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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) evolution has been characterized by the emer-
gence of sets of mutations impacting the virus characteristics, such as transmissibility and antigenicity, pre-
sumably in response to the changing immune profile of the human population. The presence of mutations in the
SARS-CoV-2 virus can potentially impact therapeutic and diagnostic test performances. We design and develop
here a unique set of DNA probes i.e., antisense oligonucleotides (ASOs) which can interact with genetic se-
quences of the virus irrespective of its ongoing mutations. The probes, developed herein, target a specific
segment of the nucleocapsid phosphoprotein (N) gene of SARS-CoV-2 with high binding efficiency which do not
mutate among the known variants. Further probing into the interaction profile of the ASOs reveals that the ASO-
RNA hybridization remains unaltered even for a hypothetical single point mutation at the target RNA site and
diminished only in case of the hypothetical double or triple point mutations. The mechanism of interaction
among the ASOs and SARS-CoV-2 RNA is then explored with a combination of surface-enhanced Raman scat-
tering (SERS) and machine learning techniques. It has been observed that the technique, described herein, could
efficiently discriminate between clinically positive and negative samples with ~100% sensitivity and ~90%
specificity up to 63 copies/mL of SARS-CoV-2 RNA concentration. Thus, this study establishes N gene targeted
ASOs as the fundamental machinery to efficiently detect all the current SARS-CoV-2 variants regardless of their
mutations.

1. Introduction across the globe have witnessed an alarming increase in COVID-19 cases
in recent months (Callaway and Ledford, 2021; Karim and Karim, 2021).

The decline in coronavirus disease — 2019 (COVID-19) cases in much As a result, it continues to spread rapidly throughout the world, causing

of the world in late spring and early summer signaled a new phase in the
fight against the disease (Telenti et al., 2021). This progress was made
possible by the rapid deployment of vaccines (Mallapaty et al., 2021).
However, due to emerging new variants such as Beta, Delta, Lambda,
and most recently Omicron, as well as the vaccine reluctance, nations

unprecedented disruption in modern society. While vaccines continue to
be extremely effective at preventing serious illness caused by COVID-19,
new data from the United Kingdom (U.K.), Israel, and the U.S. have
raised new concerns about their ability to prevent infection from the
delta as well as more transmissible and potentially concerning Omicron
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variant (Janik et al., 2021; Mercatelli and Giorgi, 2020; L. Wang et al.,
2021). Furthermore, while the Omicron variant fuels a fresh wave of
infections, decline in extensive testing and monitoring together with the
unavailability of an effective diagnostic test to selectively detect these
emerging variants without any false negativity, makes it impossible to
determine how much the virus is circulating in communities and who
remains most vulnerable (Daria et al., 2021; Mohiuddin and Kasahara,
2022).

These SARS-CoV-2 genetic variants represent permanent changes in
the DNA sequence and may affect three or more nucleotides in a gene
(Pachetti et al., 2020). These alterations may result into failure of di-
agnostics, reduction in vaccine effectiveness, low vaccine-induced pro-
tection against severe disease, more severe clinical disease, and
significantly diminished susceptibility to diagnostics or approved ther-
apeutics (Barton et al., 2021; Dighe et al., 2021; Liu et al., 2021; P. Wang
et al.,, 2021). As new variants continue to emerge, a deeper under-
standing of the phenotypes of these variants in terms of infectivity,
transmissibility, virulence, and antigenicity must be gained (Copin et al.,
2021; Liuetal., 2021). As aresult, there is still an unmet requirement for
routine large-scale comprehensive testing to prevent COVID-19 spread
and provide safe environments for socio-economic activities. And we
believe that this can only be done by developing a probe that will
interact with all the variants of SARS-CoV-2 independent of their mu-
tations. Unpredicted combinations of mutations will continue to emerge,
such perceptions will allow predictions of virus phenotype (Jungreis
et al., 2021; Petrova and Russell, 2018) and in turn, help to develop
newer probes for mutation independent interaction with SARS-CoV-2
genes.

In this regard, here we have designed and developed several sets of
novel DNA Probes, i.e., antisense oligonucleotides, targeted towards
nucleocapsid phosphoprotein (N), envelope (E) and RNA-dependent
RNA polymerase (RdRp) gene segments of SARS-CoV-2. We hypothe-
sized that a combination of computational and vibrational spectroscopic
techniques along with machine learning (ML) algorithm can be applied
to study the mutation-independent interaction of these DNA probes with
SARS-CoV-2 RNA. Following the successful design and synthesis, these
ASOs were connected to gold nanoparticles (AuNPs) and their target
binding energies and agglomeration patterns were then investigated in
presence of SARS-CoV-2 RNA. We found that N-gene targeted ASOs were
the most efficient ones in selectively hybridizing SARS-CoV-2 target
RNA with optimum efficiency. The target RNA sites for N-gene ASOs
were then examined against the current SARS-CoV-2 variants where it
was found that these ASOs should interact with all the known mutated
forms of SARS-CoV-2 in a similar manner without any loss in sensitivity
and specificity. The mechanism of interaction between these N gene-
targeted ASOs and SARS-CoV-2 RNA was then evaluated with surface-
enhanced Raman scattering (SERS) and machine learning (ML) tech-
niques (Abid Hasan et al., 2019; Chaichi et al., 2021; Chang et al., 2015;
Gartia et al., 2010; Prasad et al., 2020; Xu et al., 2011, 2012). This
combinatorial effort discriminated SARS-CoV-2 positive and negative
clinical nasal swab samples with ~100% sensitivity and ~90% speci-
ficity with an analytical detection limit of 63 copies/mL. However, the
characterization of different SARS-CoV-2 N-gene mutated forms will
continue to evolve and provide extremely useful information on specific
mutations or their combinations those may not have been identified yet
in circulating viruses (Harvey et al., 2021). Towards this goal, we
computationally evaluated next hypothetical single, double, and triple
point mutations on the RNA site. Further close monitoring of the
ASO-RNA hybridization profile revealed stable interaction between the
two, even after a hypothetical single point mutation was introduced at
the target RNA site. Thus, this study examined the efficiency of universal
DNA probes and their fundamental interaction with the entire known
mutated forms of SARS-CoV-2.

