., the lowest
measurable concentration (LOD), original concentration of
SARS-CoV-2 virus was diluted with PBS to achieve various
viral RNA concentrations from 9.05x101* /ml to 9.05x107
/ml. The samples were then placed at the sample inlet and
sucked into biosensors from the sample outlet with first IDE
array coated with the appropriate antibody at a 9.05x101!
/ml to 9.05x107. The second electrode was used as a control
electrode and was not coated or contaminated with the an-
tibody. The impedance changes across the sensing elec-
trode array and the control electrode array resulting from
the binding of the virus antigen were measured from 10 Hz
-10 MHz using an impedance analyzer. The antibody coating
and virus sample introduction were discussed in the exper-
imental testing setup section. It is noted that the antibody
coating time and antigen binding time were 60 minutes and
30 minutes, respectively. Each washing step lasted for 15
minutes. The results were plotted in Figure 5 (d) and
demonstrated that the detection electrode that has match-
ing antibody to the antigen showed strong impedance
change while the control electrode showed weak signals
concentration of 0.083 pg/ml. viral RNA concentrations
from confirming the signal was correct. The biosensor sen-
sitivity, i.e., the lowest measured concentration (LoD) of the
SARS-CoV-2 antigen was 4.52x107 copies/ml. The changes
of the impedance of the control electrode array for PBS sam-
ples were very small confirming the accuracy of the meas-
urements.

3.4 Testing the Specificity and Selectivity of the Biosen-
sor

To confirm the specificity of the biosensor, the antibody
(Ab) anti-SWZ/13 was diluted to 0.083 mg/ml and then im-
mobilized on the sensing electrode while SARS-CoV-2 sam-
ples with a fixed concentration of 105 TCID50/ml (corre-
lated to 9.05x101° RNA copies/ml) in PBS were tested as an
antigen. The measured response of the influenza antibody
showed no difference in the impedance measurement val-
ues with respect to the baseline impedance (antibody value)
response of the IDE array while the measured response us-
ing SARS-CoV-2 antibody shows a strong signal confirming
the specificity of the biosensor. In addition, the control elec-
trode impedance change was almost zero. Figure 5(e)
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sensing the SARS-CoV-2 antigen using SARS-CoV-2 antibody
for similar antigen concentration.

To measure the specificity of the biosensor, influenza
virus samples with a concentration of 106 TCID50/ml (cor-
related to 10° RNA copies/ml) were tested with the sensing
electrode coated with SARS-CoV-2 antibody (0.083 mg/ml).
The measured response of influenza showed a weak imped-
ance signal, i.e.,, comparable to the baseline impedance (an-
tibody value) response of the IDE array, confirming the se-
lectivity of the biosensor. In addition, the control electrode
impedance change was almost zero. Confirming the accu-
racy of the measurements. Figure 5(f) shows the impedance
measurement of the influenza antigen.

3.5 Testing Clinical Samples

Four inactivated clinical human swab samples with
various viral RNA levels between 3.63x10¢- 5.88x1012 cop-
ies/ml were tested using the same procedures discussed to
determine the biosensor sensitivity. Prior to testing, the
samples were subjected to 10-fold dilution. The testing re-
sults showed that the 4 diluted samples with final concen-
trations between 2.37x107 and 5.88x101! RNA copies /ml
were tested positive while 2 diluted samples with final con-
centrations of 3.63x105 and 5.43x10> RNA copies/ml were
tested negative. This is due to their low virus concentra-
tions. Therefore, the results indicate as low as 2.37x107
RNA copies/ml could be detected by our biosensor device.
The clinical swabs to be used in the assays are processed as
the same way as those used in rapid diagnosis, and no spe-
cific procedures are needed. In fact, all the clinical swabs are
from those samples collected for diagnosis, and we simply
used an aliquot for this study.

