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In this work we present a powerful, affordable, and portable biosensor to develop Point of care (POC) SARS-CoV-
2 virus detection. It is constructed from a fast, low cost, portable and electronically automatized potentiostat that
controls the potential applied to a disposable screen-printed electrochemical platform and the current response.
The potentiostat was designed to get the best signal-to-noise ratio, a very simple user interface offering the
possibility to be used by any device (computer, mobile phone or tablet), to have a small and portable size, and a
cheap manufacturing cost. Furthermore, the device includes as main components, a data acquisition board, a
controller board and a hybridization chamber with a final size of 10 x 8 x 4 cm. The device has been tested by
detecting specific SARS-CoV-2 virus sequences, reaching a detection limit of 22.1 fM. Results agree well with
those obtained using a conventional potentiostat, which validate the device and pave the way to the development
of POC biosensors. In this sense, the device has finally applied to directly detect the presence of the virus in
nasopharyngeal samples of COVID-19 patients and results confirm its utility for the rapid detection infected
samples avoiding any amplification process.

1. Introduction

Viral infections are a major cause of disease that produce thousands
of deaths each year [1], as well as a large number of annual sick leaves,
with the resulting economic costs. A clear example is the coronavirus
disease 2019 (COVID-19) that has been caused by SARS-CoV-2 virus [2]
and was declared by the World Health Organization (WHO) to be a
public health emergency of international concern [3].

Traditional methods for detecting infectious agents as virus are based
on two very distinct strategies: first, conventional solid-phase immu-
noassays combined with enzyme detection (ELISA), and assays based on
reverse transcription polymerase chain reaction (RT-PCR). Both

methods are highly effective but also have some limitations. RT-PCR
displays excellent analytical sensitivity and specificity but is costly,
often requires a substantial turnaround time, and, more importantly, is
subject to reagent and other material shortages [4]. Therefore, it is not
the best methodology for mass application and point of care (POC) test
[5]. Rapid antigen tests have been developed to complement this tech-
nology, and made available worldwide, allowing cheap, quick, and
decentralized SARS-CoV-2 testing. However, the main drawback of
these tests is the reduced sensitivity compared with gold standard
RT-PCR assays. Therefore, innovations are focusing on providing
high-yield devices for rapid, easy to use POC scalable tests. In this sense,
recently, some authors have reported new POC test for SARS-CoV-2
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detection [6,7] based on different strategies such as RT-PCR POC diag-
nostic device [4] or POC diagnostic test based on reverse transcriptase
loop-mediated isothermal amplification (RT-LAMP) [8]. However, most
of them require the incorporation of amplification methods to increase
sensitivity. For this reason, there is still great of deal of interest on
developing new POC devices that try to achieve the practical advantages
of rapid antigen tests, the robust analytical performances of nucleic acid
detection systems and low detection limits. Biosensors can meet these
specifications, which has caused a boom in the sector. They have
emerged as very useful analytical tools that complement PCR, serolog-
ical and antigen test for the detection of viruses in a rapid an easy way.

Biosensors are based on the direct integration of a selective bio-
recognition element and a sensitive transducer element. Among bio-
sensors, those using electrochemical transduction due to their low cost,
high sensitivity and miniaturization facility meet the requirements for
new analytical methodologies. In particular those that incorporate
nanostructures, which improves their analytical performance [9].
Hence, electrochemical biosensors are considered useful in clinical
diagnosis and POC testing.

POC systems are diagnostic instruments that provide rapid results
near to the patient, even when handled by untrained personnel. Some
requirements are set for POC diagnostic systems: affordable, sensitive,
specific, user friendly, rapid and robust, equipment-free and delivered to
users, following the World Health Organization (WHO) assured criterion
[10]. According to this standard, POC platforms must deliver quick re-
sults for early-stage disease detection to enable rapid intervention and
improve patient’s quality of life. The provided results must be accurate,
reproducible and optimally quantitative, and they must be comparable
to those obtained by benchtop analyzers at central laboratories. These
systems are suitable in a wide range of applications, such as medical and
health care monitoring [11] and environmental measurements [12].
Indeed, glucose monitoring POC devices are the most widespread
miniaturized test systems because they are inexpensive, easy to produce,
small and easy-to-use [13]. However, few POC system based on DNA
electrochemical biosensors can be found yet. These devices are based on
detecting and identifying specimens in the analysis of their genetic code.
In a simplest approach, they can detect and quantify hybridization be-
tween a DNA capture probe immobilized on the electrode surface and
the complementary sequence corresponding to the analyte (DNA or
RNA) through the electrolysis of the redox indicator. Hence, DNA bio-
sensors are an alternative and reliable solution to clinical diagnosis due
to their advantages, such as high sensitivity, low cost, user-friendliness,
possibility of miniaturization and robustness [14]. In particular, on
detecting pathogens they can achieve superior analytical performance
compared to more traditional methods, as they can make measurements
in real time or reach very low limits of detection, allowing minimal
quantities of the pathogen to be detected. Indeed, different strategies for
pathogen detection based on DNA biosensors have been recently
developed [15-17]. In particular, to detect the SARS-CoV-2 virus.
However, the main drawbacks of these approaches have been a lack of
portability and limited application in POC devices.