There are many attempts to extend or replace nucleic acid-based
methods to detect SARS-CoV-2 virus or differentiate its variants (Hu
etal., 2021; Kevadiya et al., 2021a). However, numerous challenges still
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remain with these techniques, such as, extended operation time,
requirement of laboratory-based hospital with the accessibility of large
stationary equipment and reagents (Carter et al., 2020a; Vandenberg
et al., 2021). The major bottleneck that lies with the widely used qPCR
technique is the requirement of completely different set of primers and
multiple other reagents for the detection of the emerging variants of
SARS-CoV-2 (Barreto et al., 2020; Esbin et al., 2020; Vega-Magana et al.,
2021). But the current study relies on the change in Raman spectral
signature of the designed N-ASO capped AuNP based probe. This tech-
nique does not require any nucleic acid purification or amplification
steps to detect its target RNA, rather it involves unique antisense oli-
gonucleotides that can bind to SARS-CoV-2 RNA with similar efficiency
irrespective of its current mutations. We showed that the same two N
gene targeted ASOs can successfully be used for a point of care (POC),
rapid, cost-effective, and selective diagnosis of COVID-19. Further,
because of the dependency of the studied technology on Raman spectra,
high-throughput screening is quite possible in limited duration. This
assay is also found to be quite sensitive (LOD = 63 copies/mL) and better
than most of the currently known qPCR-based techniques (Afzal, 2020).
Thus, the current study differentiates its signature from the literature
known nucleic acid-based studies. We envisage that this study will lead
to the real-time multispectral imaging and rapid optical processing of
clinical samples towards the selective and sensitive diagnosis of
COVID-19 variants.

2. Results and discussion

We designed and developed novel ASOs targeted towards different
genetic segments of SARS-CoV-2, e.g, N, E and RdRp gene for the se-
lective and sensitive binding of RNA from the wild type of SARS-CoV-2.
More importantly, herein, we investigated the mechanism of interaction
of selected ASOs with the various mutated forms of SARS-CoV-2 and
studied the ASO-RNA hybridization phenomena through a unique
combination of SERS and ML-based techniques.

2.1. Design of SARS-CoV-2 targeted ASOs

Accordingly, particular gene sequences (RdRp: 13,442-16,236; E:
26,245-26,472 and N: 28,274-29,533) from the whole genome
sequence of SARS-CoV-2 (wild type isolate SARS-CoV-2/human/USA/
WA-CDC-WA1-A12/2020, MT020880) was chosen and multiple ASO
sequences of 20 nucleotides in length were developed (Fig. 1a). The
choice of ASOs were primarily based on the optimum guanine-cytosine
(GC) content and theoretically calculated target binding and disruption
energies at 37 °C in 1 M NaCl aqueous solution. We propose to select
four ASOs, two for the front (ASO1 and ASO2), and two targeting the
end region (ASO3 and ASO4) of the gene. The ASOs will also target
closely following sequences at each location (Alafeef et al., 2020, 2021a,
2021b, 2020; Dighe et al., 2021; Moitra et al., 2020, 2021a, 2021b).
Accordingly, four ASOs were selected both for N and E genes, whereas
only two were selected for the RARp gene as ASOs with high enough
binding energies are not available for this target (Table 1). Soligo soft-
ware were used to predict the ASOs (Ding et al., 2004). The detailed
methodology is discussed in the method section of supporting infor-
mation. It was noticed that the mean target binding energy was the
highest for N gene-targeted ASOs (N-ASO1-4) and decreased gradually
for E gene-targeted ASOs (E-ASO1-4) and was the minimum for RdRp
targeted ones (0O-ASO1-2). Based on this theoretical observation, it can
also be presumed that the effective ASO-RNA hybridization will follow
the same trend and will be the highest for N-ASO1 and N-ASO2. We
anticipated that once these ASOs were connected to a plasmonic nano-
particle, such as AuNPs, the agglomeration among ASO capped AuNPs
would exhibit a strong SERS response (Khan et al., 2018; Misra et al.,
2018; Moitra et al., 2020; Pan et al., 2010, 2011) and should also exhibit
similar phenomena where a mixture of N-ASO1 and N-ASO2 may be the
optimum one (Fig. 1a).
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Fig. 1. (a) Genomic organization of SARS-CoV-2 and its schematic agglomeration pattern with gold nanoparticles differentially functionalized with antisense oli-

gonucleotides targeted towards different genetic segments; (b) Currently known N
the developed ASOs.