The non-autoclaved SARS-CoV-2 mock control
wastewater was collected in April 2020 and had a pH 7. Mul-
tiple samples were tested without being autoclaved and
confirmed negative status for SARS-CoV-2 antigen via qPCR
testing (See Figure 6). The SARS-CoV-2 antigen was spiked
into the wastewater samples without autoclaving or any
other treatment to obtain multiple concentrations of sam-
ples, from 50 to 103 TCID50/ml (correlated to 4.52x107 cop-
ies/ml to 9.05x108) copies/ml. Both the positive and nega-
tive controls were tested using the same antibody and same
procedure that was used for testing the virus in PBS sam-
ples, discussed in the sensitivity testing section. Figure 7(a)
shows the impedance change of the wastewater samples
with various virus antigen concentrations. The results
demonstrated the biosensor was able to detect SARS-CoV-2
antigen in complex samples at low concentration (50
TCID50/ml or 4.52x107 RNA copies/mL) the impedance
was 0.451 MQ while the impedance of the negative control
electrode was 0.072 MQ. The changes of the impedance of
the negative control electrode array were very small. con-
firming the accuracy of the measurements. We sought to ap-
ply our device on community virus surveillance, toward this
end, we received wastewater samples from different sites of
Missouri during pandemic and tested in the biosensor.
However, we couldn’t get obvious impedance signal from
them (date not shown).

Technicians becomes the bottleneck of the widespread
of this technology. Conventional antigen test is inexpensive,
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Figure 5. (a) The optimal antibody concentration against SARS-CoV-2 virus was determined using multiple
antibody dilutions from 0.0166 mg/ml to 1.66 mg/ml mixed with a cross linker (Sulfo-LC-SPDP). Each antibody
dilution was tested using a fixed virus concentration at 105 TCID50/ml in PBS and a fixed antibody coating
time, i.e., 60 minutes. (b) The impedance change was plotted versus antibody concentration at 1 kHz . (c) The
optimal antibody concentration against SARS-CoV-2 virus was determined using wastewater samples spiked
with fixed concentration of SARS-CoV-2, i.e., 103 TCID50/ml. (d) Testing of SARS-CoV-2 in PBS at various titers,
(e) The specificity was tested by immobilizing antibody (Ab) SWZ/13 against influenza virus (1.3ug/ml) on the
sensing electrode while SARS-CoV-2 samples with a fixed concentration of 105 TCID50/ml in PBS were used.
The result was compared with detection of the SARS-CoV-2 antigen using SARS-CoV-2 antibody for the same
antigen concentration. (f) The selectivity was measured using influenza virus samples with a concentration of
106 TCID50/ml with the sensing electrode coated with SARS-CoV-2 antibody (0.083 mg/ml).

which do not need clinical samples to be processed prior to
testing. More importantly, antibodies used in antigen test
are manufactured in advance at the manufacturer and pre-
loaded into the test kit, thus greatly reduce the testing time.
Although there are several antigen test kits available in the
market, our device (biosensor) is a different antigen based

viral sensor with unique mechanism compared to other
products in the market. Instead of visible antibody result
(strip) in the detection area of positive samples, the viral de-
tection signal reflects in impedance changes, which pro-
vides a perspective to the alternative antigen detection
method. The detection process needs approximately 30
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the principle of our device, the biosensor could be further
used in other pathogen detections with minor changeable
settings.

It has been known that COVID patients typically devel-
oped diseases after 2-14 incubation period, and the patients
usually shed viruses from 5 to 21 days after disease onset.
The patients can shed at least 100 TCID50/ml from Day 1
(disease onset), and more than 106 TCID50/ml during the
peaking time. Our device achieved a sensitivity in detecting
viruses at 50 TCID50/ml (4.52x107 RNA copies/ml), as al-
lows us to detect viruses at very earlier date of disease on-
set. Thus, this device provides an alternative approach for
rapid diagnosis for COVID patients. Different from RAT
which requires monoclonal antibody (mAb), we used poly-
clonal antibody as the antibody resource in our device.
Compare with mAb, a polyclonal antibody is much easier to
be prepared. More important, polyclonal antibody has more
tolerance for antigenic variations among the SARS-CoV-2,
and thus can catch the emerging variants during the diagno-
sis. As a future study, we will aim to develop our device to
detect antigenic variants by using a panel of polyclonal an-
tibodies against different variants.

2.4

SARS - COV2 6.49+10° TCID50/ml CE
—+—SARS - COV2 7.80%102 TCIDS0/mI—— CE
——SARS - COV2 84 TCID50/ml
SARS - COV2 0.40 TCID50/ml CE

N
(<)

-
-2}

Impedance (MQ2)
2 &

o
'S

102 10° 104 10° 10° 10’
Frequency (Hz)
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samples with final various titrations between 0.40 -
6.49°105 TCID50/ml after 10-fold dilution.