Concerning POC approaches development, the budget constrains are
one of the principal considerations. Conventional potentiostat used in
the laboratories are unsuitable for POC applications since they are
complex, expensive and tend to be bulky. Although some research
groups have described miniaturized potentiostat-based single-chip
platforms [18,19] costs are too elevated for POC implementation.
Therefore, there is still much to explore in this field. For instance, in the
case of DNA biosensor the incorporation of a hybridization chamber is a
challenge to develop this kind of portable device.

Based on the considerations described above, one of the main fea-
tures to design POC DNA electrochemical biosensors is to fabricate small
size, lower power consumption, high precision and affordable poten-
tiostat together with a small hybridization chamber.

In this sense, one of the most complex and expensive parts of the
system is the controller module, as it requires a hight processing
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capability and a lot of electronics are involved, so the cheapen step is
focused on this part. Among the existent technologies that fits both
processing capabilities and cost requirements there is particularly
interesting one, the single-board computers (SBCs). These are a credit
card sized boards with a high computing power, low power demand,
easily programmed using free open-source software, yet being cheap. All
this makes SBCs a perfect choice for a tailored solutions and are
particularly suited to point-of-care and point-of-need applications,
where size, flexibility, cost and portability are important. A specially
interesting SBC is the Raspberry Pi model 3B+.

Therefore, to overcome the limitations of existing electrochemical
DNA biosensors, in this work we present a disposable DNA electro-
chemical sensing platform integrated in a small hybridization chamber
and coupled to a portable potentiostat designed for micro-power elec-
trochemical sensing applications as a prototype towards the POC SARS-
CoV-2 detection. The potentiostat built around a Raspberry Pi 3B + SBC
includes a set of filters and analog/digital converters to achieve a low
noise level in the system, a main controller board for a fast and accurate
sampling process and allows the system to be operated from any device
(computer, mobile, or tablet). The prototype device has been validated
by detecting the redox signal of an electrochemical indicator (Azure A)
accumulated on the biosensing platform after hybridization with the
analyte and comparing with those obtained by using a commercial
potentiostat.

2. Experimental section
2.1. Chemicals

Tetrachloroauric acid (HAuCls), Sodium thiosulphate (NazS;03),
sodium chloride, Azure A, sodium phosphate and all other chemicals
used in this work were obtained from Merck. (www.merckgroup.com
/es-es). Millipore Milli-Q-System (18.2 MQ cm) was used for all
experiments.

2.1.1. SARS-CoV-2 synthetic DNA sequences

SARS-CoV-2 has been detected by using a specific DNA sequence of
the RNA-dependent RNA polymerase (RdRp) gene of the virus. Table 1
summarizes the DNA sequences used in this work. They comprise a
thiolated capture probe (a single-stranded sequence complementary to
the analyte (RARp SARS-CoV-2 gene sequence, CoV-2), modified on 5’
extreme with a thiol) and analyte sequences: complementary, interfer-
ents (SARS-CoV-1 and Influenza A) and non-complementary sequence to
the probe, latest used as control.

Stock solutions of thiolated capture probe (Probe-SH) and analyte
sequences were prepared in 10 mM phosphate buffer (PB) pH 7.0 and in
10 mM phosphate buffer (pH 7.0) with 0.4 M NaCl, respectively. Ali-
quots of a few microliters of all stock solutions were stored at —20 °C.

2.1.2. COVID-19 patient samples

RNA from inactivated swab nasopharyngeal samples were obtained
from COVID-19 patients and donated by Hospital Ramén y Cajal
(Madrid). RNA was extracted using QIAamp Viral RNA Qiagen kit and
the total RNA obtained was eluted in water free of RNase. Its concen-
tration was measured using a Nanodrop, then it is storage at — 80 °C. To

Table 1
DNA sequences used in this work.
SARS-CoV-2 DNA sequences Named
Probe 5'-GCATCTCCTGATGAGGTTCCACCTG- thiol Probe-SH
Target 5'-CAGGTGGAACCTCATCAGGAGATGC CoV-2
Non- 5'-ACACTAGCCATCCTTACTGCGCTTCG CoV-2 nc
complementary
SARS-CoV-1 5'-C CAGGT GGAAC ATCAT CCGGT GATGC-3'  CoV-1
Influenza A 5'-TTAGTCATCTGCGGGAATGCAGCATTATCT- Influenza
3 A
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avoid any cross-contamination between samples and/or during their
manipulation by the operator, all the procedure were performed in P2-
biosecurity cabinets with spatial and temporal separation between
COVID-19 positive and negative samples. Specifically, the positive
sample was analyzed by RT-qPCR with a Ct value of 25. Negative sample
has a Ct value above the threshold (~35).