2.2. Selective hybridization of ASOs with SARS-CoV-2 RNA

To prove this theoretical assumption, we differentially modified the
ASOs, one at the 5’ end and the other at the 3’ end by thiol groups
(Table 1). The thiol modified ASOs were then used to cap the citrate
stabilized AuNP (Moitra et al., 2020; Zhu et al., 2021). The agglomer-
ation patterns of these ASOs conjugated to AuNPs (Au-ASO NPs) were
then investigated in presence of RNA extracted from clinically positive

gene mutation sites for SARS-CoV-2 and their alignment with the targeted sites of

and negative SARS-CoV-2 samples. We employed UV-Visible absorbance
spectroscopy and dynamic light scattering (DLS) to initially investigate
the aggregation phenomena. SARS-CoV-2 positive nasal swab samples
(N = 10) having varying cycle threshold (Ct) numbers from 13 to 28
(Table S1) were considered and RNA was extracted from these samples
by standard protocol (Rump et al., 2010; Wozniak et al., 2020). Repre-
sentative two samples, one having low Ct number (P1), i.e., high viral
copy number and the other having high Ct value (P2), i.e., low viral copy
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Sequences of the differentially functionalized antisense oligonucleotides targeted towards different segments of SARS-CoV-2 isolate 2019-nCoV/USA-WA1-A12/2020
(MT020880). The targeted segments are N gene (28274..29533), E gene (26245..26472) and part of the RDRP gene (13442..16236: a part of the ORFlab).

Target Target sequence (5p—3p) ASO sequence (5p—3p) GC Binding site disruption energy Target binding energy

position content (kcal/mol) (kcal/mol)

Target gene N

2869428713 ACACCAAAAGAUCACAUUGG HS-C6-CCAATGTGATCTTTTGGTGT (N- 40% 7.6 -15.8
ASO1)

28716-28735 CCCGCAAUCCUGCUAACAAU ATTGTTAGCAGGATTGCGGG-C6-SH (N- 50% 7.6 -10.4
AS02)

29109-29128 CAGAACAAACCCAAGGAAAU HS-C6-ATTTCCTTGGGTTTGTTCTG (N- 40% 6.0 -14.3
ASO3)

29159-29178 ACUGAUUACAAACAUUGGCC GGCCAATGTTTGTAATCAGT-C6-SH (N- 40% 8.7 -10.0
ASO4)

Target gene E

26306-26325 UUGCUUUCGUGGUAUUCUUG  HS-C6-CAAGAATACCACGAAAGCAA (E- 40% 12.4 -5.5
ASO1)

26331-26350 UACACUAGCCAUCCUUACUG CAGTAAGGATGGCTAGTGTA-C6-SH (E- 45% 15.0 -6.7
AS02)

2636626385 CGUACUGCUGCAAUAUUGUU HS-C6-AACAATATTGCAGCAGTACG (E- 40% 4.9 -8.8
AS03)

26390-26409 UGAGUCUUGUAAAACCUUCU AGAAGGTTTTACAAGACTCA-C6-SH (E- 35% - -4.3
ASO4)

Target gene RdRp of ORF1b

15361-15380 AAACAUACAACGUGUUGUAG HS-C6-CTACAACACGTTGTATGTTT (O- 35% - -6.4
ASO1)

15389-15408 ACCGUUUCUAUAGAUUAGCU AGCTAATCTATAGAAACGGT-C6-SH (O- 35% - -2.6

AS02)

number, was considered for this study. It was observed that the absor-
bance of plasmonic Au-ASO NPs at 520 nm increased with broadening of
full-width half maximum (FWHM) when added with SARS-CoV-2 posi-
tive RNA. P1 having a high viral copy number increased the absorbance
more than P2 which had a low viral copy number. An insignificant in-
crease in absorbance with no change in FWHM was observed when
Au-ASO NPs were added with SARS-CoV-2 negative RNAs. This change
in surface plasmon band of AuNPs indicated the successful aggregation
of Au-ASO NPs only in presence of their target RNAs(Moitra et al., 2020;
Ostadhossein et al., 2020; Rump et al., 2010; Srivastava et al., 2020). It
was also observed that the mixture of N-ASO1 and N-ASO2 gave a better
aggregation response than the mixture having N-ASO3 and N-ASO4

(Fig. 2a). Similar is the case for E-ASO1 and E-ASO2 compared to the
combination of E-ASO3 and E-ASO4 (Fig. 2b). Further, the change in
absorbance was found to be the highest for N-ASO1 and N-ASO2, fol-
lowed by E-ASO1 and E-ASO2 and the minimum for O-ASO1 and
0-ASO2 (Fig. S1). This improved agglomeration of N-ASO1 and N-ASO2
mixture in presence of SARS-CoV-2 RNA was further supported by DLS
experiments. The average hydrodynamic diameter was found to be the
highest for N-ASO1 and N-ASO2 mixture in presence of RNA extracted
from P1 compared to the other mixture of Au-ASO NPs (Fig. 2d). Thus,
these experiments corroborated with our theoretical observation sup-
porting better binding followed by improved ASO-RNA hybridization in
case of N-ASO1 and N-ASO2 mixture.