Due to the low viral loads in the wastewater, which is
typically approximately 103 RNA copies/mL, our device is
not yet sensitive enough to detect viruses in wastewater
samples. We plan to optimize the antigen catching in our de-
vice to improve the antigen catch so that we can increase
the antigen concentration. In addition, we can improve our
methods to concentrate the viral agents directly from the
water before loading to our device.

Another limitation in this study is that we only included
the limited number of clinical samples (n = 6). We noticed
that the viral titer (TCID50) of the detectable sample corre-
sponding to the lowest RNA level is lower than our TCID50
detection line in PBS. Other investigators suggest that the
viral titer to RNA ratio varies among variants [20]. Thus, it
is possible that the individual human samples bring varia-
tion of viral titer to RNA ratio versus cell cultured virus. We
plan to apply more clinical samples to optimize the detec-
tion line in application. Nevertheless, since it is the first gen-
eration of biosensor to detect SARS-CoV-2 virus, we will

conunue Hmprove e sensiuvity dina aeveiop nign Lnrough-
put devices in the future study.
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Figure 7. (a) wastewater samples were spiked with vari-
ous concentration (50-103 TCID50/ml) of SARS-CoV-2, (b)
wastewater samples that were collected in April 2020.
They were tested negative for SARS-CoV-2. (c) comparison
between the results of testing a low concentration of SARS-
CoV-2 in PBS (100TCID50/ml), and in wastewater (100
TCID50/ml), and non-specific binding of SARS-CoV-2 with
high concentrations (105 TCID50/ml) to influenza anti-
body, and non-specific binding of Influenza with high con-
centrations (10° TCID50/ml) to SARS-CoV-2 antibody.

CONCLUSION

An impedance-based microfluidic MEMS biosensor was
investigated for rapid detection of SARS-CoV-2 antigen in
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Sample Sample 1D Collection date tion (copies/ml)

Human clinical swab Sample 1 Aug. 2020 5.88x10%2
Sample 2 Aug. 2020 3.63x108

Sample 3 Aug. 2020 7.67x108

Sample 4 Aug. 2020 5.43x108

Sample 5 Aug. 2020 7.08x10°

Sample 6 Aug. 2020 2.37x108

Wastewater Sample 7 July 6t 2020 4.32x103
Sample 8 July 27 2020 1.31x103

Sample 9 Aug.10t 2020 2.71x10°

Sample 10 Aug.17% 2020 1.61x10°

Sample 11 Aug.17" 2020 1.17x108

Sample 12 June 232020 1.15x10°

Sample 13 July 8 2020 1.17x10°

Sample 14 July 16 2020 1.62x10°

Sample 15 July 17 2020 1.00x10°

Table 1. Clinical samples used in this study. The concentrations listed are the original concentration of the samples.
Human nasopharyngeal or nasal swab samples were inactivated before being loaded on antibody coated biosensor.
100 mL of each wastewater sample was concentrated to a volume of 700 pl to 1ml 500 pl viral eluent, which was

then used for biosensor detection.

clinical human samples. The biosensor was designed for
one-time use, as a disposable device for use in-field for clin-
ical settings or in laboratories. The biosensor can be used
for the detection of a wide range of viruses such as influ-
enza, dengue, and Zika in humans and animals. The device
sensitivity was demonstrated by testing PBS as well as
wastewater samples spiked with a known concentration of
SARS-CoV-2 antigen. A combination of focusing electrode
pairs and trapping electrode pairs were used to increase the
virus concentration available for binding with the antibody
in order to increase the sensitivity. One set of IDE arrays
was used for SARS-CoV-2 antigen detection and another set
was used for control to confirm the accuracy of the testing
results. The biosensor was tested successfully in the pres-
ence of various dilutions of positive antigen samples, and
positive clinical human samples from 100 Hz to 10 MHz. The
biosensor was able to detect SARS-CoV-2 antigen in clinical
human samples with a dilution as low as 26 TCID50/ml in
40 minutes.
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Highlights.

e The biosensor was able to detect SARS-COV-2 in clinical sample with a concentration as
low as 26 TCID50/ml in 40 minutes.

e The focusing and trapping electrode pairs maximized the number of captured viruses on
top of the detection electrode, improving the detection sensitivity.

e Detection of SARS-COV-2 virus with high specificity and selectivity
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