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Abstract

A voltammetric genosensor has been developed for the early diagnosis of COVID-19 by determination of RNA-dependent RNA
polymerase (RARP) sequence as a specific target of novel coronavirus. The severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) uses an RARP for the replication of its genome and the transcription of its genes. Here, the silver ions (Ag*) in the
hexathia-18-crown-6 (HT18C6) were used for the first time as a redox probe. Then, the HT18C6(Ag) incorporated carbon paste
electrode (CPE) was further modified with chitosan and PAMAM dendrimer-coated silicon quantum dots (SiQDs @PAMAM)
for immobilization of probe sequences (aminated oligonucleotides). The current intensity of differential pulse voltammetry using
the redox probe was found to decrease with increasing the concentration of target sequence. Based on such signal-off trend, the
proposed genosensor exhibited a good linear response to SARS-CoV-2 RARP in the concentration range 1.0 pM—8.0 nM with a
regression equation I (LA) =— 6.555 log [RARP sequence] (pM) + 32.676 (R?=0.995) and a limit of detection (LOD) of 0.3 pM.
The standard addition method with different spike concentrations of RARP sequence in human sputum samples showed a good
recovery for real sample analysis (> 95%). Therefore, the developed voltammetric genosensor can be used to determine SARS-

CoV-2 RdRP sequence in sputum samples.
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Introduction

The world is currently witnessing the third large-scale pandem-
ic in the last two decades after the severe acute respiratory
syndrome (SARS) in 2003 and the Middle East respiratory
syndrome (MERS) in 2012 [1]. The novel pandemic, known
as COVID-19, is caused by the very contagious severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) virus. Due
to the emergence and rapid global spread of COVID-19, the
quick and accurate detection of virus or disease is increasingly
vital to control the sources of infection and prevent the exten-
sive spread of the disease. Despite all the efforts made, there is
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currently a global lack of reliable, fast, and ultrasensitive diag-
nostic tools for early detection of COVID-19.

Currently, the diagnostic tests for COVID-19 can be clas-
sified into two broad categories, namely molecular diagnostic
tests and antibody or serology tests [2, 3]. The molecular di-
agnostic tests include nucleic acid amplification strategies,
such as reverse transcription polymerase chain reaction (RT-
PCR), reverse transcription loop-mediated amplification (RT-
LAMP), and reverse transcription recombinase polymerase
amplification (RT-RPA) [3, 4]. Although RT-PCR is consid-
ered the gold standard for COVID-19 diagnosis, it suffers
from several limitations. An important issue with the RT-
PCR test is the risk of eliciting false-negative and false-
positive results [5]. The insufficient viral RNA at the point
of detection may lead to false-negative results. Compared to
RT-PCR, RT-LAMP is faster and does not require prior RNA
isolation from the samples [6]. In addition, this isothermal
amplification method requires six independent primers to rec-
ognize the target sequence and thus enables better specificity
in the amplification [7]. Despite high specificity, RT-LAMP
has some problems similar to other molecular detection
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techniques, such as unexpected cross-contamination due to
the high amplification efficiency. This contamination may
cause to false-positive results [8]. The amplification of nucleic
acids using RT-RPA is faster than RT-LAMP, at 37 °C or less.
Although this isothermal amplification method has been re-
ported for the rapidly detection of SARS-CoV-2, there are still
some deficiencies in the cost and operability. For example, the
RT-RPA requires the participation of three enzymes [9].

The nucleic acid-based biosensors (genosensors) are being
developed to improve the limitations of the conventional
methods. Along with the advancement in medical diagnosis,
the genosensors have become a sensitive and reliable technol-
ogy for viral detection [10-12]. Among genosensors, electro-
chemical genosensors have attracted a lot of attention due to
their fast response, sensitivity, economical properties, and
compatibility with microfabrication technology and simple
operation mode which makes them compatible with point-
of-care (POC) testing.

The gene-based strategies for SARS-CoV-2 detection have
some challenges, especially in terms of primer design [13].
Besides, there is a lack of information about the variety of
genetic SARS-CoV-2 in humans and animals. Recently, the
WHO recommended RNA-dependent RNA polymerase
(RdRP) (oligonucleotide ID: RdARP_SARSr-P2 and
RdRP_SARSr-P1), envelope (E), and nucleocapsid (N) genes
for the detection of the novel coronavirus [14, 15]. Although
these genes were reported as potential targets for the detection
of coronavirus, Kakhki and co-workers [16] found out that
only one of them (RdRP_SARSr-P2: 5'-CAGG
TGGAACCTCATCAGGAGATGC-3") was almost specific
for the new coronavirus, and the other introduced probes
would detect the other types of coronaviruses. Currently, the
gene targets selected by different countries for RT-PCR mo-
lecular assays are genetically similar, including RARP se-
quence and the open reading frame 1ab (ORF1ab) sequence
[13, 16]. RARP, a viral enzyme for viral RNA replication in
host cells, plays an essential role in the RNA virus life cycle
and has no host cell homolog. The SARS-CoV-2 RdRP se-
quence recommended by the WHO for detection of COVID-
19 is very closely related to that of SARS. Specifically, in the
selected gene sequences, only three fixed nucleotide bases
were different between SARS-CoV-2 RdRP and SARS
RdRP [17].