( 0.30 (b) 0.30 Fig. 2. Aggregation induced change in absorbance at
a) z [J N-ASOq,2 [ E-ASOs.; 520 nm for the differentially functionalized Au-ASO
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2.3. Mutation independent interaction of SARS-CoV-2 RNA with N-gene
targeted ASOs

This interesting observation, where we found that N-gene targeted
ASOs were more efficient than E gene and RdRp gene-targeted ASOs in
hybridizing SARS-CoV-2 RNA, led to the curiosity to investigate these N-
ASOs more closely. We asked the question whether these ASOs will still
be effective against the current SARS-CoV-2 mutations or not. We real-
ized that the viability of the assay can be improved significantly if a
mostly conserved region of N-gene sequence can be targeted by the ASO
probes. Accordingly, the design of N-ASOs was revisited and the target
RNA sites for these ASOs were examined against the current SARS-CoV-2
variants. Recently, the genetic surveillance of SARS-CoV-2 strains
circulating around the world has revealed several variants with one or
more mutations that may affect detection by nucleic acid-based testing
methods (Carter et al., 2020b; Yu et al., 2021).

It was observed that the currently known mutations associated with
SARS-CoV-2 variants mostly occur at 606-617,702-704 and 1131-1133
of N-gene sequence (Table S2) (Gitman et al., 2021; Kevadiya et al.,
2021b; Li et al., 2021). Fig. 1b summarizes known SARS-CoV-2 variants
and the impact, if any, on the developed assay based on bioinformatic
analysis. It was observed that our DNA probes uniquely targets regions
of the N gene (ASO1 starting 421 and ending with 440; ASO2 from 443
to 462; ASO3 from 836 to 855 and ASO4 from 886 to 905) which is
unaffected by all the currently known N-gene mutations associated with
SARS-CoV-2 variants including Omicron, the most mutated form of
SARS-CoV-2. We are, therefore, confident that our ASO-based probes
will bind to the RNA of SARS-CoV-2 of any variant without any
false-negative signals. In addition to this, the mutations in other regions

7
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of the genome, such as in the spike protein, membrane or envelope
protein, have no impact on the binding of these probes with the
SARS-CoV-2 RNA. Therefore, the reliability and reproducibility of the
current probes increase based on its design of simultaneous targeting of
two of the N-gene regions of SARS-CoV-2, ensuring the feasibility of
using these probes even if one region of the viral gene undergoes mu-
tation during its current spread (Fig. 1).

2.4. Probing the mechanism of ASO-RNA hybridization by surface-
enhanced Raman spectroscopy

It was understood that the prime reason behind this extraordinary
specificity of the probes irrespective of the known SARS-CoV-2 muta-
tions was the befitting interaction of the N-ASOs with their target SARS-
CoV-2 RNA samples. We, therefore, became interested to study the
fundamental basis of interaction of these N gene-targeted Au-ASO NPs
(N-ASO; ;2 AuNPs) and SARS-CoV-2 RNA by Raman scattering utilizing
the intrinsic surface plasmon resonance of Au-ASO NPs as Raman re-
porters (Abid Hasan et al., 2019; Chang et al., 2015; Xu et al., 2012). It
was envisaged that N-ASO; .5 AuNPs, when targeting particular regions
in the gene locations of SARS-CoV-2, will start to agglomerate because of
their proximity in the gene sequences (Alafeef et al., 2020; Moitra et al.,
2020). This will cause a change in surface plasmon resonance and
introduce a change in the SERS response of the AuNPs (Gitman et al.,
2021; Kevadiya et al., 2021b; Shrivastav et al., 2021). The N-ASO; .2
capped AuNPs were synthesized and analytically characterized by
UV-Visible spectroscopy (Fig. S2) and transmission electron microscopy
(Fig. S3a). The nanoparticles were then admixed with SARS-CoV-2 RNA
and the corresponding bright field and Raman microscopic images for

Fig. 3. (a) Bright field image of N-ASO; . capped
AuNPs admixed with SARS-CoV-2 RNA; (b) Raman
microscopic image of SARS-CoV-2 RNA associated N-
ASO; ;5 capped AuNPs in the range of 1495-1602 cm’
! (785 nm laser, 100% power, grating of 1200, 50 XL
magnification) with the center of 1200 cm™. Red
means higher concentration and blue indicates lower
concentration of sample; SERS spectra of N-ASO; 2
capped AuNPs with (c) lower, and (d) higher SARS-
CoV-2 RNA concentrations; (e) Comparison of spec-
tral figures at low and high SARS-CoV-2 RNA con-
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N-ASO; .2 capped AuNPs are shown in Fig. 3a and b. The nanogaps
between AuNPs are not controllable and hence it is expected to have
considerable hot spot variations with intensity fluctuations across the
slide. To mitigate this effect, we imaged the slides over a large surface
area (120*80 pm?). The size of the aggregated AuNP was found to be
~170 nm. Hence, the surface area covered by a spherical aggregated
nanoparticle would be ~0.36 um?. Therefore, the imaging area would
have ~26,666 number of aggregated particles considering their uniform
distribution. For each of the sample, we collected at least 1500 indi-
vidual Raman spectra for the nanoparticles mixed with SARS-CoV-2
RNA. The presented Raman spectra (Fig. 3c) is therefore an average of
all the acquired Raman spectra. To clarify, we have now represented the
spectrum collected from different spots of the Raman map (Fig. S4).