The samples were obtained with the consent of all participants and
approved by “Comité de Etica de la Investigacién con Medicamentos del
Hospital Universitario Ramén y Cajal”. Reference: 127-21.

2.2. Apparatus

A regular Autolab (PGSTAT 30) potentiostat attached to a PC with
GPES software was used for Electrochemical experiments control.

Carbon Screen-printed electrodes (CSPEs) and Dropsens connector
(supplied by Metrohm), were used for electrochemical measurements,
using the developed potentiostat as well as the bench potentiostat
(Autolab). CSPEs integrates a carbon working, silver pseudo-reference
and carbon counter electrodes.

For hardware development, the ALTIUM DESIGNER v21.0.9 PCB
design environment has been used, as well as the RIGOL DS1104Z
oscilloscope, the RIGOL DP832 power supply and the JBC NASE-2C
soldering station; regarding the software development, the IDEs
PyCharm and IntelliJ, from JetBrains, have been used.

2.3. Procedures

2.3.1. POC prototype device design and development

Scheme 1 shows the main components of the POC prototype devel-
oped to detect SARS-CoV-2 sequences; the DNA sensing platform
coupled to a hybridization chamber and a portable potentiostat.

2.3.1.1. DNA biosensing platform development. As can be observed in
Scheme 1, the DNA biosensing platform development, briefly, comprises
2 steps: electrode nanostructuration and DNA probe immobilization.
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In order to allow the immobilization of the thiol functionalized DNA
probe, increase the relative electrode surface area and therefore improve
the sensitivity of the final device, CSPE were nanostructured with gold
nanotriangles (AuNTs) synthetized by reduction of HAuCly with
NayS,03 as it is described in detail in the Supporting Information (SI).
Nanostructuration was carried out by spraying AuNTs stock solution
onto the electrode surface (AuNT/CSPE). Then, 10 pL of 10.0 uM of the
capture probe (Probe-SH) was deposited on the AuNT/CSPE by drop-
casting and was kept for 24 h at room temperature (Probe-SH/AuNTs/
CSPE). Afterwards, it was soaked for 30 min in Milli-Q water.

2.3.1.2. SARS-CoV-2 detection. The probe modified electrode was hy-
bridized with 10 pL of 500 fM analyte (complementary or non-
complementary SARS-CoV-2 sequences, CoV-2 and CoV-2yc, respec-
tively) for 1 h at 40 °C (CoV-2-Probe-SH/AuNTs/CSPE or CoV-2yc-
Probe-SH/AuNTs/CSPE)). Azure A (AA) was used as the electrochemical
indicator for hybridization detection. For this purpose, 20 pL of AA (10
mM) were dropped on the electrode surface after hybridization for 30
min. Finally, the electrodes were rinsed with sterile water, placed in 0.1
M PB pH 7.0 and electrochemical signal was recorded in 0.1 M PB pH 7.0
using the developed portable potentiostat (designed to measure at a
single potential pulse) and the commercial Autolab potentiostat, used as
comparison. Fig. 1 shows the signal response obtained by Differential
Pulse Voltammetry (DPV) from —0.8 to 0.0 V with the Autolab and by
amperometry at the same potentials with the portable device developed
in this work. As can be observed, DPV peak potential (—0.5 V) matches
with that of the maximum current recorded with the portable device at
different potentials. Hence, the biosensor signal for detecting SARS-CoV-
2 with the fabricated potentiostat, consists on the current intensity
recorded after applying a potential pulse of —0.5V.

For SARS-CoV-2 detection in COVID-19 patients, 5 pL of the obtained
RNA sample (see COVID-19 samples section) were deposited on the
electrode modified with the capture probe (Probe-SH/AuNTs/CSPE) and
were hybridized at 40 °C for 1 h. Then, 20 pL of AA (10 mM) were
dropped on the electrode surface. Finally, the electrodes were rinsed

DNA SENSING PLATFORM

@)be-SH

AuNTs/CSPE

> D
%

SARS-CoV-2

Hybridization
chamber

Scheme 1. Scheme of the main components of the developed portable DNA biosensing device.
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Fig. 1. DPV (red line) from —0.8 to 0 V and amperometric biosensor response
(blue line) applying consecutive pulse potentials from —0.8 to 0 V. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

with sterile water, placed in 0.1 M PB pH 7.0 and electrochemical signal
was recorded in 0.1 M PB pH 7.0 using the developed portable poten-
tiostat as described above. Results are presented as the mean of the peak
current measured current after applying a potential pulse of —0.5V +
standard deviation (SD) (n = 3 electrodes).