In this article, we focus on the label-free and nucleic acid
amplification-free determination of SARS-CoV-2 RdRP se-
quence (RARP_SARSr-P2) as a promising target for detection
of COVID-19 using the silver ion-hexathia-18-crown-6 com-
plex modified carbon paste electrode (CPE-HT18C6(Ag)).
The chemically modified CPEs have received much attention
in the electrochemical field [18]. Here, the silver ions in the
HT18C6 were used for the first time as an electrochemical
probe. HT18C6 is a macrocyclic thio crown ligand that is
insoluble in water and can form a fairly stable complex with
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Ag* ion in nonaqueous media [19]. It has been used as an
excellent neutral carrier for the preparation of Ag-selective
electrodes [20] and also for the selective extraction of silver
ions into 1,2-dichloroethane phase [21]. As it was clearly
pointed out in our previous study [20], this is likely due to
the high selectivity of the ionophore for silver ion over other
metal ions as well as the rapid exchange kinetics of the
resulting complex. Chelating agents with soft coordination
sites like sulfur seem to generate great affinity toward transi-
tion metal ions, such as Ag*. For the immobilization of probe
sequences, CPE-HT18C6(Ag) was further modified with the
chitosan and PAMAM dendrimer-coated silicon quantum
dots (SiQDs@PAMAM). The SiQDs@PAMAM nanocom-
posite provides a large surface area and abundant amino
groups for the immobilization of DNA probes. For the explo-
ration of new sensitive platforms, a strong tendency toward
biomolecules, high surface area, and good electrical conduc-
tivity is essential [22]. Generally, the signal amplification in
the electrochemical biosensors can be achieved by using
nanomaterials, such as quantum dots [23, 24], metal nanopar-
ticles [2, 23], and graphene [2]. The conjugation of PAMAM
functionalized nanomaterials with the DNA strands provides
efficient nanocomposites for sensing purposes [25, 26].
Dendrimers are widely used as versatile platforms owing to
their excellent properties, such as biocompatibility, uniformi-
ty, high-branched structure and large numbers of functional
ending groups [27].

Experimental
Reagents and chemicals

Bovine serum albumin (BSA, 98%), (3-
aminopropyl)trimethoxysilane (APTMS, 97%), potassium
hexacyanoferrate(I1I) (K3Fe(CN)g, > 99.0%), potassium
hexacyanoferrate(Il) trihydrate (K4Fe(CN)g .3H,0, > 99.95%),
disodium hydrogen phosphate (99.95%), sodium dihydrogen
phosphate (99%), potassium chloride (> 99%), sodium chloride
(> 99%), methylacrylate (99%), ethylenediamine (> 99.5%), di-
methyl sulfoxide (DMSO), maleic anhydride (99%), chitosan,
acetonitrile, diethylether, glutaraldehyde solution (GA, 25% in
water), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), sodi-
um hydroxide, and hexathia-18-crown-6 (HT18C6) were pur-
chased from Sigma-Aldrich (Steinheim, Germany, https://
www.sigmaaldrich.com). The extra pure graphite powder,
paraffin oil, silver nitrate, methanol, hydrochloric acid, and 4-
morpholineethane sulphonic acid sodium salt buffer (MES) were
prepared from Merck (Darmstadt, Germany, https://www.
merckmillipore.com). Phosphate buffer solution (PBS) was pre-
pared using 0.1 M Na,HPO, and 0.1 M NaH,PO,4 (pH 7.2).
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All selected oligonucleotides, including the SARS-CoV-2
RdRP, SARS RdRP, and E (envelope protein gene) sequences
were provided by Faza Biotech Company (Iran) according to
the previous reports [1, 16, 28] as follows:

SARS-CoV-2 RARP (oligonucleotide ID:
RARP SARSr-P2): 5'-CAGGT GGAAC CTCAT
CAGGA GATGC-3".

SARS RdRP: 5'-C CAGGT GGAAC ATCAT CCGGT
GATGC-3'.

E: 5-ACAC TAGCC ATCCT TACTG CGCTT CG-3".

The probe sequence or receptor of SARS-CoV-2 RARP
was modified at the 5'-terminus with an NH, group.