The representative Raman spectra of N-ASO;., capped AuNPs at
varying concentrations of SARS-CoV-2 RNA ranging from 6.3 x 102
copies/mL to 6.3 x 10° copies/mL (Fig. 3c) and from 6.3 x 10° to 6.3 x
10'° copies/mL (Fig. 3d) are shown where the SERS response of the
nanoparticles increased with increase in RNA concentration. The spec-
tral data are consecutively stacked and independently labeled for better
understanding. This confirmed the enhanced agglomeration among the
N-ASO; ;2 capped AuNPs in presence of increasing concentration of
SARS-CoV-2 RNA. It was observed that the Raman peaks specific for
oligonucleotide backbone, ribose and deoxyribose sugars were visible
both at low viral RNA concentration, i.e., 63 copies/mL, and at high viral
RNA concentration, i.e., 6.3 x 107 copies/mL (Fig. 3e) indicating effi-
cient hybridization among the ASOs and their target RNA strands (Abid
Hasan et al., 2019; Gartia et al., 2010). To better discern the SERS
spectral features of N-ASO;.; AuNPs with low concentrations of
SARS-CoV-2 RNA (63 copies/mL), the spectrum was first denoised using
Savitzky-Golay method and a higher magnification of the figure was
provided (Fig. S5). Raman peaks were accordingly assigned for both
concentrations and enlisted in Tables S3 and S4.

With increase in SARS-CoV-2 RNA concentration, there will be in-
crease in agglomeration among N-ASO; 5 AuNPs leading to change in
surface plasmon resonance of the gold nanoparticles (Alafeef et al.,
2020, 2021a, 2021b, 2020; Dighe et al., 2021; Moitra et al., 2020,
2021b). Further, when the AuNP-RNA conjugate of different concen-
trations was added onto the surface, the molecule will take certain
orientation at the nanostructure surface. It is known that the SERS effect
is highly localized, i.e., the electrical field normal to the surface, and
therefore, only a signal from part of the molecule, close to the substrate,
will be enhanced. Thus, when the molecule is adsorbed on the surface,
its symmetry will change, and so do the selection rules which will be
followed by the selective enhancement of certain vibrational modes
(Pérez-Jimenez et al., 2020). This describes the corresponding symmetry
properties of the modified Raman dipole and changes in the relative
intensities of the Raman peaks caused by the EM field polarization at the
metal surface. Also, because the electromagnetic field enhancement is
wavelength dependent, the different spectral regions of the spectrum
may be enhanced differently (Kim et al., 2019). Thus. the spatial vari-
ation of the SERS intensities can be explained by several processes: (i)
differences in local absorption of light by the AuNP-ASO due to the
differences in the local concentration of particles; (ii) a difference in
local concentration of SARS-CoV-2 RNA molecules, and (iii) local vari-
ations of the Raman enhancement effect due to specific microenviron-
ments (orientation of the molecule) (Zeisel et al., 1998). Hence, we
propose that there will be change in SERS spectral signature with in-
crease in SARS-CoV-2 RNA concentration. Further, for our analysis, we
rely on the area under the peaks over a wavenumber range, and hence
small shift in the peak position will not affect the conclusion.

We have further acquired the SERS spectra for SARS-CoV-2 RNA
alone without the addition of N-ASO; 5 AuNPs (Fig. S6). This spectrum
showed a 1270 cm™ Raman peak which may be assigned to the in-plane
bending of C8-H, N9-H, str N7-C8 of adenine and stretching mode of
N3-C4, C4-C5, C6-N1, bending mode of N1-H, C5/6-H of uracil
(Madzharova et al., 2016). Hence, we used area under the Raman peak
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at 1270 cm! to calculate the limit of detection. The limit of detection for
N-ASOj ;2 capped AuNPs towards SARS-CoV-2 RNA was also evaluated
and found to be 63 copies/mL which is quite significant and highly
comparable to the currently available RT-PCR techniques (Fig. 3f).

2.5. Understanding the degree of AuNP aggregation in presence of SARS-
CoV-2 RNA

In presence of SARS-CoV-2 RNA, agglomeration among N-ASO; 2
AuNPs were observed through transmission electron microscopy
(Figs. S3a and b). It was observed that the absorbance of AuNPs at 526
nm in absence of the target RNA shifted towards 704 nm in presence of
the target SARS-CoV-2 RNA (Fig. S7a). Different sizes of AuNPs with
water solvation was then simulated and their corresponding surface
plasmon resonance (SPR) band was predicted. It was found that the
absorbance peak at 526 nm matched with the AuNP size of 40 nm, while
the SPR band at 704 nm corresponded with AuNP size of 170 nm
(Fig. S7b). The effect of this difference in AuNP size was then evaluated
for change in electric field and extinction properties. According to Mie
theory, as the AuNP-size changes, the electromagnetic field of particles
will change, and the multipole effect can be observed. It was observed
that under 785 nm laser excitation, the electric field intensity varied
with increase in sample size for a single spherical AuNP (Cheng et al.,
2020). Hextapolar and quadrupolar electromagnetic field was found for
the AuNPs with 170 nm and 40 nm respectively when the incident laser
beam was propagated along z-direction and focused at the origin
(Figs. S8a and b). It can be proposed that increase in size of AuNP, i.e., in
presence of SARS-CoV-2 RNA, made it easier to couple with the incident
light (laser excitation of 785 nm). Because of this red shift towards
higher wavelength, a multipolar distribution has been observed for
higher size of AuNPs (Fig. S8b). Next, false color maps, simulated using
Mieplot, showing the scattered intensity as a function of scattering angle
and the wavelength of light has been shown in Figs. S8c and d for AuNP
size of 40 and 170 nm respectively (Laven, 2003). It can be seen that the
plots are quite symmetric for smaller size of AuNPs (in absence of
SARS-CoV-2 RNA), while they lost their symmetry with increase in size
(in presence of SARS-CoV-2 RNA).

