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We report an electrochemical biosensor combined with recombinase polymerase amplification (RPA) for rapid
and sensitive detection of severe acute respiratory syndrome coronavirus 2. The electrochemical biosensor based
on a multi-microelectrode array allows the detection of multiple target genes by differential pulse voltammetry.
The RPA reaction involves hybridization of the RPA amplicon with thiol-modified primers immobilized on the
working electrodes, which leads to a reduction of current density as amplicons accumulate. The assay results in

shorter “sample-to-answer” times than conventional PCR without expensive thermo-cycling equipment. The
limits of detection are about 0.972 fg/pL (RARP gene) and 3.925 fg/uL (N gene), which are slightly lower than or
comparable to that of RPA assay results obtained by gel electrophoresis without post-amplification purification.
The combination of electrochemical biosensors and the RPA assay is a rapid, sensitive, and convenient platform
that can be potentially used as a point-of-care test for the diagnosis of COVID-19.

1. Introduction

Coronavirus disease 2019 (COVID-19) is a respiratory infectious
disease and, based on the pairwise protein sequence analysis, it is part of
the species of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) (Gorbalenya et al., 2020; Kilic et al., 2020; Organization, 2020;
Zhou et al., 2020). The outbreak of COVID-19 started in December 2019,
with the first case reported in Wuhan City, China, this virus outbreak is
the result of an animal-to-human transmission event (Andersen et al.,
2020; Broughton et al., 2020; Gorbalenya et al., 2020; Huajun et al.,
2020; Kilic et al., 2020; Tan et al.,, 2020; C. Wang et al., 2020).
COVID-19 is clinically mild but more contagious and spreads much
faster than MERS or SARS (Ji et al., 2020). Also, there is increasing
evidence that many patients with COVID-19 are asymptomatic, and
these patients are likely to cause a new round of outbreaks (Broughton
et al., 2020; Carter et al., 2020; Huang et al., 2020; Silveira et al., 2016;

Won et al., 2020; Xiang et al., 2020; Yuan et al., 2020). Since the dis-
tribution of antiviral treatment or vaccines is still in the early stages,
early diagnosis is important to reduce virulence (Lee and Lee, 2020).
Hence, laboratory diagnosis of SARS-CoV-2 holds the key for the timely
management and isolation of confirmed cases to prevent further trans-
mission (Miripour et al., 2020).

Coronaviruses have several molecular targets within their positive-
sense, single-stranded RNA genome that can be used for PCR assays,
including the ORF1b or ORF8 regions and the nucleocapsid (N), spike
(S) protein, RNA-dependent RNA polymerase (RdRP), and envelope (E)
genes (Broughton et al., 2020; Chan et al., 2020; Chu et al., 2020;
Corman et al., 2012; Huajun et al., 2020). Since these tests use two or
more primers and probe sets to detect multiple regions in the virus,
fluorescence resonance energy transfer (FRET) quenching is employed
to monitor the increase in the number of amplicons indirectly during the
reaction in real-time (Liang et al., 2020; Qu et al., 2020). However, this
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Fig. 1. Electrochemical biosensor combined with isothermal amplification. Schematic of an electrochemical biosensor combined with recombinase polymerase
amplification (RPA). The RPA reaction occurs on the working electrodes, and amplicon detection is quantified by differential pulse voltammetry (DPV).

testing scheme requires complex analytical instruments, expensive re-
agents, and considerable expertise (Kilic et al., 2020).

Current serological tests, whether realized using laboratory-based
enzyme-linked immunosorbent assay (ELISA) platforms or lateral flow
serological assays designed for use as point-of-care tests (POCTs), have
rapidly become available but with low accuracy, because antibodies
might not be detected in the early stages of infection (Carter et al., 2020;
Chan et al., 2020; Espejo et al., 2020; Ji et al., 2020; Tan et al., 2020;
Vashist, 2020; Xiang et al., 2020). Currently, only molecular quantita-
tive reverse transcription-polymerase chain reaction (PCR) (RT-qPCR)
testing of respiratory tract samples is recommended for the identifica-
tion and diagnosis of COVID-19 cases (Chan et al., 2020; Corman et al.,
2012; Huajun et al.,, 2020; Joung et al., 2020; Kilic et al., 2020;
Nagura-Tkeda et al., 2020; Tahamtan and Ardebili, 2020; Tang et al.,
2020; Vashist, 2020; Yishan Wang et al., 2020; Yang et al., 2020; Yuan
et al., 2020; Zhang et al., 2020). Isothermal amplification techniques,
such as recombinase polymerase amplification (RPA) and loop-mediated
isothermal amplification (LAMP), are alternative methods that feature
high sensitivity, specificity, and rapidity under isothermal conditions
(Esbin et al., 2020; Joung et al., 2020; Kashir and Yaqinuddin, 2020;
Kim et al., 2019b; Nassir et al., 2020; Won et al., 2020; Zhang et al.,
2020). Because these methods significantly simplify the protocol
without requiring a thermocycler, isothermal amplification has been
combined with various forms of biosensors that provide simple, fast,
disposable, and low-cost diagnosis.