Instrumentation

Cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and electrochemical impedance spectroscopy (EIS)
were performed using a PGSTAT 302N electrochemical
workstation (Autolab, Netherlands, https:/www.metrohm-
autolab.com). The bias potential for EIS was 0.18 V. A
conventional three-electrode cell, consisting of a Pt wire as
the counter electrode, an Ag/AgCl electrode (KCl, 3 M) as
the reference electrode, and a carbon paste electrode (CPE, 1i.
d =3.0 mm, Azar Electrode, Urmia, Iran) as the working elec-
trode was utilized. Transmission electron microscopy (TEM)
images were taken on an EM10C TEM from Zeiss (Germany,
http://www.Zeiss.com) operating at 100 keV. Scanning
electron microscopy (SEM) studies and energy dispersive X-
ray spectroscopy (EDX) analysis were performed by a ZEISS
EVO 18 analytic microscope (Germany, http://www.Zeiss.
com) equipped with an energy dispersive X-ray analyzer.
Spectrofluorimetric measurements were performed using an
Agilent Cary Eclipse fluorescence spectrometer (Agilent
Technologies, USA, https://www.agilent.com). The UV-Vis
absorption spectra were recorded on a model Shimadzu UV
2550 (Shimadzu Corporation, Japan, https://www.shimadzu.
com). A 780 pH Meter was used for measuring pH at 25 °C
(Metrohm, Switzerland, https://www.metrohm.com).

Synthesis and characterization of SiQDs

Silicon QDs were synthesized through a one-step hydrother-
mal method which offers high temperature and pressure as the
procedure reported by Feng and co-workers [29]. In brief,
0.368 g trisidium citrate was dissolved in 8 mL deionized
water in a flask with sustainable aeration of nitrogen for
20 min to remove oxygen. Then, 2 mL APTMS was added
into the above solution and then thoroughly stirred at room
temperature and ambient pressure for 20 min. The as-prepared
solution was loaded into a teflon-lined stainless steel auto-
clave, which was incubated at 200 °C for 2 h and cooled to

room temperature. To remove byproducts, the resulting
SiQDs colloidal solution was treated by dialysis tubing bag
(1 kDa) against double distilled water for 12 h. After that, the
colloidal solution was concentrated through a rotary evapora-
tor followed by lyophilization to get brown-colored SiQD
powder.

The synthesized SiQDs were characterized by TEM, fluo-
rescence, and UV-vis absorption spectroscopy. The TEM im-
age (Fig. 1a) confirms the formation of quasi-spherical SiQDs
with an average size of ~ 10 nm. It should be mentioned that
low contrast in the TEM image is due to the low atomic weight
of silicon and nanoscale dimensions of the silicon dots,
resulting in poor visualization [30]. The obtained image is
similar to previously reported literature by Fan and co-
workers [31].

Elemental analysis of the SiQDs using EDX is shown in
Fig. 1b, illustrating the presence of Si, N, and O. Peaks of C
and Cu seen in this spectrum arose due to their integral pres-
ence in carbon-coated copper grids used for viewing the sam-
ples [30].

The SiQDs colloidal solution observed under a handheld
UV lamp with an excitation wavelength of 360 nm shows
intense blue color (Fig. 1¢) suggesting the formation of blue-
emitting SiQDs. Excitation and emission spectra of the resul-
tant SiQDs indicates that the SiQDs possess good
photoluminescence properties with symmetrical excitation
and emission peaks. The emission maximum of the as-
synthesized SiQDs is centered at 455 nm upon excitation at
360 nm.

Synthesis and characterization of PAMAM
functionalized SiQDs

The preparation of amine-terminated generation 3 (G 3)
PAMAM dendrimer by divergent technique starting from
ethylenediamine core followed by repeated Michael type ad-
dition and amidation reaction was described in the ESM.

The carboxyl-containing SiQDs were functionalized with
PAMAM by carbodiimide coupling reaction [32]. Briefly,
0.2 g of SiQDs was dissolved in 5 ml of 10 mM MES buffer
(pH 6.5). One millimole of NHS and an equimolar amount of
EDC were added to the SiQDs with constant stirring and con-
tinued for 1 h at room temperature to activate the carboxylic
acid group of SiQDs. Then, 2 g of PAMAM dendrimer dis-
solved in 2 ml of 10 mM MES buffer solution was added
slowly to the activated SiQDs with stirring condition. After
16 h of reaction at room temperature, the solution was purified
using a dialysis tubing bag (3.5 kDa) against double distilled
water for 3 days with change of water periodically to get
PAMAM functionalized SiQDs (SiQDs@PAMAM).