2.6. Studying the interaction of direct clinical samples with N-ASO capped
AuNPs

The high sensitivity of N-ASO; 5 capped AuNPs towards the binding
of SARS-CoV-2 RNA grew our confidence to study the interaction in
clinical nasal swab samples either as COVID-19 positive or negative. We
presumed that because of this strong and efficient hybridization among
the ASOs and RNA, the binding interaction might be evident even from
the direct clinical samples without the extraction and purification of
SARS-CoV-2 RNA (Alafeef et al., 2021b; Dighe et al., 2021). Accord-
ingly, samples were treated with lysis buffer containing guanidine iso-
thiocyanate and mixed with N-ASO; 2 capped AuNPs to record their
Raman spectra. While for the nanoparticles mixed with SARS-CoV-2
RNA, 1500 individual Raman spectra were acquired, for direct clinical
samples, 2500 Raman spectra were acquired for each of the samples. The
respective Raman spectra for N-ASO; ;2 capped AuNPs added with RNA
extracted from SARS-CoV-2 positive, P1 (Fig. 4a) and negative, N1
(Fig. 4b) clinical samples were shown. The respective Raman spectra of
N-ASO;,2 capped AuNPs admixed with direct SARS-CoV-2 positive
(Fig. 4d) and negative (Fig. 4e) clinical samples were also shown
without the extraction of RNA but with just the addition of lysis buffer.
The range of all the acquired spectra are shown as shaded color for each
sample while the dark color is representing the mean spectra for each of
the sample. The Raman peaks were assigned for the spectra in Fig. 4a
and b and enlisted in Table S5. Raman peaks were also assigned for
Fig. 4d and e and noted in Table S6.

Now, in order to extract useful information from the Raman spectra,
multivariate statistical analysis method is generally followed. Principal
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Fig. 4. Representative Raman spectra of N-ASO1 , » capped AuNPs added with RNA extracted from SARS-CoV-2 (a) positive, P1 and (b) negative, N1 clinical samples;
The respective representative Raman spectra of N-ASO; , , capped AuNPs admixed with direct SARS-CoV-2 (d) positive and (e) negative clinical samples are also
shown without the extraction of RNA but with just the addition of lysis buffer. The range of all the spectra is shown as shaded color for each sample while the dark
color is representing the mean spectra. PCA score plots show the separation between negative and positive samples of (c) extracted RNA samples and (f) direct clinical
samples; ROC curves for (g) raw data and (h) after performing SNV operation on the SERS data obtained with extracted RNA samples; ROC curves for (i) raw data and
(j) after performing SNV operation on the SERS data obtained while analyzing the direct clinical samples without any extraction of RNA from N-ASO;., cap-

ped AuNPs.

component analysis (PCA) is the widely applied conventional multi-
variate statistical analysis technique which by orthogonal trans-
formation converts high dimensional Raman spectra into multiple
unrelated independent variables, called principal components (PCs),
avoiding any loss of valuable information (Crow et al., 2005; Gautam
et al., 2015). Here, most of the important information are distributed
over the first few PCs and the contributions of the rest of PCs are
negligible. Fig. S9 shows the contribution of eigenvalues of each PCs to
the total variance of all SERS spectra for clinical samples. It was
observed that the eigenvalues reduced rapidly with increasing PC
numbers and only the first few PCs hold the maximum variance of the
obtained Raman data. It can be seen that the first five principal com-
ponents described more than 99% of the variation of the corresponding
dataset.

Based on the obtained dataset, we performed the PCA and PCA score
plot showing the separation between negative and positive RNA samples
(Fig. 4c) and direct clinical samples (Fig. 4f). From these figures, it can
be noticed that due to possible interference from sample matrix (back-
ground signal), PCA was not able to accurately distinguish negative
samples from the positive ones. Though, there were some clusters of
points on two sides, but a good amount of overlap was also present.
Here, each point is representing the Raman spectra of each sample.

However, we calculated several numbers of principal components (PCs)
for these analyses where we found that PC1 shifted to negative values for
SARS-CoV-2 positive RNA samples. On the other hand, PC3 shifted to
positive values for SARS-CoV-2 positive clinical samples (Fig. 4c, f).
Figs. S10 and S11 show the loading plots for PCA of clinical samples for
PC3 and PC1 respectively. Here, we highlighted the characteristic peaks
of our dataset which indicated the differences in the various samples. It
was noticeable that in both of these figures the location of the charac-
teristic peaks was very similar. This indicated the variation of all the
datasets was not significant enough and thus it led to the overlap in the
score plot as observed in Fig. 4c and f. Fig. S12 shows the box plot for the
distribution of spectral data for positive and negative groups of clinical
samples. The spectral data of the negative samples from the dataset
significantly (P < 0.001) shifted towards the negative PC3 range
compared to positive samples. Although, PC1 and PC3 could be used to
distinguish positive and negative RNA as well as clinical samples,
respectively, we further explored the diagnostic capability of these bi-
nary classification (positive vs negative) systems. The score plot shown
in Fig. 4c and f pointed to a less accurate classification system using the
PCA scores alone.

The unsupervised PCA method has thus been used to demonstrate the
outlier from the Raman dataset and extract the most useful information



P. Moitra et al.

to be followed by the supervised support vector machine (SVM) tech-
nique. SVM is another multivariate statistical analysis method which can
efficiently classify small samples, irrespective of the distributive nature
of the samples (Li et al., 2013). With a combination of PCA and SVM
methods, we decreased the dimensionality of Raman spectrum in a
significant extent which helped us in rapid processing of a large amount
of multivariate data (Villa-Manriquez et al., 2017).