In this study, we report an electrochemical biosensor coupled with
RPA for the rapid and sensitive detection of SARS-CoV-2. An electro-
chemical biosensor based on microelectrode array microchips,
comprising a reference electrode, counter electrode, and five individual
working electrodes, allows for the detection of multiple target genes by
differential pulse voltammetry (DPV). The isothermal RPA reaction in-
volves hybridization of RPA amplicons with thiol-modified primers
immobilized on the working electrodes, reducing the current density as
amplicons accumulate (Fig. 1).

2. Materials and methods
2.1. Reagents and equipment

The TwistAmp® Basic kit for RPA was purchased from TwistDx
Limited (UK). The primers were synthesized and purified by Bionics Inc.
(Korea). The plasmids containing a sequence of SARS-CoV-2 N and RdRP
genes were purchased from GenScript (USA) and used as a template for
the RPA assay. Polydimethylsiloxane (PDMS) was obtained from Dow
Corning (USA). K3[Fe(CN)¢] powder and KCl were obtained from Sigma-
Aldrich (Korea). All the chemicals used were of analytical grade and
used as received without further purification. Electrochemical mea-
surements were carried out using an electrochemical analyzer (CHI
830B from CH Instruments, USA). X-ray photoelectron spectroscopy
(XPS, ESCALAB 250, USA) with an AlKa X-RAY source and a mono-
chromator under ultrahigh vacuum (1 x 10~° Torr) was carried out to
confirm the presence of the AgCl layer.

2.2. Fabrication of electrochemical device with coplanar electrode
configuration

The technique used to produce microelectrodes was adapted from
our previous work (Kim et al., 2019; Kim et al., 2020; Schuck et al.,
2020). A5 cm x 5 cm bare glass substrate was used for the coplanar
microelectrode array. The substrate was cleaned by immersing in 50 mL
of acetone and sonicating for 20 min. Acetone residues and remaining
foreign substances were cleaned with isopropanol in the same manner as
the acetone step, and the substrate was placed in an oven (75 °C) to dry
for 10 min. The residue-free bare glass was spin-coated with a positive
photoresist (PR) and pre-baked for 10 min at 95 °C. Subsequently, the
photomask was aligned over the PR and patterned by a photolithog-
raphy method using a mask aligner (MA-6, Karl-Suss). Ag was deposited
over the substrate (glass/patterned PR layer) using a thermal evaporator
system (Evaporation System SHE-6T-350D). The fabricated glass/-
patterned PR/Au thin film layer was soaked in acetone and sonicated
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Fig. 2. Characterization of the Ag/AgCl electrode. (a-b) Optical images (a) and cyclic voltammetry measurements (b) obtained from an Ag electrode after AgCl
formation by immersing in a bleach solution for 30 s intervals. (c—e) X-ray photoelectron spectroscopy (XPS) spectra of Ag and AgCl electrodes: (c) survey spectrum,
(d) Ag 3d 5/2 and Ag 3d 3/2 and (e) Cl 2p regions. (f-g) stability (f) and reproducibility (g) of the electrochemical biosensors by CV measurements.

until the PR/Au thin film layer was lifted-off. Using the same fabrication
method as for the Ag electrodes (RE), the counter electrode (CE) and
working electrode (WE) were fabricated using Au. For the formation of
the AgCl layer, simple immersion was performed under FeCls as a bleach
solution for 1 min at 30 s intervals, which showed the highest current
density of the redox reaction in cyclic voltammetry (CV) measurements.

2.3. Recombinase polymerase amplification assay preparation

The N gene and RARP gene of SARS-CoV-2 were used as target
templates (Cheong et al., 2020; Kashir and Yaqinuddin, 2020; Kilic et al.,
2020; Won et al., 2020). The primers were ordered from Bionics (Suwon,
Korea) with requested thiol modification at the end of the forward
primer. The NTC, including all reagents except template DNA, was used
as a negative control. For the RPA reaction, the TwistDx Limited
(Maidenhead, UK) protocol was used (Huang et al., 2020; Kilic et al.,
2020; Magro et al., 2017; Yeh et al., 2017). Rehydration buffer (29.5 pL),
template (1 pL), 10 pM thiol-modified forward primer and reverse
primer (2.4 pL each), nuclease-free water (11.2 pL), and 280 mM of
MgOAc solution (2.5 pL) were added in a microtube or slab with a cy-
lindrical hole to start the RPA reaction. The prepared RPA solution (50
uL of total volume) was stored at human body temperature for 20 min.

