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ARTICLE INFO ABSTRACT
Keywords: The development of rapid, accurate, sensitive, and low-cost diagnostic methods for COVID-19 detection in real-
COVID-19

time is the unique way to control infection sources and monitor illness progression. In this work, we propose an
electrochemical biosensor for the rapid and accuracy diagnosis of COVID-19, through the determination of
ORF14p specific sequence. The biosensor is based on the immobilization of a thiolated sequence partially com-
Oxygen reduction reaction plementary (domain 1) to ORFy,, on gold screen-printed electrodes and the use of bifunctional Au@Pt/Au
DNA biosensor core@shell nanoparticles modified with a second thiolated sequence partially complementary to ORF;,p (domain
2) as electrochemical indicator of the hybridization of DNA sequences. The synthesized Au@Pt/Au nanoparticles
consist of an Au core, a shell of Pt (Au@Pt NPs), that provides an excellent electrocatalytic activity toward the
oxygen reduction reaction (ORR) even after formation of hybrid biomaterials by modification, through the Au
protuberances growth on the NPs surface, with an oligonucleotide with recognition ability. The ORR electro-
chemical activity, enhanced by the label element (Au@Pt/Au NPs), has been employed, for the first time, as
indicator of the hybridization event. Based on this strategy, target sequences of the SARS-CoV-2 virus have been
detected with a detection limit of 32 pM. The selectivity of the biosensor was confirmed by analysing ORFp,
sequence in the presence of DNA sequences from other viruses. The biosensor has been successfully applied to the
direct detection of the virus in non-amplified samples of nasopharyngeal swabs from infected and non-infected
patients. Results compare well with those obtained through RT-qPCR but our method is more rapid since does
not need any amplification process.

SARS-CoV-2
ORF;,p sequence
Bimetallic nanoparticles

1. Introduction Influenza A, Enterovirus, Rhinovirus and Respiratory Syncytial virus)
or bacteria (Mycobacterium tuberculosis, Mycoplasma pneumoniae, Strep-

After the pandemic caused by the coronavirus SARS-CoV-2, tococcus pneumoniae and Chlamydophila pneumoniae) and even more
specially, during autumn and winter, overflow health care workers are chronic severe respiratory diseases (lung cancer, cystic fibrosis, asthma,
struggling as hospitals fill with sick patients battling respiratory ill- or chronic obstructive pulmonary disease, etc.), have similar symptoms
nesses. Different diseases generated by virus (SARS-CoV-2, MERS-CoV, [1]. Despite of that, each of them requires specific treatments and
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patient’s perspectives greatly improve when they are applied as soon as
possible. Therefore, an urgent global challenge has emerged, to develop
diagnostic technologies that could provide accurate information within
a short time frame and so allow to apply an efficient therapy at an early
stage [2]. This challenge has been championed by the World Health
Organisation (WHO), urging the development of highly sensitive
methods capable of operating in robust conditions for the detection of
SARS-CoV-2 [3] where biosensors are promising approaches and
endorsed by national governments, and highlighted within international
consensus. Effective and fast diagnosis of diseases relies on accurate
molecular tools that reflect the clinical state of the patient.

Regarding infectious diseases, international and national organiza-
tions are involved in the development of sentinel programmes that alert
to the spread of infectious diseases [4]. For this purpose, early and ac-
curate detection of the pathogen that is generating the infection is of
paramount importance. Current diagnoses of COVID-19 are based
mainly on rapid antigen [5] and molecular tests. Although
antigen-based approaches present some advantages such as they can be
used for mass screening, high specificity, portability and low cost, their
greatest drawback is their low sensitivity when compared to molecular
tests. On the contrary, molecular tests use reverse transcriptase real-time
polymerase chain reaction (RT-PCR), which is a highly sensitive and
specific diagnostic. However, these approaches are time consuming, can
only be performed in a laboratory and require highly qualified
personnel. Hence in this context, point-of-care (POC) devices can pro-
vide instantaneous results, supporting the provision of timely patient
care by better-informed healthcare professionals [6]. Furthermore,
low-trained personnel can easily use these devices and transfer the
necessary information.

Among POC devices for infectious pathogen detection, DNA bio-
sensors offer highest sensitivity, accuracy, specificity, selectivity, and
simplicity, having been applied for the detection of wide range of viral
pathogens in clinical samples [7]. In this context the development of
new strategies for DNA biosensor design is a melt pot of analytical
chemistry, biochemistry, material science and diagnostic medicine.
Among the different kind of DNA biosensors available, optical-based
biosensors such as surface plasmon resonance (SPR) [8],
surface-enhanced Raman scattering (SERS) [9], or electrical-based DNA
biosensors as field effect transistors (FETs) [10], stand out
electrochemical-based DNA biosensors that offer rapid, simple, highly
sensitive, selective, reliable, and low-cost analytical methods [11].