The TEM image shows the morphology of
SiQDs@PAMAM (Fig. 1d). The surface zeta potential of
SiQDs and functionalized SiQDs was studied by Zetasizer.
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Fig.1 a TEM image, b EDX spectrum, ¢ UV-vis and fluorescence spectra of SiQDs, and d TEM image of SiQDs @PAMAM; the magnification of TEM

images was adjusted in 100 KX

SiQDs show the negative zeta potential having a value of —
2.9+ 1.1 mV. The negative zeta potential arises due to the
presence of carboxylic acid (-COOH) groups on the surface
of SiQDs. After conjugation of PAMAM dendrimers, the zeta
potential of SiQDs changes to positive (10.7+1.0 mV) and
the magnitude of positive zeta potential gradually increases
with an increase in the generation of PAMAM dendrimers.

Development of voltammetric genosensor

The synthesis of [Ag([18]aneS¢)] ([18]aneS¢ =
1,4,7,10,13,16-hexathiacyclooctadecane) was briefly de-
scribed in the ESM. In continuation of our research, the
CPE-HT18C6(Ag) was constructed under optimum condi-
tions by mixing 55% w/w graphite powder, 15% w/w
HT18C6(Ag), and 30% w/w of paraffin oil. For this purpose,
0.055 g of graphite powder and 0.015 g of HT18C6(Ag) were
mixed in a mortar and homogenized. Then, 30 pL of paraffin
oil was added and mixed well. The prepared paste was used to
fill a Teflon holder. The microstructure of CPE-HT18C6(Ag)
was studied by EDX (Fig. 2a). The peaks of S and Ag ob-
served in this spectrum confirm the presence of HT18C6(Ag)
in the composition of carbon paste.

The surface of CPE-HT18C6(Ag) was polished on a clean
paper until a smooth surface was observed. Then, 0.5 mL of
0.01% chitosan in 0.1 M acetic acid was dropcasted on the
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CPE-HT18C6(Ag) and dried at room temperature for 1 h. The
surface morphology of CPE-HT18C6(Ag) (Fig. 2b) and
CPE-HTI18C6(Ag)/chitosan (Fig. 2¢) were studied by SEM.
It can be seen that surface of CPE-HT18C6(Ag) contains a
relatively compact carbon paste matrix. After modification, a
homogenous layer of chitosan was formed on the electrode
surface.

The obtained CPE-HT18C6(Ag)/chitosan was dipped in
5% GA for 30 min to activate amine groups for the reaction
with primary amines. The activated CPE-HT18C6(Ag)/chito-
san was rinsed with distilled water repeatedly in order to re-
move unreacted GA from the modified electrode surface. For
the immobilization of SIQDs@PAMAM on activated chito-
san, the activated CPE-HT18C6(Ag)/chitosan was dipped in
a 100 pL solution of as-synthesized SIQDs@PAMAM for
2 h. Then, the linking of the probe sequence to the amine
functionalities of the immobilized dendrimer was performed
in a buffered aqueous solution exploiting GA reagent. In the
first stage, the CPE-HT18C6(Ag)/chitosan/
SiQDs@PAMAM was dropcasted with 40 uL of an aqueous
solution of 5% GA for 30 min. Subsequently, the so treated
electrode was washed in MES solution and incubated for 1 h
with 20 uL of 10 uM solution of the probe oligonucleotide,
prepared properly diluting the standard solution in MES buft-
er. After removal of unreacted sequences by accurate rinsing
with MES buffer, a blocking treatment aimed at preventing
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Fig. 2 a EDX spectrum of CPE-
HT18C6(Ag); SEM images of b
CPE-HT18C6(Ag) and ¢ CPE-
HT18C6(Ag)/chitosan with
magnification of 2.00 KX

unspecific responses during the sample incubation was carried
out by casting 25 pL of a 2.5 mg mL ™" solution of BSA
dissolved in PBS on the modified electrode for an incubation
time of 15 min.

It is important to mention that the stability of immobilized
DNA probes on the modified electrode surface is one of the
critical factors in the designing of genosensors. We observed
the CPE-HT18C6(Ag)/chitosan/SiQDs@PAMAM/ssDNA is
more stable than the CPE-HT18C6(Ag)/chitosan/carboxylated
SiQDs/ssDNA. The functionalization of SiQDs with PAMAM
can lead to more stability of interface compared to
unfunctionalized SiQDs. It is because of the entanglement ef-
fects of PAMAM on the ssDNA and dsDNA [33]. Nandy and
Maiti reported that DNA strands can be entangled on PAMAM
dendrimers (G3-G5) [34]. They showed the amine-terminated
PAMAM can form a stable complex with ssDNA and dsDNA.
It is generally believed that the charge between the positively
charged dendrimer and the negatively charged backbones of
DNA strands plays a key role in the complex structure [33,
34]. In addition, abundant amino-terminated surface groups
of PAMAM dendrimers can be used for the immobilization
of aminated DNA probes on the modified electrode through
the covalent bonding. Therefore, the electrostatic and covalent
interactions of the dendrimer with probe sequences lead to
more stability of the designed interface.