2.4. Measurement and characterization of the electrochemical device

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
for electrochemical measurements were carried out using CHI 830B
instrument (CH Instruments, USA). Potassium ferricyanide (Ks[Fe
(CN)g]) solution (5 mM) containing KCI (0.1 M) was used as the sup-
porting electrolyte for both CV and DPV measurements (Akanda et al.,
2016; Vogt et al., 2016). CV measurements were used to investigate the
stability and reproducibility of the electrochemical device. The scanning
potential range was set from —0.2 V to 0.4 V at a scan rate of 100 mV/s.
The DPV measurement was made to investigate the movement of elec-
trons of K3[Fe(CN)g] on the working electrode. The DPV study was
performed in a scan range of —0.2 V to 0.4 V, with a pulse amplitude of
0.05 V, a pulse width of 0.05 s, and a pulse period of 0.2 s. All the
electrical measurements were performed at room temperature.

3. Results and discussion
3.1. Characterization of the electrochemical biosensor

An electrochemical biosensor with a microelectrode array was
fabricated on a glass substrate using microfabrication (Figure S1 and

Method section for more details). The multi-electrode array structure
guarantees uniformity, increasing the reproducibility of our device since
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Fig. 3. Feasibility verification of RPA in combination with electrochemical detection. The surface temperature of the Ag/AgCl electrode (a) and agarose gel elec-
trophoresis analysis (b) for confirmation of the RPA assay. DPV signals obtained by on-chip RPA performed with specific target N gene (c) and RdRP gene (e). Change
in the peak current for N gene (d) and RdRP gene (f) compared with an NTC and a blank control (***: p-value < 0.001.

they were all fabricated under the same conditions. Also, each electrode
can be used for different targets or to confirm the presence of a single
target at least three times, then avoiding an incorrect diagnosis. As a
reference electrode, Ag/AgCl was used because it is simple, stable, and
has less potential hysteresis against temperature cycles (Kurkina et al.,
2011; Punter-Villagrasa et al., 2017; Yoon et al., 2020). For the forma-
tion of the AgCl layer, simple immersion in a bleach solution was per-
formed for a short time (up to 4 min in 30 s intervals). Optical images
before and after chlorination showed that the part of the electrode in
contact with the solution became dark purple because of the formation
of silver chloride particles (Fig. 2a). The highest current density of the
redox reaction was shown by cyclic voltammetry (CV) measurements in
the 90 s sampling interval (Fig. 2b). The formation of the AgCl layer was
confirmed by X-ray photoelectron spectroscopy (XPS) (Fig. 2c—e). The
peaks at 367.5 and 373.5 eV were assigned to the binding energies of Ag
3d 5/2 and Ag 3d 3/2 of Ag™ in AgCl, respectively, whereas the peaks at
368.8 and 374.6 eV are attributed to metallic Ag’. For Cl 2p, a peak was
observed at a binding energy of approximately 200 eV.

For the stability and reproducibility of the electrochemical bio-
sensors, multi-array working electrodes were fabricated in the same
conditions with Au. The gold electrode has excellent binding properties

with thiol modified primer and it is a biocompatibility material. In
addition, since the oxidation-reduction reaction does not occur easily, it
has stable properties during the electrochemical reaction (Aravamudhan
et al., 2007; Walter et al., 2002). The electrochemical biosensors were
investigated via CV measurements under a potential range of —0.2 to
0.4 V at a scan rate of 0.1 V/s in 5 mM of potassium ferricyanide (K3[Fe
(CN)g]) solution containing 0.1 M KCl as a supporting electrolyte. The
supporting electrolyte was sufficiently saturated within three to five
consecutive cycles (Fig. 2f). To evaluate the reproducibility, five indi-
vidual working electrodes were tested. The relative standard deviation
(RSD) of the peak currents of these five electrodes was less than 0.07 pA
after three consecutive cycles, which is negligible for quantitative
detection (Fig. 2g).

3.2. Verification of RPA in combination with electrochemical detection

The RPA reactions were carried out according to the manufacturer’s
instructions (see the Methods section for details) using sequences pub-
lished previously for targeting the nucleocapsid (N) gene and RNA-
dependent RNA polymerase (RARP) gene of SARS-CoV-2 (Binnicker,
2020; Chan et al., 2020; Kashir and Yaqinuddin, 2020). The sequence
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Fig. 4. Reaction sensitivity of RPA coupled with electrochemical detection. The assay concentration ranged from 10° to 10° copies for 40 min under human body
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current with respect to the target gene concentration.