A key aspect of DNA biosensor development is the DNA/RNA hy-
bridization detection. Different strategies have been described using
label-free systems to detect hybridization and DNA quantification. As an
example, those based on fluorescence [12], UV-Vis [13] and electro-
chemical techniques [14] among others. The label-free strategies usually
have less complicated designs, less preparation time, reduced cost due to
the elimination of complex labels, and scalability. These advantages are
severely overwhelmed by the disadvantages such as lack of sensitivity,
cross-reactivity, and interference [15].This is the reason why labels such
as enzymes, nanoparticles, redox-active molecules, etc. have been
employed for biosensor development. The need for ultrasensitive assay
of low-abundance RNAs and the trend toward miniaturized devices have
made nanomaterials significant, since they can produce a synergic effect
between catalytic activity, conductivity, and biocompatibility to accel-
erate the signal transduction, leading to ultrasensitive detection [11,
16-18]. In these terms, the ability to modify nanoparticles with bio-
logical recognition elements imparts high selectivity onto devices [19].
Regarding the properties of the metallic nanoparticles that we can use
for labelling, we highlight their electrocatalytic activity. Core and shell
multilayer bimetallic nanoparticles, made up of different metals, are an
important alternative to classical nanoparticles since they present a
synergistic effect, combining the properties of different metals. This kind
of nanoparticles show enhanced properties because they present
surface-enhanced Raman scattering (SERS) [20] and electrocatalytic
properties [21-23]. Considering these excellent properties, different
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basic electrocatalytic reactions have been employed to follow bio-
recognition event in electrochemical biosensors [24] such as oxygen
evolution reaction (OER) [25], oxygen reduction reaction (ORR) [26],
Hy0, oxidation [27], all of them electrocatalysed by metal nano-
particles. The great electrocatalytic activity of metal nanoparticles have
facilitated achievement of the high level of signal amplification needed
for the development of ultrasensitive electrochemical affinity
biosensors.

In this work an electrochemical DNA biosensor for ORFy,}, specific
sequence of coronavirus SARS-CoV-2 has been developed using Au@Pt/
Au nanoparticles as label agent for ORR electrocatalysis. Unless Au@Pt/
Au nanoparticles have been previously used as immunosensor label
agents [21,22], it is the first time they are conjugated with an oligo-
nucleotide and employed for the development of DNA biosensors and
the first time that their ORR electrocatalytic activity is used to monitor
the hybridization event of DNA. The proposed DNA biosensor is based
on the immobilization of a thiolated oligonucleotide partially comple-
mentary (domain 1) to the ORF1,}, target DNA sequence on a disposable
gold screen-printed electrode, and the use of a bioconjugate label agent:
Au@Pt/Au nanoparticles functionalized with a thiolated oligonucleo-
tide partially complementary to ORF,p in the domain 2 (see Scheme 1).
The proposed DNA biosensor has been successfully applied to the
analysis of samples of nasopharyngeal swab from COVID-19 patients,
provided by a hospital, without the need of DNA amplification. The ORR
electrocatalytic activity of the working electrode increases with the viral
load of the patient samples tested.

2. Experimental section
2.1. Chemicals

Sodium Phosphate monobasic monohydrate salt (NaH;PO4-H30),
Sodium Chloride (NaCl), sulfuric acid (H2SO4), 6-Mercapto-1-hexanol
(MCH), 1,4-Dithiothreitol (DTT) and DNA oligonucleotides (Table 1)
were obtained from Merck (Darmstadt, Germany). Sodium Phosphate
dibasic dihydrate salt (NagHPO4-2H,0) were obtained from Riedel-
deHaen (Seelze, Germany). All the solutions were prepared in ultrapure
water, purified with a Millipore Milli-Q-System (18.2 MQ cm).

2.2. Instrumentation

Electrochemical measurements were carried out using a Autolab
PGSTAT302 N potentiostat (Eco-Chemie). Software package GPES 4.9
was used for data acquisition. A screen-printed electrode connector
(Metrohm) was used as interface. Electrochemical experiments were
performed with Metrohm screen-printed gold electrodes (AuSPE, DRP-
C220BT) which integrate a gold working electrode, a silver pseudor-
eference electrode and a gold auxiliary electrode. All electrochemical
studies were performed using a home-made electrochemical cell and a
BAS Ag/AgCl/3 M KCl external reference electrode.

UV-Vis absorption spectra were recorder using a UV-1900 Spectro-
photometer from SHIMADZU (Japan) using a low-volume quartz
cuvette. UV-Probe software was used for spectra acquisition.