2.7. Analyzing the Raman data by machine learning techniques to
differentiate among the clinical samples

Here, we realized that only the strong binding affinity among the N-
ASO; 42 AuNPs with their target RNA sequences obtained through SERS
was not enough in selectively differentiating SARS-CoV-2 positive
samples from the negative ones with high confidence value (Carlomagno
et al., 2021; Huang et al., 2021; Sanchez et al., 2021; Yin et al., 2021).
Hence, we used the Support Vector Machine (SVM) algorithm to
improve the predictive performance of our assay. At first, we developed
a model based on the training dataset and based on that model we
predicted the rest of our dataset. Figs. 4g and 4i are showing the receiver
operating characteristic (ROC) curve of our developed model based on
the raw data for RNA and clinical samples respectively. However, when
we applied the standard normal variate (SNV) algorithm to perform
preprocessing of our dataset followed by training the model, we have
observed significant improvement of our model. The performance of the
algorithm can be measured based on the specificity and sensitivity of the
results as tabulated in Table S7. Overall, by applying the SNV operation,
we have successfully increased the sensitivity and specificity of the
probes for the clinical samples, tested directly without the extraction of
RNA, from 30% to ~100% and 50%-90%, respectively. On the other
hand, for isolated RNA samples, the specificity was increased from 58%
to 95% but, the sensitivity did not improve (went from 67% to 65%).
The respective ROC curves for the RNA and direct clinical samples fitted
after SNV operation are shown in Figs. 4h and 4j respectively. Thus, we
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Negative RNA N2

Max Max
Min Min

=
[Y)
B3

Biosensors and Bioelectronics 208 (2022) 114200

have successfully discriminated SARS-CoV-2 positive and negative
samples directly from the clinical nasal swabs with the addition of lysis
buffer and N-ASO; 2 AuNPs through a combinatorial effort from SERS
and ML-based techniques. Representative Raman microscopic images of
N-ASO;,5 capped AuNPs admixed with SARS-CoV-2 positive and
negative RNA (Fig. 5a and b) and direct clinical samples (Fig. 5c and d)
has accordingly been acquired. Here, the Raman map for RNA samples
had 1500 pixels with 1500 individual Raman spectra, whereas for direct
clinical samples, the Raman map had 2500 pixels with 2500 individual
Raman spectra.

2.8. Hypothesizing the interaction of developed ASOs with imaginary
future N-gene mutations

Thus, we have developed herein a combination of SERS and ML-
based methods, which can be utilized to study DNA probes with SARS-
CoV-2 wild-type genes and current mutated forms. Although the pre-
sent mutations on the SARS-CoV-2 N gene do not hamper the target RNA
sites for the developed ASOs, we were interested to see the effect of the
mutation at the target RNA site on the binding efficiency of ASOs.
Accordingly, we introduced several hypothetical mutations at the target
RNA site for N-ASO1 and observed their effect on binding affinity.
Considering the fact that single point mutation in a protein sequence will
change three consecutive nucleotides, we modified the original target
RNA sequence at four different locations with a change in three nucle-
otides in each case to represent single mutated forms. In a similar way,
dual point and triple point mutations were also introduced at the target
RNA site. N-ASO1 was then docked with these RNA sequences in
HNADOCK server (He et al., 2019), and their respective docking scores
were mentioned in Fig. 6a. The docked geometries of N-ASO1 with the
original non-mutated target RNA sequence and their mutated forms
were shown in Fig. 6. Close monitoring of the ASO-RNA hybridization
profiles revealed stable interaction between the two, even after a hy-
pothetical single point mutation was introduced at the target RNA site.

C Clinical positive P2 d Clinical negative N2

Min

Fig. 5. Representative Raman microscopic images of N-ASO; ;; capped AuNPs admixed with SARS-CoV-2 positive and negative (a, b) extracted RNA and (c, d) direct
clinical samples at 928 cm™ using StreamHR acquisition mode and obtained with 785 nm laser, 100% power, grating of 1200, magnification of 50 XL and exposure
time of 0.5 s. The pixel size for RNA and clinical samples were 70 pm x 70 pm and 200 pm x 200 pm, respectively. Distribution for whole Raman spectrum is from
200 to 3200 cm’. For RNA samples, map has around 1500 pixels (that is 1500 Raman spectra) and for clinical samples, map has around 2500 pixels (that is 2500

Raman spectra).
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(a) Type Target RNA sequences Docking score with N-ASO1: (b)
CCAATGTGATCTTTTGGTGT
1. No mutation ACACCAAAAGAUCACAUUGG -862.03
2. Single point mutation ACACCAAAAGAUCACAUACC -823.07
3. Single point mutation ACACCAAACUCUCACAUUGG -837.54
4. Single point mutation ACACCAAAAGAGGACAUUGG -789.34
@
5. Single point mutation ACUUCAAAAGAUCACAUUGG -805.87 (\/A/—
¢ C
6. Dual point mutations ACUUCAAAAGAGGACAUUGG -727.29 (:/
A/
7. Triple point mutations ACUUCAAAAGAGGACAUACC -713.65
8. Simultaneous triple point ACACCAAAAGAGGAGUCACC -744.78
mutations

Fig. 6. (a) List of hypothetical single, double, and triple point mutations on the RNA site targeted by N-ASO1. The hypothetical mutation sites are highlighted with
yellow background; (b) Theoretical model of RNA with no mutation; (c) Theoretical model of N-ASO1; Docked model of N-ASO1 with RNA having (d) no mutation
sites; (e) single point mutation as shown in no. 4; (f) double point mutations as shown in no. 6; (g) triple point mutations as shown in no. 7 and (h) simultaneous triple

point mutations as shown in no. 8.