information of the RPA primers is described in Table S1. The primers
were thiol-modified to increase adsorption on the electrode (Jayakumar
et al.,, 2018; White et al., 2015). The feasibility of the assay was
confirmed by gel electrophoresis following DNA purification
(Figure S2). A no-template control (NTC), including all reagents except
for the template DNA, was used in all the reactions. Gel electrophoresis
confirmed the presence of the amplified target DNA (~100 bp). To
validate the feasibility of our electrochemical biosensor under human
body temperature, on-chip RPA was carried out for 20 min. Reactions for
targeting the N gene and RdRP gene were performed in different elec-
trodes, and a polydimethylsiloxane (PDMS) slab with a cylindrical hole
of 25 mm diameter was prepared as a reaction chamber. During the RPA
reaction, the surface temperature of one electrode was measured using a
thermocouple. In less than 3 min, the reaction chamber reached a
temperature of 36.4 + 0.2 °C, close to the human body temperature
(Fig. 3a). A specific target amplicon was observed by agarose gel elec-
trophoresis (Fig. 3b). For the DPV measurement, unhybridized DNA
fragments were removed with PBS so that the amplicon hybridized with
thiol-modified primers remained on the working electrode. DPV was
recorded in a potential range of —0.2 to 0.4 V, pulse amplitude of 0.05 V,
pulse width of 0.05, and pulse period of 0.2 s in 5 mM potassium
ferricyanide (Ks[Fe(CN)g]) solution containing 0.1 M KCl. The peak
current decreased compared to that measured at the working electrode
without the template DNA for targeting the N gene and RdRP gene
because the amplicons hindered the movement of K3[Fe(CN)g] electrons
(Fig. 3c and e). A slight decrease in the peak current of the NTC appeared
because of the adsorption of primers on the working electrode. A sig-
nificant decrease in the peak current was observed for the positive
samples and was significantly different from the NTC (***: p-value <
0.001) (Fig. 3d and f).

3.3. Sensitivity of RPA in combination with electrochemical detection

The sensitivity of the RPA-coupled electrochemical biosensor was
investigated by detecting DPV signals at different template concentra-
tions ranging from 10° to 10% copies. The assay was carried out for 40
min at human body temperature, and the signals were collected at 5 min
intervals. The logistic fittings of the peak current change (Acurrent)
depending on the time for targeting the N gene and RARP gene are
shown in Fig. 4a and Fig. 4b, respectively. The DPV signals depending on
the time for each concentration of the N gene and RARP gene are shown

in Figure S3 and Figure S4, respectively. The absolute current intensity
decreased with increasing template concentration and time due to
increased adsorption of the amplicons on the electrode. Thus, the
Acurrent values were proportional to concentrations in the range of 10°
to 10% copies within 20 min. After 20 min, the Acurrent was saturated
with complete adsorption of the amplicons on the electrode. The DPV
signals and Acurrent values for the N gene and RARP gene at 20 min
depending on the template concentration are shown in Fig. 4c and d,
respectively. Inset shows the linearity of the peak current to the target
gene concentration. The relative standard deviation (RSD) of the peak
currents of these error bar was less than 0.14 pA. The standard deviation
(SD) of NTC and the slope (S) were used to calculate the LoD applying
the formula: 3 x (SD/S) (Hong et al., 2018). The standard curves in the
inset show a linear relationship (R2 > 0.99) for both genes (RdRp, N)
with a detection limits of 0.972 fg/pL. (RARP gene) and 3.925 fg/uL (N
gene), which are slightly lower than or comparable to that of the RPA
assay results obtained by gel electrophoresis without post-amplification
purification (Figure S5). The specificity of our device could be improved
by employing carbon nanomaterials (such as graphene oxide and gra-
phene nanowalls) over the working electrode for detection using elec-
trochemical methods as demonstrated by other studies (Akhavan et al,
2012, 2014; Yi Wang et al., 2020). However, the performance of our
RPA-coupled electrochemical device has already potential to provide a
fast and accurate detection for the SARS-CoV-2 genome and the multi-
plexed structure could be an advantage to detect different strains of the
virus, allowing a more varied and safe diagnosis.

4. Conclusions

In summary, the RPA-coupled electrochemical detection method was
proposed for SARS-CoV-2 genome detection. This protocol allows the
detection of target genes in less than 20 min at the human body tem-
perature. For on-chip RPA, a PDMS slab with a cylindrical hole 25 mm in
diameter was prepared for a reaction chamber, and electrodes were
coated with thiol-modified primers. During RPA, the amplicon demon-
strated a lower DPV signal because of the electrostatic repulsion be-
tween the negatively charged amplicon and the electrode. The limit of
detection was slightly lower than or comparable to that of the RPA assay
results obtained by gel electrophoresis without post-amplification pu-
rification. The data suggest that the combination of RPA with an elec-
trochemical biosensor can be utilized as a rapid, sensitive, and



H.E. Kim et al.

convenient DNA detection platform under human body temperature
instead of using an external temperature controller.
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