Spectrophotometric measurements of transparent screen-printed
gold electrodes (DRP-AUTR10) (Metrohm-DropSens) were carried out
using a UV-VIS SPELEC (200-900 nm) in transmission mode.

The high resolution-transmission electron microscopy (HR-TEM)
images for were recorder using a FEI Tecnai G2 F20S-TWIN field-emis-
sion gun high resolution microscope from FEI (United States of America)
on a copper grid, using an accelerating voltage of 200 kV.

Atomic Force Microscopy (AFM) images were taken with an Agilent
5500 microscope and Olympus cantilevers (RC800PSA, 200_20 mm)
operating in tapping mode in air on HOPG electrodes.

X-ray Photoelectron Spectroscopy (XPS) analysis of the samples was
carried out with a Phoibos 150 MCD spectrometer equipped with
hemispherical electron analyzer, and using an Al Ka X-ray source
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Scheme 1. Scheme detailing the methodology developed for the design of the biosensor.

Table 1
Oligonucleotide sequences used in this work.
Sequence Name
Thiol-Domain 1- 5'-SH-CgH;o -CCATAACCTTTCCA-3' D1-ORFp
probe
Thiol-Domain 2- 5-CATACCGCAGACGG-CgH;( -SH-3' D2-ORFp
probe
Target 5'-CCGTCTGCGGTATGTGGAAAGGTTATGG-3' ORF1ap
Interferent 1 5-CCAGGTGGAAC ATCATCCGGTGATGC-3' SARS-CoV
Interferent 2 5 -TTAGTCATCTGCGGGAATGCAGCATTATCT- Influenza
3 A

(1486.7 eV) with an aperture of 7 mm x 20 mm. The base pressure in the
ultra-high vacuum chamber was 5 x 107'% mbar, and the experiments
were carried out a room temperature. A 30 eV pass energy was applied
for taking the overview sample, whereas 20 eV pass energy was applied
for the analysis of the following core level spectra: P (2p) and N (1s). XPS
spectra regions were fitted and deconvoluted using the fitt-xps software,
calibration was done against the Au (4f 7/2) peak set to 84.0 eV for the
NPs gold surface sample.

During the biosensor preparation, a Mini-Shaker PSU-2T from Biosan
(Spain) and a thermostatic centrifuge (Universal 320R) from Hettich
(Germany) were used.

All material and solutions used in this work were sterilized in a Niive
0OT012 autoclave before being used.

2.3. Preparation of SARS-CoV-2 DNA oligonucleotides stock solutions

Prior to use, thiol-modified probe stock solutions (D1-ORFp and D2-
ORFp) were prepared following the protocol for thiol-modified oligo-
nucleotide reduction, using a NAP-10 column of Sephadex G-25 (Merck)
and 1,4-dithiothreitol (DTT), from Merck. Afterwards, the D1-ORFp
probe stock solution was prepared at 10 pM final concentration in 10
mM phosphate buffer (PB) pH 7.0 and the D2-ORFp probe was stored
with the initial concentration in 10 mM PB pH 7.0. 100 pM stock solu-
tions of the analyte sequence were prepared using 10 mM PB (pH 7.0)
with 0.4 M NaCl as solvent (PBS). All the solutions were stored at
—20 °C.

2.4. Bifunctional Au@Pt/Au core@shell nanoparticles synthesis and
bioconjugation with D2-ORFp

The synthesis of bimetallic core@shell Au@Pt/Au NPs was carried
out following a previously optimized protocol [21]. The procedure starts
with the preparation of Turkevich’s Au NPs [28], by mixing 80 mL of
gold (III) chloride trihydrate (2.94 x 10™* M) and 2 mL of trisodium
citrate (3.88 x 1072 M), under magnetic stirring for 30 min.

Au NPs were then covered with silver, taking 51.25 mL of the sus-
pension (9.00 x 10'* Au NPs/mlL) and mixing it with 3 mL of silver
nitrate (5.88 x 1073 M) and 50 pL of trisodium citrate (3.88 x 1072 M),
boiling for 1h under magnetic stirring. Silver was then replaced by
platinum (galvanic replacement) by mixing the obtained suspension
with 80 pL of chloroplatinic acid (1.95 x 10~ M), followed by centri-
fugation. After re-suspension in water, the obtained core-shell Au@Pt
NPs were covered with silver by taking 45 mL of the suspension and
mixing it with 1.2 mL of silver nitrate (5.88 x 103 M) and 300 pL of
trisodium citrate (3.88 x 10”2 M), boiling for 1h under stirring. The last
step consists in the formation of Au protuberances replacing the silver,
what is performed by mixing the obtained suspension with 150 pL of
gold (III) chloride trihydrate (2.94 x 10~* M) and 150 pL of trisodium
citrate (3.88 x 1072 M), for 20 min under stirring. Finally, the obtained
Au@Pt/Au NPs were stored at 4 °C.