After the formation of interface, assays were carried out by
incubating CPE-HT18C6(Ag)/chitosan/SiQDs @PAMAM/

probe sequence with 20 pL of the target sequence for 25 min
at room temperature. The electrode was then carefully washed
to remove unspecifically bound oligonucleotides. All electro-
chemical measurements were carried out in pH 7.2 PBS.

Figure 3 presents the schematic illustration of the
genosensor fabrication process.

Results and discussion

Electrochemical characterizaction of step-wise elec-
trode surface modification via CV

Cyclic voltammetry was recorded using the redox signal of
silver ion in 0.1 M PBS (Fig. 4A). When the HT18C6(Ag) is
mixed with carbon paste, a pair of well-defined redox peaks is
observed at 0.42 and 0.26 V (vs. Ag/AgCl), as a result of
oxidation of Ag to Ag+ (curve a). While the modification of
CPE-HT18C6(Ag) with chitosan blocks the electron transfer
of'silver and decreases redox signals (curve b). As can be seen,
a furthermore decrease in the redox peak currents is recorded
after modification of electrode surface with
SiQDs@PAMAM (curve c¢). Besides, immobilization of
probe sequences on the modified electrode surface leads to a
remarkable decline of peak currents in curve d. Finally, as
soon as the two sequences are hybridized, the redox signals
of silver decrease further due to the thickening of the electron
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Fig. 3 Schematic illustration of fabrication process of electrochemical
genosensor

transfers (curve e). This observation was assigned to the hy-
bridization of probe sequences with SARS-CoV-2 RdARP se-
quences at the electrode surface which inhibited the redox
reaction of silver in CPE-HT18C6(Ag) structure.

The stepwise modification of electrode surface was further
studied using the CV method in the presence of a redox probe
(0.1 M KCI containing 5 mM Fe(CN)s> *") (Fig. 4B). As can be
seen, an increase in the redox peak currents is recorded for the
electrode after modification with chitosan (curve b) compared to
the CPE-HT18C6(Ag) (curva a), due to the positive charge of
chitosan. Since the chitosan biopolymers carry the positive
charges at the acidic conditions, there is an electrostatic attraction
between Fe(CN)s® ™~ and chitosan. Through immobilization of
SiQDs@PAMAM on the surface of CPE-HT18C6(Ag)/chito-
san, the peak currents are further enhanced due to the electrostatic
attraction between positive-charged QDs and Fe(CN)s> 7+
(curve c). After attachment of the probe sequence to the surface
of CPE-HT18C6(Ag)/chitosan/SiQDs@PAMAM, the redox
peak currents significantly decreased (curve d) related to the
presence of phosphate groups in the DNA backbone that repelled
the negatively charged probe from the electrode surface [10].
Similarly, the hybridization of SARS-CoV-2 RdRP sequence
with the probe sequence led to decreasing the peak currents,
owing to the further electrostatic repulsion between redox probe
and target sequences (curve e).

EIS method was also carried out to characterize the fabri-
cation process of the genosensor. It is a suitable method for
monitoring the changes of the surface features during the fab-
rication process of electrochemical biosensors [35]. Figure 4 C
shows the Nyquist plots of impedance spectra in the process of
electrode modification in 0.1 M KCI containing 5 mM
Fe(CN)¢> . The impedance of the CPE-HT18C6(Ag) was
first obtained (curve a), indicating a very small semicircle at
high frequency. When the chitosan solution was dropcasted
on the surface of CPE-HT18C6(Ag), the R decreased due to
the positive charge of chitosan (curve b). After the immobili-
zation of SiIQDs@PAMAM on the surface of CPE—
HT18C6(Ag)/chitosan, the electrochemical semicircle
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became much smaller and close to a straight line (curve c).
This is attributed to the electrostatic attraction between
F e(CN)63 4 and positive-charged QDs. The assembling of
ssDNA probes on the CPE-HT18C6(Ag)/chitosan/
SiQDs@PAMAM led to a significant increase in Ry (curve
d) due to electrostatic repulsion between Fe(CN)s> ’* anions
and the negatively charged probe sequences. Finally, after the
incubation of SARS-CoV-2 RdARP sequences with probe se-
quences, the R, showed a further increase (curve e).