2.3.1.3. Potentiostat design and development. The developed potentio-
stat provides a complete device to perform an end-to-end measurement.
The design has been carried out both at the hardware and software levels
(see Scheme 2). Design at the hardware level resulted in three modules,
the Main Controller Board, the Data Acquisition Board and the Hy-
bridization Chamber. The Main Controller Board stores all the required
software and controls the whole system. The Data Acquisition Board
includes all the electronics needed to get and treat the signal (a signal
conditioner, analog/digital converters, and a set of (filters).
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Hybridization Chamber is an optional add-on that allows hybridization
reaction between the probe immobilized on the nanostructured elec-
trode (Probe-SH/AuNTs/CSPE) and the analyte (specific sequence of
SARS-CoV-2). It includes a connector where the biosensor can be
attached to the Data Acquisition Board.

On the other hand, as can be observed in Scheme 18I, the design at
software level resulted in five modules, the Communications Module,
the Control Module, the Digital Filter Module, the Data Acquisition
Module and the User Web Interface Module. The Communications
Module manages the data transfer between all the components of the
system. The Control Module manages the behaviour of each component
of the system, the Digital Filter Module is a digital treatment of the
signal. The Data Acquisition Module is the part that gets the signal of the
biosensor and treats it, and the User Web Interface Module is the user
interface for the operator.

2.3.1.3.1. Hardware modules

2.3.1.3.1.1. Main controller board

The main goal of the Main Controller Board aims to provide a cheap
and portable device. Following this precept, the device design is focused
on modularity, so the idea is to use as much already commercialized
modules as possible, reducing the custom electronic boards and, there-
fore, the manufacturing price. One of the most complex and expensive
modules of the system is the controller module. During the prototyping
stage this was a whole computer. To cheapen this module, it was decided
to use a commercial development board as a controller. Several devel-
opment boards were compared to choose the most appropriate one for
the project. The principal candidates, due to the size and price, were
Arduino YUN, BeagleBone Black and Raspberry Pi model 3B+, while the
specifications to be take in account were communication and processing
capabilities, as well as the flexibility in the development and mainte-
nance of the software components of the system. Table 1 of SI shows a
comparison of the characteristics of the most suitable controller boards.
As it can be observed the Raspberry Pi 3B + development board is the
most suitable due to its high core speed, communication capabilities and
low cost, despite its lack of analog ports. This lack is easily solved with
an Analog-to-Digital converter, which will be discussed later. Another
advantage of the selected development board is that it has an HDMI and

Hardware modules
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ADC DAC

uSD
All Software
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Signal
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LMP91000

ey

Set of Filters
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Main Controller Board
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Scheme 2. Hardware and software levels of potentiostat design
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USB ports, so it can be used in standalone mode by just connecting a
screen, mouse and keyboard to it (see Fig. 2).

To use the Raspberry Pi 3B + board, some additional elements are
required, a pSD card with at least 4 GB of capacity. In particular, a
Samsung EVO 64 GB MicroSDXC Class 10 card was chosen. A 5V pUSB
power adapter with a current output of 2.5A was also need. Finally, an
Ethernet cable, to use the board through SSH protocol, or a HDMI screen
with USB mouse and keyboard are also needed. The total cost of the
Controller Board module is 60 euros (see Table 2SI).

2.3.1.3.1.2. Data acquisition board

The Data Acquisition Board integrates all those electronic compo-
nents that are required for the sensing and physical treatment of the
signal that takes part in the chemical reaction. The components are
configured by the Controller Board and the captured signal is returned to
it. In particular, the components placed on this board are the signal
conditioner, an analog to digital and digital to analog converters (ADC
and DAC respectively) and a set of other non-configurable components
that are needed to maintain a low noise level in the sys-
tem.2.3.1.3.1.2.1. Signal conditioner

In this work, a Texas Instruments LMP91000 configurable AFE
Potentiostat, specially designed for low-power chemical sensing appli-
cations was chosen as the signal conditioner. This product allows such
configurations as temperature measurements, 2-lead ground referred
galvanic cell or 3-lead amperometric cell, the latest is the one used in
this work. Fig. 1SI shows a block diagram of the internal circuit of the
signal conditioner.

An IC communication with the Controller Board (given by the SCL,
SDA and MENB ports) is necessary to perform the programming of the
chip and getting the measures through the V, analog port. Also, a
reference voltage, given by the V¢ port, is necessary to perform a po-
tential sweep on the chemical sample. In addition, a capacitor, ports C1
and C2, is necessary to perform an analog filtering of the signal and
obtain an output as cleaner as possible of electrical noise. Finally, the
port of the potentiostat is connected to the electrochemical cell
(CSPE).2.3.1.3.1.2.2. Signal Treatment

The chosen controller board lacks analog GPIOs, this means, the
Raspberry Pi 3B + development board can handle only digital signals.
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This issue is solved by using an ADC and DAC converters. The ADC
converter is needed to handle the V,, signal of the signal conditioner,
which is the voltage proportional to the current handled in the elec-
trochemical cell. The DAC converter is needed to generate the Vief
signal, needed by the signal conditioner to generate the reference
voltage for the electrochemical cell (CSPE). The signal converters must
handle a very weak signals which are also very susceptible to electrical
noise. Taking this into account, a Texas Instruments ADS1115 ADC and a
Microchip MCP4728 DAC were chosen. Both are integrated circuits that
are focused on operate with in a high precision and low noise re-
quirements. Fig. 2SI shows a functional block diagram of both chips.