The conjugation of the Au@Pt/Au NPs with the detection DNA
strand (D2-ORFp) was performed through the well-known thiol-gold
affinity. 100 pL of Au@Pt/Au suspension was incubated with D2-ORFp
added a volume of PBS to obtain a final concentration of 5.0 pM into an
Eppendorf for 30 min at a room temperature in the shaker. After 30 min,
the bioconjugate (D2-ORFp/(Au@Pt/Au)) was centrifugated at 12000
rpm, 25 °C for 30 min. The pellet was resuspended in PBS and the so-
lution obtained was sonicated for 15 min.

2.5. SARS-CoV-2 biosensor development

Firstly, AuSPEs were activated in a 0.5 M H2SO4 solution by applying
ten cyclic scans from —0.2 V to +1.2 V at 0.1 V s L. Afterwards, AuSPE
surfaces were rinsed with water and the working area of the activated
AuSPEs was functionalized by thiol chemisorption, coating it with 10 pl
of 10 pM D1-ORFp (D1-ORFp/AuSPE) and incubating overnight, at 4 °C.
Subsequently, the platforms were rinsed with Milli-Q water to remove
unbound materials. Then, 10 pL of blocking solution (1.0 mM MCH)
were added to D1-ORFp/AuSPE for 20 min, after that the platforms were
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rinsed with Milli-Q water to remove non adsorbed MCH.
Simultaneously, D2-ORFp/(Au@Pt/Au) was hybridized with the
analyte, using 10 pL of the standard solution or RNA sample from pa-
tients at 40 °C for 1 h using the shaker. After hybridization, ORF,,/D2-
ORFp/(Au@Pt/Au) were incubated with D1-ORFp/AuSPE in humid
chamber at 40 °C for 1 h. Finally, the platforms (ORF;,,/D2-ORFp/
(Au@Pt/Au NPs)/D1-ORFp/AuSPE) were rinsed with PBS for 30 min, to
remove unabsorbed material. Linear sweep voltammetry (LSV) scans
were recorded in the range from —0.0 V to —0.7 V at a scan rate of 0.01
Vs~ ! and chronoamperometry (CA) was recorded at a constant potential
of —0.55 V for 50 s using a 10 mM pH 7.0 PB Oy-saturated solution
electrolyte. —0.55 V were chosen for CA in order to work in the Oy
diffusion regimen of ORR, as the LSV peak was detected at —0.47 V. All
electrochemical measurements were recorded in triplicate.

2.6. Detection of RNA SARS-CoV-2 sequences in nasopharyngeal swab
samples

With the aim of testing the application of the developed biosensor,
nasopharyngeal swab samples obtained from COVID-19 patients’ and
donated by Hospital La Paz (Madrid) were analysed. Nasopharyngeal
swabs were collected in guanidinium thiocyanate-containing viral
transport medium (Deltalab, Barcelona, Spain), viral RNA was isolated
in a MagMAXTM Express system using the MagMAX CORE Nucleic Acid
Purification kit according to the manufacturer instructions. SARS-CoV-2
viral RNA detection and quantification was done using the TagMan
2019-nCoV Assay Kit vl (ThermoFisher Scientific). For biosensor
application, 10 pL of eluate containing RNA from nasopharyngeal swabs
were incubated for 1 h with the bioconjugate D2-ORFp/(Au@Pt/Au) to
obtain ORFj,,/D2-ORFp/(Au@Pt/Au) as described in the previous
section.
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3. Results and discussion

3.1. Synthesis, characterization, and ORR electrocatalytic activity of
Au@Pt/Au NPs

Bimetallic Au@Pt/Au NPs made up of Au nucleus coated with Pt,
also decorated with small Au incrustations, were prepared following a
protocol previously reported by our group [21,22] and others [20]. The
chemical route consists of successive metal depositions and galvanic
replacement reactions from the starting AuNPs. In the last step of the
synthesis, the Au@Pt/Au NPs are obtained from Au@Ag NPs through
the action together of both reagent reduction and galvanic replacement,
as previously described in detail [29]. Ag structures are first removed by
galvanic replacement, so different growth points for Au are formed at
the positions where Ag was present. This leads to the formation of Au
protuberances rather than a smooth shell. Finally, the later growth of the
Au protuberances is attributed to both the Kirkendall effect and the
deposition of Au atoms onto the existing Au structures. The size and
spherical shape of the Au@Pt/Au NPs was well characterized in the
above-mentioned previous works.