Calculation of the electroactive surface area

In order to increase the active surface area, the number of
immobilized probe sequences and finally the sensitivity of
the genosensor, the probe sequences were immobilized on
the chitosan/SiQDs @PAMAM film. The electroactive surface
area for CPE-HT18C6(Ag) and chitosan/SiQDs@PAMAM
modified CPE-HT18C6(Ag) was determined from the cyclic
voltammograms in solution of 5 mM of K5[Fe(CN)g] contain-
ing 0.1 M KCl at various sweep rates.
According to Eq. (1):

= (2.69 x 10°) n*/>ACD'/? '/ (1)
where i, is the peak current, n is the number of elec-

trons in the reaction, A is the electrode area, D is the
diffusion coefficient of the oxidized form
hexacyanoferrate (III), C is the bulk concentration of
the oxidized form and n is the scan rate. From the slope
of the i, vs. 12 line, the values of A were determined
as 0.099 cm? and 0.150 cm?® for the CPE-HT18C6(Ag)
and chitosan/SiQDs@PAMAM-modified CPE-
HT18C6(Ag), respectively. Therefore, after the electrode
surface was modified with chitosan/SiQDs@PAMAM
film, the electroactive surface area greatly increased, in-
dicating that the introduction of interface provides more
conduction pathways for the electron transfer of
[Fe(CN)s]> 7. In addition, chitosan/SiQDs@PAMAM
interface offers a large active surface area for immobi-
lization of probe sequences.

Optimization of effective parameters on the
genosensor response

The electrochemical responses of a genosensor can be influ-
enced by several experimental parameters that should be op-
timized to obtain better performances. One of the effective
factors in the electrode response is the amount of
HT18C6(Ag) used in the paste composition. By increasing
the amount of HT18C6(Ag) in the paste composition, the
number of redox probes is increased. However, with a further
increased HT18C6(Ag) amount, the electrical conductivity of
the electrode is decreased [36]. To obtain the optimum value
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Fig. 4 CVs of CPE-HT18C6(Ag) (a), CPE-HT18C6(Ag)/chitosan (b),
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chitosan/SiQDs @ PAMAM/probe sequence (d), CPE-HT18C6(Ag)/
chitosan/SiQDs@PAMAM/probe sequence/SARS-CoV-2 RARP
sequence (1 pM) (e) in A 0.1 M PBS (pH=7.2) and B 0.1 M KCl
containing 5 mM Fe(CN)s* 7", C Nyquist plots of CPE-HT18C6(Ag)

for HT18C6(Ag), the amount of paraffin oil was kept constant
at a 30% level, while the amounts of HT18C6(Ag) and graph-
ite powder were changed. Results showed the best response
was obtained in 55% graphite powder, 15% HT18C6(Ag),
and 30% paraffin oil (Fig. 1S).

Among the experimental parameters, the concentration of
probe oligonucleotides is an important factor on the response
of genosensors. As seen in Fig. 2S, the peak current of redox
decreased with increasing concentration of loaded probe oli-
gonucleotides on the surface of modified electrode up to
10 uM. However, the higher concentrations of probe se-
quences led to the saturation of electrode surface.

Since the hybridization time is a vital influencing factor on
the response of genosensors, the effect of this parameter on the
sensor response was also investigated (Fig. 3S). As is obvious,
the current response decreased rapidly with increasing hybrid-
ization time up to 25 min and then leveled off at higher pe-
riods, suggesting that the formation of hybridized oligonucle-
otides at the electrode surface has reached a saturation level.

2000

3000
VALY
(a), CPE-HT18C6(Ag)/chitosan (b), CPE-HT18C6(Ag)/chitosan/
SiQDs@PAMAM (c), CPE-HT18C6(Ag)/chitosan/SiQDs @PAMAM/
probe sequence (d), CPE-HT18C6(Ag)/chitosan/SiQDs@PAMAM/

probe sequence/SARS-CoV-2 RdARP sequence (1 pM) (e) in 0.1 M KCI
containing 5 mM Fe(CN)GH 4

4000 5000

Analytical performance of signal-off voltammetric
genosensor

The application of CPE-HT18C6(Ag)/chitosan/
SiQDs@PAMAM/probe sequence for the detection of
SARS-CoV-2 RdRP sequence was studied based on a signal-
off strategy by the DPV technique in the potential range from 0
to 0.8 V (vs. Ag/AgCl). For this purpose, the prepared
nanogenosensor was incubated with different concentrations
of the target sequence, and the peak current of silver was mea-
sured as a redox probe. Obviously, the addition of target with
different concentrations on the modified electrode surface in-
duced different decreases in the peak current of the Ag probe.
In fact, the oxidation peak current of silver decreased by adding
more increments of SARS-CoV-2 RARP sequence to the solu-
tion (Fig. 5a). Based on such signal-off trend, the genosensor
exhibited a good linear response to target in the concentration
range of 1.0 pM-8.0 nM with a regression equation of I (LA) =

—6.555 log [RARP sequence] (pM) + 32.676 (R*=0.995) (n=

@ Springer
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6) (Fig. 5b). The limit of detection (LOD) and limit of quanti-
fication (LOQ) evaluated as 3Sy/m and 10S,/m were 0.3 pM
and 1.0 pM respectively, where S, is the blank standard devi-
ation and m is the slope of the calibration curve.