The main characteristics of the ADS1115 ADC are its 16bit resolution
and sigma-delta conversion procedure. The first characteristic is very
clear, the more bits the more precision to work with. Regarding the
second characteristic, the advantages of the sigma-delta conversion are
that the circuitry is most digital, which means that the performance will
not drift significantly with time and temperature, this type of converter
is inherently monotonic and lineal, also the requirements for external
antialiasing filters are minimum. All this offers a very high precision
output signal, but the penalty paid is the speed, as the hardware must
operate at the over-sampled rate, much larger than the maximum signal
bandwidth, thus demands great complexity of the digital circuitry. As an
example, a block diagram for a 1-bit sigma-dela converter is showed in
Fig. 3SL

Regarding the MCP478 DAC, its main characteristic is that it im-
plements a high-precision output amplifier, which allows having a
precise and stable output voltage.

In order to maintain an optimal signal-to-noise ratio in the system,
several analog filtering stages were implemented. The first one is in the
power line of the Data Acquisition Board. A set of capacitors allows to
have a smooth and clean power signal in all the circuit. The second one is
a set of decoupling capacitors, one at the power entry of each integrated
circuit of the board, which cleans the power signal of each chip. The
third one is a set of operational amplifiers that works in buffer config-
uration and are placed between the signal conditioner and ADC/DAC
integrated circuits. The chosen component for this third stage is a Texas
Instruments OPA388 Precision Operational Amplifier. It’s an integrated

General-purpose input/output pins for

connecting electronic components

Micro SD card
(underneath)

BERNRRRRRER R

Micro USB

power

USB ports

VVSVV

Ethernet port

Camera

Module port

Fig. 2. Raspberry Pi 3B + block diagram.
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circuit that is designed to work with high precision and ultra-low noise
requirements, due to this it integrates electromagnetic and radio-
frequency interference filters. Fig. 4SI illustrates a functional block di-
agram of the OPA388 integrated circuit.

One OA is required between the V,; port of the signal conditioner
and the Vi, port of the ADC, to get a clean output signal from the
LMP91000. Another OA is required between the V,; port of the DAC
and the V¢ port of the signal conditioner, to provide a clean voltage
reference signal. Table 3 of SI reflects all the components and cost of the
Data Acquisition Board module.2.3.1.3.1.3. Hybridization Chamber

The Hybridization Chamber is an add-on device developed to carry
out the hybridization event with the analyte. Its main purpose is to
maintain a fixed temperature during desired time. The device has its
own controller which allows three operation modes. The first one is the
Standalone mode, when the chamber is completely disconnected from
the Controller and Data Acquisition Boards and allows to have a fixed
temperature (40 °C) during a fixed time (1 h). The second one is the
Slave mode, when the chamber is connected only to the Controller Board
through a serial interface, which allows the operator to set the time and
temperature. The third one is the Full mode, when the chamber is
connected both to the Controller and Data Acquisition Boards, which
allows not only setting the time and temperature but also to perform the
signal read from the electrochemical cell, offering to the operator a
complete solution in one device. The main electronic element of this
equipment is a microcontroller to allow the standalone operation mode
and to allow the communication with the Main Controller Board. An
Arduino Pro Mini microcontroller was chosen for this task. As it was
mentioned before, the Hybridization Chamber owns its dedicated
controller, which is a PID (proportional-integral-derivative) controller.
It is a control loop mechanism employing feedback that is widely used in
applications requiring precise and stable control. A PID controller
continuously calculates an error value e(t) as the difference between a
desired setpoint and a measured process variable, and applies a
correction based on proportional, integral and derivative terms (KP, KI
and KO respectively). The distinguishing feature of the PID controller is
the ability to use the three control terms of proportional, integral and
derivative influence on the controller output to apply accurate and
optimal control. The mathematical model is:

Where the Output is the current applied to the resistor inside the
Hybridization Chamber and the e(t) is the calculated error between the
desired temperature and the current one, read by the temperature sensor
placed inside the Chamber. In addition to the electronic part, a meth-
acrylate box lined with thermal insulation has been designed and
manufactured. For the design it has been considered that the chamber
should be big enough to work comfortably and small enough to be
portable and not require much energy to reach and keep the desired
temperature. Fig. 5SI summarizes the detailed block diagram of the
developed potentiostat including all the hardware modules described
above.