It is worthy to note that the starting AuNPs are prepared following
the Turkevich’s method [28], the gold standard route for the prepara-
tion of spherical AuNPs, extensively used for their bioconjugation and
application as tags in biosensing. The chemical route for the preparation
of the Au@Pt/Au NPs, based on successive metal depositions and
galvanic replacement reactions from the starting AuNPs has demon-
strated to do not significantly affect neither their roundness nor their
bioconjugation ability. In agreement, the NPs prepared in this work are
found to be monodispersed, spherical and have an average size of 20 nm
as demonstrated by HR-TEM (Fig. 1A). The presence of Au pro-
tuberances on the Au@Pt/Au NPs surface was observed (Fig. 1B), also
confirming the raspberry-like structure of the Au@Pt/Au NPs. Addi-
tionally, elemental composition was determined by EDX spectroscopy,
showing the presence of these two elements (Fig. S1).
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Fig. 1. (A) HR-TEM image of Au@Pt/Au NPs with a magnification of discrete Au@Pt/Au NPs (B). (C) AFM topographic image onto HOPG of Au@Pt/Au NPs, and
topographic profile across the green line. (D) LSV at AuSPE (black), Au NPs/AuSPE (red), Pt/Au NPs/AuSPE (blue) and Au@Pt/Au NPs/AuSPE (green) in a Oa-

saturated 10 mM PB pH 7.0 solution. Scan rate: 0.01 V s~1.
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Moreover, the Au@Pt/Au NPs were characterized by AFM (Fig. 1C),
where it is corroborated the spherical shape, and from the profile traced
on the nanoparticle a size of 20 nm is estimated. These characterizations
demonstrate that the synthesis of Au@Pt/Au NPs has been done suc-
cessfully in agreement with the above-mentioned previous works.

We proposed the used of Au@Pt/Au NPs as label agent of DNA hy-
bridization event based on their potential ORR electrocatalytic activity,
increasing the reduction current and reducing the overpotential asso-
ciated with the ORR process. For this purpose, the first step was to prove
the ORR electrocatalytic activity of Au@Pt/Au NPs. In Fig. 1D it can be
observed the LSV obtained in a Os-saturated 10 mM PB pH 7.0 solution
using an unmodified AuSPE (black), and an AuSPEs modified by drop-
casting with: Au NPs (red), Pt/Au NPs (blue) and Au@Pt/Au NPs
(green). As can be observed, in the case of unmodified AuSPE the ORR
onset occurs at —0.45 V vs. Ag/AgCl, while the onset potential for the
same electrodes modified with Au NPs or Pt/Au NPs starts at —0.30 V vs.
Ag/AgCl. Furthermore, the cathodic current intensity is clearly the
lowest compared with the used of the other metal nanoparticles assayed
in this work. Unless the presence of Pt in the NPs’ nanostructures does
not enhance in a great manner the onset potential of the Au NPs
modified electrodes, the current intensity increased, which one would
expect that result on a greater sensitivity of the final biosensor. This
enhancement is more pronounced when Au@Pt/Au NPs are employed
instead of simple bimetallic (Pt/Au) nanoparticles. Furthermore, the
onset potential is reduced at —0.15 vs. Ag/AgCl, which is an advantage
in terms of better sensitivity and avoiding huge overpotential that can
lead into interferences. This experiment clearly showed the double
benefit of using Au@Pt/Au NPs by one hand as efficient ORR electro-
catalyst and at the same time allowing modification with thiolated DNA
sequences thanks to the Au atoms surrounding the Pt/Au nanoparticle.
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3.2. Characterization of D2-ORFp/(Au@Pt/Au) bioconjugate

The presence of gold protuberances in the Au@Pt/Au NP surface
makes it possible to conjugate them with biomolecules to form nano-
hybrids. In this work, the formation of bioconjugates between Au@Pt/
Au NP and thiolated DNA probes was carried out thanks to the well-
known thiol-gold affinity. Both components were mixed and allowed
to react, as described in the experimental section. The bioconjugate
formed D2-ORFp-Au@Pt/Au NPs was characterized by UV-Vis absor-
bance spectroscopy. We studied the changes produced in the variation of
the UV-Vis spectra of Au@Pt/Au and D2-ORFp-Au@Pt/Au NPs
(Fig. 2A). Au@Pt/Au NPs UV-Vis spectrum only showed a band centred
at 560 nm (black) associated with the plasmon resonance absorption. A
slight wavelength shift was observed up to 530 nm when Au@Pt/Au NPs
were modified with D2-ORFp sequence. This shift, assigned to changes
in the NPs surface plasmon resonance, indicates an interaction between
Au@Pt/Au NPs and D2-ORFp [21,22]. In addition, a decrease in ab-
sorption is also observed which is consistent with a shielding of the
plasmon band of the nanoparticles when they are covered with the DNA
sequence. Finally, a band at 254 nm associated with DNA presence can
also be observed.

