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Abstract: Since the outbreak of the COVID-19 pandemic, great emphasis has been placed on the
development of rapid virus detection devices, the principle of operation of many of which is the
detection of the virus structural protein spike. Although several such devices have been developed,
most are based on the visual observation of the result, without providing the possibility of its electrical
processing. This paper presents a biosensor platform for the rapid detection of spike proteinboth
in laboratory conditions and in swab samples from hospitalized patients. The platform consists of
a microcontroller-based readout circuit, which measures the capacitance change generated in an
interdigitated electrode transducer by the presence of the spike protein. The circuit efficiency is
calibrated by its correlation with the capacitance measurement of an LCR meter. The test result is
made available in less than 2 min through the microcontroller’s LCD screen, and at the same time, the
collected data are sent wirelessly to a mobile application interface. In this way, the continuous and
effective screening of SARS-CoV-2 patients is facilitated and enhanced, providing big data statistics
of COVID-19 in terms of space and time.

Keywords: biosensor; SARS-CoV-2; spike; screening; readout; smartphone; portable; interdigitated
electrodes

1. Introduction

The COVID-19 pandemic has proven to be a major threat to humanity. Scientists all
over the world are fighting against it, which includes developing new technologies for the
detection of SARS-CoV-2.

The standard method for virus detection is real-time PCR. Despite its high efficiency,
real-time PCR is a time-consuming and costly method. Therefore, it is important to develop
reliable devices for point of care (PoC) virus detection [1]. The most common devices used
for PoC virus screening are rapid antigen tests, which, however, show poor performance, as
they are based on visual observation of the results, meaning they only provide qualitative
results that cannot be automatically processed [2]. This gap is proposed to be filled by
biosensors that can provide an electrical measurement, meaning a faster response time,
improved sensitivity and the possibility of electronic processing of the results [3].

Even though the development of various biosensors has been reported [4-9], few have
been used as complete SARS-CoV-2 screening devices.

In our previous work, we developed a label-free SARS-CoV-2 electrochemical biosen-
sor based on the binding of the virus structural spike (S) protein to ACE2 protein [10].
ACE2 is immobilized in an interdigitated electrode (IDE) transducer [11], and the binding
of the S protein (or the virus through S protein) to ACE2 [12] results in a change in the IDE
electrical properties [13], hence its effective capacitance.
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This paper presents the process of the evolution of the biosensor into a portable screen-
ing device for SARS-CoV-2 with smartphone readout. A portable microcontroller-based
electronic readout circuit is developed, which performs effective capacitance measurements.
The screening test results are acquired within 2 min and are made available via wireless
transmission to a mobile application.

2. Materials and Methods
2.1. Biosensor Preparation

The biosensor preparation procedure has been previously reported [10]. In brief, gold
interdigitated electrodes with an electrode length of 7 mm and an electrode surface area of
8.45 mm? were purchased from DropSens (Asturias, Spain). On top of the electrodes, ACE2
protein was immobilized. To verify the functionality of the device, S protein was placed on
top of the biosensor, resulting in its binding to ACE2 and therefore a change in the electrical
characteristics. ACE2 and S protein were purchased from InvivoGen (San Diego, CA, USA).
All the chemicals used were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Readout Circuit

An LCR meter was designed for the reading of the biosensor. The circuit could
measure capacitance ranging from 1 pF up to 3 uE It was based on the principle illustrated
in Figure 1.

Smartphone

BWM LPF
Rdiv
J STM32 ADC1 |
ADC2 |
Buffer Z, DUT

’ HCO05 —
BT

Figure 1. Working principle of the circuit.

A microcontroller unit (MCU) of the STM32 (STM32F103C8T6) family produced a
high-frequency PWM signal that is then passed to a low pass filter (LPF). The LPF was a
second-order Butterworth filter [14] with a cutoff frequency of 13 kHz. The output of the
LPF, which was either 1 kHz or 10 kHz sinewave, drove a voltage divider consisting of a
known resistor and the device under test (DUT). By measuring the amplitudes of the ADC1
and ADC2 voltages, as well as their phase difference, we could compute the impedance of
DUT based on the following formulas:

Re(zx) _ Rdi‘U|V2 |(Vl COS(q)) — |V2|) (1)

V12 =2V V3| cos(9) + |Va|?

ViR ;| Vo [sin
Im(Zx) _ - 1 dZ‘U| | (q)) 5 (2)
V12 = 2Vp | Vo cos(@) + | V2|

where V] is the voltage measured by ADC1, V5 is the voltage measured by ADC2, ¢ is the
phase of V; and the phase of V is 0.

In order to reduce the noise of the measurement, the amplitudes and phases of the
fundamental frequency were computed using the formula of Fourier transform. The result
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was then calculated by averaging the readings over 512 measurements and normalized by
dividing every measurement with the maximum measured value.

2.3. Mobile Application

The deployment of a mobile application for easy, simple and direct access to the
data provided by the sensor is considered necessary. In this project, a Bluetooth-based
application for Android smartphones was designed. The Android platform includes
support for the Bluetooth network stack, which allows a device to wirelessly exchange
data with other Bluetooth-compatible devices over short distances. A Bluetooth transceiver
module (HC-05), which is able to transmit data to the mobile application using the standard
Bluetooth protocol, was added to the readout circuit. As a result, the Android application
displayed the detection of S protein in the tested sample in real time. A mockup of the
developed application is illustrated in Figure 2.