2.3.1.3.2. Software modules. The software implementation of the
POC device can be divided in two main modules, the backend and
frontend. The Backend is all the software that is required to manage the
system but is not directly accessed by the operator. This includes the
communication protocols between all components of the device, the
internal controls of each chip, the digital filtering and data acquisition
algorithms. The Frontend is all the software that allows the operator to
manage the system and visualize the results (User Web based Interface).

2.3.1.3.2.1. Communications Module

The Communications Module uses such protocols as I°C, RS232 and
TCP (in particular, HTTP and WebSocket) as follows:

- 12C protocol is used to communicate the Controller Board with the
Data Acquisition Board, allowing the configuration and operation
with the signal conditioner, Analog to Digital Converter and Digital
to Analog Converter.
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- RS232 protocol is used to communicate the Controller Board with
the microcontroller of the Hybridization Chamber, both in slave and
full operation modes.

- TCP is the protocol used to transfer data between the operators UI
and the potentiostat device. HTTP allow the operator to use a
friendly WEB based UI to send commands in order to configure the
device. WebSocket is used to display the acquired data in real time on
the UI plot part (see Fig. 6SI).
2.3.1.3.2.2. Control module
The software control module is in charge of receiving the operators’

commands through the WEB UI, treat them and configure the corre-
sponding internal registers of the components of the Data Acquisition
Board.

- The signal conditioner, LMP91000, needs to configure the Tran-
simpedance Control Register (TIACN - 0 x 10) that allows to set the
amplifier gain (Ryra) and the load resistance (Ryoap); the Reference
Control Register (REFCN - 0 x 11) that allows to set if the voltage
reference (Vyef) source is internal or external, the internal zero value
as % of Ve, the Bias sign and the Bias value as % of Vif; the Mode
Control Register (MODECN - 0 x 12) that allows to enable or disable
the FET feature and select the operation mode of the sensor.

The DAC integrated circuit needs to configure its only register to get
the desired output voltage, that will be used as Vs of the signal
conditioner.

The ADC integrated circuit also needs to configure its internal reg-
isters in order to properly convert the signal obtained from the signal
conditioner, but in this case these configurations are not available to
the operator as they are already properly calibrated and set up
automatically when the system starts working.

Unlike the signal conditioner, ADC and DAC, the Hybridization
Chamber owns its dedicated microcontroller. This allows to manage
the device through a serial RS-232 communication using custom
commands that will be interpreted by the microcontroller. The
commands are:

e “a” - Powers on the hybridization chamber maintaining a desired
temperature

“s” - Powers off the hybridization chamber

“t” - Displays the current temperature in the chamber

“d” - Displays the desired temperature in the chamber

e “sp” - Sets a new desired temperature for the chamber

2.3.1.3.2.3. Digital Filter Module

In order to have a smoother representation of the signal for the
operator, a digital filter has been applied to the samples obtained from
the ADC. Specifically, a Savitzky-Golay filter [20-24] is used. It’s a
digital Finite Impulsive Response filter that can be applied to a set of
digital data points for the purpose of increasing the precision of the data
without distorting the signal tendency. This is achieved, in a process
known as convolution, by fitting successive sub-sets of adjacent data
points with a low-degree polynomial by the method of linear least
squares. When the data points are equally spaced, an analytical solution
to the least-squares equations can be found, in the form of a single set of
“convolution coefficients” that can be applied to all data sub-sets, to give
estimates of the smoothed signal, (or derivatives of the smoothed signal)
at the central point of each sub-set.

The original paper by Savitzky and Golay showed that at each po-
sition, the smoothed output value obtained by sampling the fitted
polynomial is identical to a fixed linear combination of the local set of
input samples. That is, the output samples can be computed by a discrete
convolution.

The two main parameters for this filter are the window length
(number of samples to work with) and the polynomial order. Both are
calibrated and set up in the control module, so the operator does not
have access to modify these values.

2.3.1.3.2.4. Data Acquisition Module

This module is in charge of sampling the V,; output signal of the
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signal conditioner and process it, not only presenting the data on the UI
but also storing it in a CSV file, so they can be accessed from third-party
applications.

2.3.1.3.2.5. User Web Interface module

This module offers a friendly and intuitive control to the operator,
allowing to configure different parameters of the system with a simple
click, or use the pre-set configurations. In addition to controlling the
system, it allows the visualization of the results obtained in the analysis
on a graph. Being a WEB interface (see Fig. 3), it allows access to the
system from any device that is on the same local network, thus making it
a very comfortable to use, since it does not depend on a preset computer
or third-party drivers.