In order to deepen in the bioconjugate formation, we present a
characterization of the spectroscopic XPS features for the Au@Pt/Au
NPs before and after the D2-ORFp immobilization on the NPs surface.
The detection of the P (2p) signal at 133.5 eV associated to the phos-
phate groups of the DNA backbone and the N (1s) signal after DNA
immobilization are an unambiguous signature of the successful modi-
fication of the Au@Pt/Au NPs surface with the DNA probe (Figs. S2A-B).
The N (1s) XPS core level peak of DNA structure is decomposed in curves
components, and every component assigned to different chemical spe-
cies (Fig. S2C). We can assign the component at the lowest binding
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Fig. 2. (A) UV-Vis absorption spectra of Au@Pt/Au NPs (black) and D2-ORFp-Au@Pt/Au NPs (red) in aqueous solution. (B) Nyquist plot recorded in 0.1 M PB, pH
8.0 with 25 mM KCl and 10 mM K3Fe(CN)e/10 mM K4Fe(CN)g at a AuSPE (), D1-ORFp/AuSPE (@), ORF1,,/D2-ORFp/(Au@Pt/Au NPs)/D1-ORFp/AuSPE (v) and
ORF1,,/D2-ORFp/D1-ORFp/AuSPE (a). (C) Visible absorption spectra from D1-ORFp/tAuSPE (black) and ORF;,,/D2-ORFp/(Au@Pt/Au NPs)/D1-ORFp/tAuSPE
(red) taking as reference the spectrum of tAuSPE. (D) LSV in Os-saturated 10 mM PB pH 7.0 at D1-ORFp/AuSPE after incubation with the bioconjugates (D2-
ORFp/(Au@Pt/Au NPs)) (black) and (ORF,,/D2-ORFp/(Au@Pt/Au NPs)) (red). Scan rate: 0.01 V s L
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energy, 398.7 eV, to the nitrogen with unsaturated chemical bonds (-N
= ). The second peak, at 399.8 eV to the nitrogen (-NH-) from two
different contributions: amide group and nucleic bases rings plus a
contribution of N with three single bonds. All these forms of N present
similar binding energies and therefore in our spectra are within a single
wide peak at 399.8 eV. Finally, the peak at 401.1 eV of binding energy
agrees well with -NH; nitrogen from nucleic bases rings [30] corrobo-
rating the appearance of the characteristics DNA fingerprints on the
D2-ORFp-Au@Pt/Au NPs bioconjugate.

3.3. Characterization of the proposed SARS-CoV-2 biosensor

In this work we present a sensitive and selective methodology to
detect SARS-CoV-2 sequences based on the use of a bioconjugate formed
by bifunctional Au@Pt/Au core@shell nanoparticles modified with a
thiolated sequence partially complementary to the target DNA, as an
electrochemical indicator of the hybridization of DNA sequences. As is
depicted in Scheme 1, after hybridization of the bioconjugate formed by
the Au@Pt/Au NPs with the D2-ORFp detection DNA strand (D2-ORFp/
(Au@Pt/Au NPs) with the target (ORF,p), the resulting double stranded
bioconjugate (ORF;,5/D2-ORFp/(Au@Pt/Au NPs) was added to the
biosensing platform, consisting in a gold electrode modified with the
corresponding thiolated capture probe. Recognition of the target, pre-
sent in the double-stranded bioconjugate (ORF;,,/D2-ORFp/(Au@Pt/
Au NPs), by the capture probe on the surface of the biosensing platform
results in a modified electrode carrying the Au@Pt/Au NPs, which are
used as electrochemical indicators of the hybridization evet. The
detection and quantification of DNA target molecule, which contains a
region of the SARS-CoV-2 sequence, is carried out using an Oy-saturated
electrolyte by the ORR electrocatalytic activity of the Au@Pt/Au NPs.
The difference between the signal response in the absence and in the
presence of the target DNA allows the presence of the target DNA in the
sample to be detected.