The selectivity of the detection largely reflects the perfor-
mance of the designed genosensor. Thus, the specificity of the
CPE-HT18C6(Ag)/chitosan/SiQDs @PAMAM/probe se-
quence toward different sequences including SARS-CoV-2
RdRP (10 pM), SARS RdRP (50 pM), and E (50 pM) se-
quences was investigated using DPV technique. The consider-
able decrease in the peak current of silver was only observed in
the presence of the SARS-CoV-2 RARP sequence, while neg-
ligible changes were observed with the other sequences tested
(Fig. 6A). In addition, the bar chart of DPV response of CPE-
HT18C6(Ag)/chitosan/SiQDs@PAMAM/probe sequence in
the mixture of target gene (10 pM) and mentioned interferent
genes (fivefold) showed a negligible decrease compared with
that of modified electrode for target gene (Fig. 6B). Thus, it was
concluded that the immobilized DNA probe selectively binds to
the target sequence. These outcomes show the selectivity and
specificity of the electrochemical genosensor toward the
SARS-CoV-2 RdRP sequence.

The relative standard deviations (RSDs) for single-
electrode repeatability and electrode-to-electrode reproduc-
ibility were less than 2.7% and 6.6% (n=75), respectively.
Moreover, the stability was investigated by the electrode im-
mersion in 0.1 M PBS (pH 7.2) for 15 days at the refrigerator
(4 °C) and room temperature (25 °C). The constructed DPV
aptasensor shows negligible current decay at 4 °C, with RSD
of 1.94%; while RSD of 3.78% was found when the modified
electrode was stored at room temperature. So, when not in use,
the working modified electrode was stored at 4 °C.

To evaluate the practical application of this sensing strategy,
the SARS-COV-2 RdRP gene was determined in the spiked
sputum samples. For this purpose, sputum samples prepared
from healthy volunteers (n =3) were centrifuged at 5000 rpm
(10 min) and then, diluted three times with MES buffer. The
standard addition method and DPV technique at positive poten-
tial of ~ 0.42 V versus Ag/AgCl were used to measure target in
the sputum samples. The samples were spiked with different
concentrations of SARS-CoV-2 RdRP sequence (5.0 pM, 50.0
pM, and 5.0 nM). Each sample was analyzed four times, and
the corresponding results are shown in Table 1, which discloses
a good recovery in real serum samples (> 95%). Therefore, the
voltammetric genosensor can be used to determine SARS-
CoV-2 RdRP gene in sputum samples.

Comparison with the alternative biosensors for
detection of COVID-19

The LOD of detection tools plays a major role in the early
diagnosis of COVID-19. The low LOD of assay methods is
desirable to prevent false-negative results. Table 1S presents

@ Springer

a 45
Signal off
36
27 +
<
S
L]
18
9 L
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
E/V
b
40
Linear range: 1.0 pM-8.0 nM
e
=

0 0.5 1 15 2 25 3 35 4 45
C/log pM

Fig. 5 a DPVs of CPE-HT18C6(Ag)/chitosan/SiQDs@PAMAM/probe

sequence in the presence of different concentrations of SARS-CoV-2

RdRP sequence (0, 1 pM, 10 pM, 100 pM, 1000 pM, 5000 pM, 8000

pM) in 0.1 M PBS of pH 7.2; b Calibration curve of I, vs. log Crarp

several molecular diagnostic tests based on the nucleic acid
amplification for SARS-CoV-2 detection. As mentioned, an
important issue with the amplification strategies is the risk of
eliciting false-positive results due to the unexpected cross-
contamination. In addition to false-negative/positive results,
the molecular diagnostics are not intended for POC diagnosis
of COVID-19 [8].