3. Results and discussion

In this work we present the design, development, and validation of a
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portable, low cost and automatized DNA sensing device to detect SARS-
CoV-2 sequences based on a disposable nanostructured electrochemical
sensing platform coupled to a hybridization chamber and a potentiostat
(see Scheme 1). The combination of a sensitive and selective electro-
chemical sensing platform in conjunction with a portable, simple, and
fast potentiostat allow us to develop a new prototype that can achieve
the requirements set for POC sensing device.

The design of the potentiostat has been carried out at the hardware
and software levels, as is described in detail in procedures of Experi-
mental section and provides a complete device to perform an end-to-end
measurement. Moreover, as is described above, the potentiostat controls
the potential applied to a disposable Carbon Screen Printed (CSPE)
electrode nanostructured with gold nanotriangles (AuNTs) modified
with a DNA probe as sensing platform, and to measure the current in-
tensity from the electrolysis of the redox indicator (Azure A) of the hy-
bridization event. The current intensity measured at the potentiostat
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correspond to the Azure A accumulated on the DNA double layer formed
on the electrode surface after analyte recognition by the probe through
the hybridization event [25].

As can be observed in Scheme 1, the first step in the biosensor design
is the nanostructuration of the CSPE by spraying a solution of AuNTs.
This procedure allows a totally and uniform electrode surface coverage
(see Fig. 8SI). The second step is the immobilization of the thiolated
DNA probe sequence complementary to the analyte (a SARS-CoV-2
characteristic sequence from the RNA-dependent RNA polymerase
(RdRp) gene of the virus) by the chemisorption reaction between the
thiol group of the DNA probe and the AuNTs deposited on the carbon
electrode surface (CSPE/AuNT/Probe-SH). Then, hybridization with the
analyte or with a non-complementary sequence (used as control) is
carried out in the hybridization chamber at a selected temperature
(40 °Q). Finally, hybridization detection is based on the redox signal of
the electrochemical indicator (Azure A), accumulated on the dsDNA
layer formed on the electrode surface after analyte recognition. The
potential applied as well as the current intensity measured for the hy-
bridization detection is controlled by the potentiostat. Data is acquired
by measuring the current intensity at —0.5V and visualized at the WEB
interface developed using any device (computer, mobile phone or
tablet).

All the procedures for the final prototype development are described
in detail in experimental section and depicted in Scheme 1.

3.1. System testing and validation

The biosensing device developed has been applied to detect a specific
DNA sequence from the RdRp gen of SARS-CoV-2 virus. To validate it,
results were compared to those obtained using the same procedures but
a commercial oven (Memmert UNE 400 Drying oven) and a commercial
potentiostat (Autolab (PGSTAT 30) potentiostat). The biosensor
response is the maximum current measured at —0.5 V from the oxidation
of Azure A accumulated on the dsDNA layer formed at the electrode
surface after DNA sequence analyte recognition by hybridization with
the probe. At a first step, the biosensor response before and after the
hybridization with 3.0 pM of the SARS-CoV-2 sequence and a non-
complementary sequence (used as a control) in a conventional oven.
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The current intensities vs time were recorded with both the developed
and the commercial potentiostat (Autolab) and compared. As can be
observed in Fig. 4, the signals (current vs time) obtained before and after
hybridization with the target analyte (a sequence from the RdRp gen)
with both potentiostats have the same behaviour. This result confirms
that the new potentiostat can be applied for the development of elec-
trochemical biosensing devices. Even more, as one can observe, the
developed potentiostat provides higher intensities, due to a better
signal-to-noise ratio as consequence of the low noise level achieved with
the set of filters, low noise and high-resolution analog and digital con-
verters and the use of optimized traces in the implementation.

The hybridization chamber is the second main element included in
the prototype DNA sensor towards a POC device developed. A minia-
turized chamber is required. In this sense, we have developed a 12 x 7 x
7 cm hybridization chamber, which is more than 4 time smaller than a
regular laboratory oven. The effectiveness of the developed chamber
was tested by using it for hybridization of the probe with the target
analyte on the electrode surface at the previously optimized hybridiza-
tion conditions (1 h 40 °C, as we described in experimental section). The
resulting biosensor response was compared to that obtained when hy-
bridization was carried out in a conventional oven. Fig. 5 shows the
temperature registered in the developed hybridization chamber (A) as
well the biosensor response (presented as % of the signal increase to the
analyte compared to the signal obtained for the probe) after hybridi-
zation with the complementary sequence using either the developed
chamber (orange bar) or the conventional oven (blue bar). As can be
observed in the temperature vs time plot (Fig. 5A), the portable hy-
bridization chamber developed keeps constant the desired temperature
to achieve the hybridization. The temperature becomes stable after 7
min, and it remains constant between 39 °C and 41 °C for more than 60
min. As a result, the respond of the biosensing prototype developed is
quite similar to that obtained with a conventional oven.