Since electrochemical impedance analysis (EIS) is a powerful tool for
studying the interfacial properties of modified electrodes, we use this
technique to monitor changes in the properties of the electrode surface
in the different steps during biosensor fabrication. Nyquist diagrams
obtained using a 0.1 M PB, pH 8.0 solution with 25 mM KCI and 10 mM
K3Fe(CN)/10 mM K4Fe(CN)g are showed at Fig. 2B. At first, the bare
AuSPE showed a charge transfer resistance (Rcr) value of 0.2 kQ2. When
the thiolated DNA probe (D1-ORFp) was chemisorbed on the AuSPE, a
huge increase of Rcr was observed, increasing until 6.6 kQ. This result
evinces that the DNA probe has been chemisorbed over the gold working
electrode, increasing the charge transfer resistance of the redox probe.
After that, the electrochemical platform was incubated with the bio-
conjugate labelling agent D2-ORFp/(Au@Pt/Au), after being incubated
with the target DNA sequence, (ORF1,,/D2-ORFp/(Au@Pt/Au NPs)). As
can be seen, the Ry decreases until 4.7 kQ, associated with two phe-
nomena: the increase of the electron transfer rate due to the presence of
Au@Pt/Au, and because of the DNA hybridization, which increases the
DNA stranded stiffness, allowing an increase of the redox probe
permeability through the monolayer. To confirm this second statement,
an experiment incubating D1-ORFp/AuSPE with ORF;,,/D2-ORFp was
also carried out, showing a decrease in R¢r value (5.2 kQ) compared
with D1-ORFp/AuSPE obtained data. All these experiments allow us to
confirm the correct modification of the AuSPE electrode surface during
all the steps in the development of the biosensor proposed.

To deepen the electrochemical platform characterization, we have
also employed visible absorbance spectroscopy employing gold trans-
parent screen-printed electrodes modified in the same way as conven-
tional electrodes (Fig. 2C). The spectrum of the optically transparent
AuSPE modified with the chemisorbed DNA probe (D1-ORFp/tAuSPE)
does not show significant differences compared to the reference spec-
trum (using just a non-modified optically transparent AuSPE), since no
new bands are observed (black spectrum). However, when the D2-
ORFp/(Au@Pt/Au) bioconjugate is hybridized with D1-ORFp/tAuSPE,
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the spectrum (red spectrum) shows the characteristic band at 560 nm
attributed to the presence of Au@Pt/Au (section 3.2). These results
clearly show that after the hybridization step, the Au@Pt/Au NPs are
retained on the working electrode surface and are the responsible for the
enhancement in ORR electrocatalytic activity, as will be demonstrated
below.

Once we proved by different techniques the hybridization of D1-
ORFp/AuSPE with the double stranded bioconjugate ORFj,,/D2-
ORFp/(Au@Pt/Au NPs), showing that the biorecognition event had
taken place, the next step was to characterize the electrochemical
response of the biosensing platform. For this purpose, we followed the
ORR electrocatalytic activity using voltammetric techniques, in partic-
ular, LSV. The ORR electrocatalytic response of the platform D1-ORFp/
AuSPE was recorded after the incubation of the platform D1-ORFp/
AuSPE with both bioconjugates, the ones resulting before (D2-ORFp/
(Au@Pt/Au NPs)) and after (ORF;,5/D2-ORFp/(Au@Pt/Au NPs)) hy-
bridization with the target DNA (1.0 nM ORF1,3,) (Fig. 2D). As one would
expect, when the target DNA is present in the sample the ORR electro-
catalytic current increases due to the electrocatalytic activity of the
Au@Pt/Au NPs, now present on the biosensing platform because the
hybridization between the probe (D1-ORFp) and the bioconjugate (see
Scheme 1), towards the ORR. In addition, it can be observed that the
oxygen reduction process occurs at a lower potential, due to the elec-
trocatalytic activity of Au@Pt/Au NPs. This result confirms the success
of the biosensor development, showing a clear difference between the
signal response in the absence and in the presence of the target DNA.

At this point, different aspects of the biosensor development were
optimized. This information is included in SI1 and Fig. S3 in the Sup-
porting Information.

The analytical properties of the biosensor were studied under the
optimal experimental conditions selected above. The chronoampero-
metric responses were recorded at —0.55 V vs. Ag/AgCl in Oy-saturated
10 mM PB pH 7.0 solution (Fig. 3A). This potential value is around 80
mV after the ORR peak potential (—0.47 V) in order to ensure that we are
measuring the maximum steady state current, and to work in the Oy
diffusion regimen of ORR. The current increases as the ORF1,p, concen-
tration increases. Fig. 3B shows how the cathodic current response (at
50 s) is proportional to the log [ORFi4p] in the concentration range
under study (5.0 x 1072-5.0 nM), fitting to the equation: I(pA)= (-5.6
+ 0.2) log([ORF5]/(nM)) — (27.6 + 0.2), R? = 0.993. The limit of
detection (LD) was calculated as the blank signal minus three times the
standard deviation of the blank signal divided by the slope of the
semilogarithmic curve. The value obtained has been expressed in con-
centration units and was found to be 32 pM.