Biosensors offer great potential to meet diagnostic require-
ments and can be used to detect COVID-19-related indicators.
The advent of new technologies, such as nanotechnology,
smartphones, and microfluidic technology has changed the
world of sensors and provided portable biosensing systems
for POC diagnostic applications. The biosensors also have
the ability to simultaneously identify multiple markers. The
simultaneous determination is an important need for the fast
detection of multiple analytes present in a sample matrix. For
example, areas with local infectious disease epidemics, such
as Africa and the malaria epidemic have a high risk of simul-
taneous outbreaks together with COVID-19. The biosensors
can simultaneously identify and screen COVID-19 and other
local infectious diseases, serving as an early warning system
in resource-poor areas [37]. In addition, these analytical de-
vices can work with low sample volumes. More importantly,
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45
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I/pA

SARS-COV-2 SARS-COV-2 SARS-COV-2 SARS-COV-2
RARP + SARS RdRP +E RdRP + SARS RdRP
RdRP + E gene Rd4RP
gene

Buffer

Fig. 6 A DPVs of CPE-HT18C6(Ag)/chitosan/SiQDs@PAMAM/probe
sequence in (a) PBS of pH 7.2, (b) E gene (50 pM), (c) SARS RdARP gene
(50 pM), and (d) SARS-CoV-2 RdRP gene (10 pM). B Bar charts of DPV
responses of CPE-HT18C6(Ag)/chitosan/SiQDs@PAMAM/probe se-
quence in PBS of pH 7.2, SARS-CoV-2 RdRP gene (10 pM), and the
mixtures of SARS-COV-2 RdRP (10 pM) and other interferent genes (50
pM)

biosensors can be used for the label-free and nucleic acid
amplification-free detection of DNA/RNA for the sensitive
diagnosis of infection [38]. Therefore, ultralow LOD, ability
for simultaneous detection, selectivity, and portability of bio-
sensors make them a better choice for COVID-19 diagnosis.
In Table 2, the analytical characteristics of some previously
reported biosensors for COVID-19 detection were compared
with those of our proposed genosensor [2, 39—45]. The ana-
lytical figures of merit of the designed genosensor in this work
are acceptable compared to the biosensors reported in the lit-
erature for COVID-19 detection. As is obvious, the electrode

materials play a critical role in the construction of high-
performance electrochemical sensing platforms for detecting
ultralow levels of analytes. The PAMAM functionalized
SiQDs provide a large surface area and abundant amino
groups for the immobilization of DNA probes. In addition,
the chitosan/SiQDs@PAMAM nanocomposite, as an efficient
bio-interface film, possesses good biocompatibility. To the
best of our knowledge, the silver ions in the HT18C6 were
used for the first time as an electrochemical probe. The ob-
tained complex was easily mixed with carbon paste. More
importantly, no antibody or enzyme was used in our sensing
method. Compared with other biosensors that require protein
bioreceptors, such as antibodies, the present sensing method
demonstrated a simplified need in label-free oligonucle-
otide probes. The use of nucleic acids can effectively
reduce costs and increase the chemical or thermal sta-
bility of biosensors. The nucleic acids are in general
more stable than antibodies and enzymes and have a
longer shelf life.

Conclusions

The COVID-19 pandemic has created huge damage to society
and brought panic around the world. The accurate and reliable
diagnosis followed by effective isolation and treatment of pa-
tients are pivotal at the early stage of virus breakouts. This is
especially true when there is no cure or vaccine available for a
transmissible disease, which is the case for the current
COVID-19 pandemic. Up to now, more than 100 kits for
COVID-19 diagnosis on the market have been proposed,
while emerging sensing techniques for SARS-CoV-2 are also
investigated. In this article, a signal-off sensing strategy was
used for the voltammetric determination of SARS-CoV-2
RdRP sequence (RARP_SARSr-P2) based on the CPE—
HT18C6(Ag)/chitosan/SiQDs@PAMAM/probe sequence.
For the first time, the silver ions (Ag*) in the HT18C6 carrier
were used as a redox probe. The modification of CPE—
HT18C6(Ag) with nanolayers and then, hybridization of
SARS-CoV-2 RdRP sequence with the probe sequence led
to decreasing the peak currents of silver. The proposed
genosensor exhibits a wide linear range of detection, low
LOD, and good selectivity. Despite these advantages, the

Table 1 The obtained results from

standard addition method with the Sample Added RdRP sequence “Found RdRP sequence RSD (%) Recovery (%)
spiked different concentrations of

SARS-CoV-2 RdRP sequence in 5.0 pM 4.3 1.9 96.0

sputum samples prepared from 50.0 pM 50.4 1.0 100.8

healthy volunteers by electro- 50 nM 51 16 102.0

chemical genosensor

 Calculated as a mean of four measurements
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described sensing strategy is time and cost-consuming. In ad-
dition, such a design (electrochemical signal-off strategy) has
a main limitation of negative signals. To overcome the afore-
mentioned disadvantage, signal-on electrochemical biosen-
sors were duch improved signaling; as the background
current observed in the absence of a target is reduced,
the gain of such a sensor, at least in theory, increases
without limit [46, 47].
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