Covid-19 Results ® Covid-19 Results

Sign In Registration

Name

e-mail

Phone number

RESULTS
SIGN IN

Figure 2. Mobile application’s homepage; (a) sign in page; (b) registration page.

Google Android Studio was used for the development of the mobile application. Java
was chosen to be used as the programming language, as it is the most popular language at
the time of writing [15]. Regarding the graphical interface, the XML language was used.

First, the Android application allowed us to choose the appropriate Bluetooth device
(i.e., the HC-05 module). When the connection was established, the application received
the appropriate data packets in JSON format, sent from the readout circuit. Those data
packets contained the outcome of the measurement, as well as the measured value and a
timestamp. Finally, the result (positive or negative) was displayed on the screen.

3. Results and Discussion
3.1. Readout Circuit Calibration

The developed prototype board is illustrated in Figure 3. In the middle of the PCB,
the Blue Pill STM32 development board was placed, along with the HC-05 BT module on
the left, the LCD screen on top and the DIP switches for selecting the suitable range below
it. The device under test was connected on the left and right female pins of the three-pin
connector at the bottom. Lastly, on the bottom right, there are three buttons responsible for
specifying frequency and current range and for performing open circuit calibration.

The measuring circuit was calibrated by measuring commercially available capacitors
and resistors and comparing the results with those of specialized instruments. For capaci-
tance measurement calibration, an Extech LCR Meter (Extech, model 380193) was used. For
resistance measurements, a Keithley multimeter (Keithley 2000 Series) was used. Capaci-
tance measurement results are illustrated in Table 1, and resistance measurement results
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are illustrated in Table 2. It is shown that the developed circuit can measure capacitance
and resistance with high accuracy.
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Figure 3. The prototype PCB; (a) Blue Pill STM32 development board; (b) HC-05 BT module; (c) LCD
screen; (d) DIP switches; (e) input pins; (f) settings buttons.

Table 1. Capacitance measurements.

Nominal Value (F) Extech 380193 (F) Prototype PCB (F) Relative Difference

10 x 10712 7.9 x 10712 10.5 x 10712 24.76%

100 x 10712 102.5 x 10712 104.5 x 1012 1.91%
1x107? 0.981 x 10~? 0.999 x 10~? 1.8%

22 x 1077 2234 x 1077 2245 x 1077 0.49%

10 x 107° 9.879 x 10~ 9.918 x 10~? 0.39%

100 x 10~° 99.83 x 10~ 103.6 x 10~ 3.64%
1x 1076 0.933 x 107° 0.935 x 107® 0.21%

22 %1076 2.042 x 107° 2.038 x 107 0.20%

33 x 107 3.116 x 107° 3.12 x 1070 0.13%
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Table 2. Resistance measurements.
Nominal Value () Keithley 2000 (Q2) Prototype PCB (Q2) Relative Difference

100 99.5 99.93 0.43%

1 x 103 1 x 103 998.5 0.14%

47 x 10° 4.6063 x 10° 4.615 x 103 0.19%

10 x 103 10.008 x 103 10.023 x 103 0.15%

43 x 10° 43.22 x 10° 4324 x 103 0.05%

100 x 103 99.21 x 103 99.3 x 103 0.09%

1 x 10° 986.0 x 10° 986.2 x 10° 0.02%

6.8 x 10° 6.843 x 10° 6.841 x 10° 0.03%

10 x 106 10.16 x 10° 10.186 x 10° 0.26%

3.2. Device Operation with S Protein

Experiments with S protein were conducted. A 20 uL solution containing S protein
(2.5 ng/pL) in Phosphate-Buffered Saline (PBS) was placed on top of the sensor, and
the effective capacitance change over time was monitored. A second experiment was
conducted, where a 20 pL solution containing only PBS was placed on the sensor in order
to calculate the blank solution response. The normalized capacitance change over time is
illustrated in Figure 4.
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Figure 4. Normalized capacitance change over time.

The measurement procedure was the following: The user has to open the Android
application and register by entering some personal information (Figure 2b) or sign in, if
the user has previously registered (Figure 2a). Then, the testing procedure begins. After
60 s of measuring with a rate of 1 sample per second, the resulting value is transmitted
to the Android application via Bluetooth. If the total capacitance change exceeds 1%, the
test is listed as positive for the SARS-CoV-2 S protein and the user receives the appropriate
response (Figure 5a). Otherwise, if the total capacitance change is below 1%, the test is
listed as negative, and the user is informed as well (Figure 5b).
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Figure 5. Mobile application results; (a) test positive to S protein; (b) test negative to S protein.

4. Conclusions

In this project, a SARS-CoV-2 S protein detecting device was developed using the
ACE2-based capacitance sensor for rapid native SARS-CoV-2 detection [10]. The device
consists of a microcontroller-based electronic circuit that, as shown, can measure capacitance
and resistance change with high accuracy, and an Android application, where the test results
are transmitted via Bluetooth. In our future work, we want to conduct more experiments
and expand the device measurements to SARS-CoV-2 patient clinical samples that have
been correlated with real-time PCR.
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