An important aspect to consider for the analytical application of a
biosensor is its selectivity. That is its response to potential interferents.
Hence, the selectivity of the biosensor developed was evaluated by
measuring its response after the incubation of the bioconjugate with the
SARS-CoV-2 target sequence ([ORF1,5] = 1.0 nM) in the presence of
another viruses DNA sequences like SARS-CoV and Influenza A, at the
same concentration (1.0 nM) of the target sequence. As can be seen in
Fig. 3C, the biosensor response is not affected by the presence of other
potentially interfering virus sequences.

The stability of both D1-ORFp/AuSPE platform and D2-ORFp/
(Au@Pt/Au NPs) bioconjugate were also evaluated. In the first case,
the modified electrodes were stored at 4 °C for several weeks. The
biosensor can detect the ORF1,p, target sequence over a period of six
weeks. Furthermore, the ability of the bioconjugate to recognize the
target sequence was evaluated over time, obtaining similar current
signals for 4 weeks. At this time, no aggregation was observed in the
bioconjugate solution.

The biosensor properties have been compared with other previously
reported in different articles (Table S1). Unless some articles reported
really amazing limits of detection in the recognition of ORF1 4}, sequence,
our work still present good analytical parameters as sensibility, limit of
detection, reproducibility and furthermore is based on a simple and
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Fig. 3. (A) Chronoamperograms recorded applying —0.55 V vs. Ag/AgCl in Oy-saturated 10 mM PB pH 7.0 for different ORF;,, concentrations. (B) Calibration plot
obtained from the chronoamperometric data of A. The error bars correspond to the standard deviation obtained by measuring the response of six different biosensors
(n = 6). (C) Biosensor responses to 1.0 nM ORFj,;, obtained in the absence and in presence of 1.0 nM different potential interfering sequences (n = 3).

selective methodology with short analysis time and without the need of
any amplification process. All these good properties aim us to use our
developed biosensor in the direct analysis of nasopharyngeal swab
samples from COVID-19 patients.

3.4. Analysis of SARS-CoV-2 in nasopharyngeal swab samples

Detection of SARS-CoV-2 in clinical nasopharyngeal swab samples
from CoV-2 patients, provided by Hospital La Paz (Spain), was carried
out using the developed biosensor with excellent results and avoiding
any amplification process. For the sample analyses, 10 pL of nasopha-
ryngeal swab were incubated for 1 h with the bioconjugate and after
hybridization the complete bioconjugate was incubated for 1 h on the
biosensing surface. For positive and negative diagnosis, the different
chronoamperometric responses were evaluated. A clear difference be-
tween a negative COVID-19 samples (non-infected patient) used as
control and multiple (10) positive COVID-19 patient samples has been
observed (Fig. 4). The negative sample gives a response barely the same
as the blank. However, positive samples with different viral load give
high biosensor responses (indicated as % increment respect to the
blank), clearly distinguishable from the negative one. We want also to
remark that in the analysis of these samples we have directly measured
RNA from the virus (SARS-CoV-2) without any amplification step, being

60
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Fig. 4. Blank signal increment percentage using the developed biosensor of a
negative COVID-19 patient sample and positive COVID-19 patient samples.

applied the sample directly after RNA extraction.
4. Conclusions

A bioconjugate formed by Au@Pt/Au core@shell nanoparticles
modified with a thiolated sequence partially complementary to the
target DNA has been employed for the first time as electrochemical in-
dicator of the hybridization of DNA sequences, through ORR. The syn-
thesized Au@Pt/Au core@shell nanoparticles, consisting of an Au core
and a shell of Pt (Au@Pt NPs), has a double function since they provide
an excellent electrocatalytic activity toward the through the ORR, and
the Au protuberances growth on their surface allow bioconjugation with
a thiolated oligonucleotide as label. Based on this detection system of
DNA hybridization, a new biosensor for the rapid and sensitive detection
of RNA sequences of SARS-CoV-2, without the need of any amplification
process, has been developed. The ORR current catalysed by bifunctional
Au@Pt/Au core@shell nanoparticles gives the biosensor signal
response. The biosensor shows a semilogarithmic relationship between
the current intensity and the concentration of the target and no crossing
reactivity. It has been applied to detect the virus in nasopharyngeal swab
samples from patients. The results demonstrate that the developed
methodology can clearly discriminate between non-infected and infec-
ted patient samples. The system has a high sensitivity and a broad
applicability since it can be applied to detect any other DNA/RNA se-
quences related to other pathogens.
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