The response of the portable biosensor developed was compared to
that obtained with a conventional one (using conventional oven and
potentiostat). Fig. 6 shows the normalized biosensor response (pre-
sented as % of the signal increase) to the SARS-CoV-2 sequence and to a
non-complementary sequence (used as a control) for both systems (n =
20 different electrochemical biosensing platforms). It can be observed
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sequence (CoV-2NC), used as a control. Data are presented as mean + SD (n
= 20 different electrochemical biosensing platforms). Statistical analysis was
carried out using R software (R Development Core Team, Vienna, Austria). A
Student T-test, with a T-test p-value < 0.05 or confidence interval of at least
95%, has been used to consider significant (sig) differences.

that although in both biosensing systems, the response is much higher
(more than 30 pA) when the hybridization event takes place with the
complementary sequence (CoV-2), a better discrimination between
complementary and non-complementary sequences results with the
portable system developed, which agree well with the good signal-to-
noise ratio of the developed potentiostat (see Fig. 4). This is confirmed
by the statistical analysis performed using Student T-test that gives (with
a confidence interval of at least 95% or a T-test p-value < 0.05) T-test p-
values of 0.02 and 0.04 for the developed device and conventional one,
respectively.

Analytical parameters of the portable device were also studied. The
portable biosensor shows linear response with the concentration of
SARS-CoV-2 sequence (see Fig. 9SI) and fits the equation: Y = 0.0122
[SARS-CoV-2] + 89.21 (R = 0.995). The method has a sensitivity of
0.0122 pAfM ™}, obtained from the slope of the plot. The LOD and LOQ
were found to be 22.1 and 69.4 fM, respectively, and were calculated
using the 3 Sb m™! and 10 Sb m™! criteria, where Sb is the standard
deviation of the background signal (probe-SH/AuNTs/CSPE) and m is
the slope of the calibration curve.

The reproducibility of the method was estimated from the response
of 20 electrodes, prepared using the same protocol, to 500 fM analyte
sequence. The relative standard deviation (RSD) was calculated to be
7.7%. The repeatability of the biosensor was also evaluated by
measuring 5 times the biosensor response. In this case, the RSD was
found to be 2.6%. Moreover, the biosensor response is stable at least
over a period of one month.

The selectivity of the biosensor to detect specific sequences SARS-
CoV-2 in samples containing SARS-CoV-2 sequence (500 fM) in pres-
ence of other virus sequences such as Influenza A (H7N9) or SARS-CoV-
1virus (at the same concentration (500 fM) was also evaluated. In both
cases, the biosensor response is quite similar to those obtained for only
SARS-CoV-2 sequence (see Fig. 10SI). This result demonstrates that the
developed biosensor can detect a SARS-CoV-2 target sequence even in
presence of potential interfering sequences.

Based on the good results obtained, we applied the developed device
to directly detect RNA sequences of SARS-CoV-2 in nasopharyngeal
samples of COVID-19 patients without using any amplification process
(see procedures of experimental section). These samples were provided
and previously analyzed at Hospital Ramon y Cajal by RT-qPCR to
validate the biosensor. As it is described in Experimental section two
different samples were analyzed, a nasopharyngeal sample of an infec-
ted patient with a medium viral load (25 Cts) and a sample from a non-
infected patient, used as control. Fig. 11SI shows the biosensor signal for
the infected (25 cts) and a non-infected sample. As can be observed the
biosensor response for the infected is ten times higher than in the case of
the non-infected sample, pointing out that the portable biosensor can be
employed for rapid detection of SARS-CoV-2 avoiding any amplification
process.

4. Conclusions

In this work, we present the design of a portable DNA biosensor for
detection of SARS-CoV-2 sequences paving the way to a POC DNA
sensing device. It is based on the combination of three components: a
disposable DNA sensing electrochemical platform nanostructured with
gold nanotriangles to increase its sensitivity, a portable potentiostat and
a portable hybridization chamber. We present in detail the design,
construction, and validation of all components of the prototype. The
system is composed of the following main blocks: a main controller
board that manages the whole equipment; a data acquisition board that
houses all the required components to perform a fast and low noise data
acquisition; and a hybridization chamber that allows to prepare the
sample. The main goals of this work were the fabrication of a portable,
low cost and easy to use DNA biosensing device with application to the
detection of specific DNA sequences such as from SAR-CoV-2 virus. This
is accomplished due to the reduced size (10 x 8 x 4 cm), reduced cost
and the possibility to use the system through a computer, smartphone or
tablet, connected to the same local network or using an internet
connection, offering a friendly user interface for the operation. We
validated the portable potentiostat and the hybridization chamber
prototype by detecting SARS-CoV-2 sequences with a detection limit of
22.2 fM. The results obtained with the new device are comparable or
even better to those obtained using a commercial Autolab potentiostat
suggesting the possibility of employ the prototype in POC testing. The
developed device works well even using real RNA samples of COVID-19
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patients avoiding amplification steps confirming the potential applica-
tion of this portable DNA biosensor in real samples.
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