We observed a drop in docking score and hence in binding affinity when
a dual point or triple point mutations were introduced at the target RNA
sites.

Thus, this study examined the efficiency of a DNA-based universal
probe and its fundamental interaction with the entire known mutated
forms of SARS-CoV-2 without any false negative signals through a
unique combination of SERS and ML-based approaches. This study also
demonstrated that the developed assay will still be effective in case of a
future single point mutation at the target site and would only have
reduced activity in case of dual or triple point mutations.

3. Conclusions

Briefly, we have developed herein a unique combination of Surface
Enhanced Raman Spectroscopy (SERS) and machine learning (ML)
based approaches for studying selective and sensitive interaction with
SARS-CoV-2 having any of its current mutations including the recently
known Omicron. Several antisense oligonucleotides (ASOs) were
developed against N, E and RdRp gene segments of SARS-CoV-2 where N
gene-targeted ones were found to be most effective. The thiolated N-
ASO; 2 capped AuNPs agglomerated in presence of its target RNA
sequence and demonstrated a change in its surface plasmon resonance
(SPR). The agglomeration of Au-ASO NPs also tuned the size of the
generated nanoparticles which was followed by the change in their SERS
response. The SERS signal was then evaluated with ML techniques to
selectively distinguish among COVID-19 positive and negative samples
with high accuracy, sensitivity and specificity. The limit of detection of
SARS-CoV-2 RNA was found to be 63 copies/mL. The developed quan-
titative assay was also validated with a range of clinical samples having
varying Ct numbers. Thus, this study establishes N gene-targeted ASOs
as the critical part of the assay to efficiently detect all the current SARS-
CoV-2 variants regardless of their mutations. Further probing into the
hybridization profile of the ASOs revealed that the ASO-RNA interaction
remained unaltered for any hypothetical single point mutations at the
original target RNA site and diminished only in case of the hypothetical
double or triple point mutation cases. This approach could therefore
have an immediate impact on understanding different mutations asso-
ciated with SARS-CoV-2, especially during the spread of its current
variant, Omicron. To the best of our knowledge, there is no literature
report for an effective DNA probe that can selectively hybridize with all

the different genomic variants of SARS-CoV-2 with similar sensitivity
and specificity without any false negative signals which is one of the
most concerning limitations of the current COVID-19 diagnosis. How-
ever, this is a proof-of-concept study before the developed technology
can be taken over for the pre-clinical study with larger cohort of
samples.

4. Materials and methods

All the chemicals were procured from reputable commercial vendors
and used without any further purification steps. The custom designed
and thiol-modified ASOs were procured from Sigma Aldrich and stored
at —20 °C until further use. All the experiments were carried out at
constant room temperature of 25 °C unless otherwise specified.

4.1. Design of antisense oligonucleotides (ASOs)

Gene sequences (RdRp: 13,442-16,236; E: 26,245-26,472 and N:
28,274-29,533) from the whole genome sequence of SARS-CoV-2 (wild
type isolate = SARS-CoV-2/human/USA/WA-CDC-WA1-A12/2020,
MT020880) was chosen and multiple ASO sequences of 20 nucleotides
in length were selected from Soligo software output (Ding et al., 2004).
The choice of ASOs were primarily based on the optimum GC content
and theoretically calculated target binding and disruption energies at
37 °Cin 1 M NaCl aqueous solution. We propose to select four ASOs, two
for the front (ASO1 and ASO2), and two targeting the end region (ASO3
and ASO4) of the gene. The ASOs will also target closely following se-
quences at each location. Accordingly, four ASOs were selected both for
N and E gene, whereas only two were selected for RARp gene (Table 1).
We were not able to select more than two ASOs for RdRp gene target as
ASOs with high enough binding energies are not available for this target.

4.2. Synthesis of gold nanoparticles (AuNPs)

The gold nanoparticles were prepared from a solution of chloroauric
acid and sodium citrate following a previously published literature
protocol (Kumar et al., 2020; Moitra et al., 2020; Schwartz-Duval et al.,
2020). Briefly, 150 mL solution of 2.2 mM sodium citrate was refluxed
for 15 min under continuous stirring. 1 mL solution of 25 mM chlor-
oauric acid was then added the boiling solution of sodium citrate. This
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mixture was kept under reflux for an additional 15 min over which the
color of the solution changed from yellow to wine red. The resultant
mixture was centrifuged at 25,000 rpm for 10 min, precipitate collected
and washed with milli-Q water for at least two times to remove any
reaction contaminations. Finally, the precipitate containing citrate sta-
bilized gold nanoparticles were collected and resuspended in water for
future use.

4.3. Conjugation of ASOs to AuNPs

The thiolated ASOs, at a concentration of 1 uM, were added to a
solution of citrate stabilized AuNPs having ~3 x 10'° particles/mL
concentration. The mixture was stirred at room temperature for ~1 h,
centrifuged to remove any excess of uncapped ASO from the superna-
tant, and the pellet was then resuspended in a similar volume of milli-Q
water. The nanoparticles were kept at 4 °C for future use.

4.4. UV-visible absorbance spectroscopy

The absorbance spectra were acquired on a Biotek Synergy Neo2-
Microplate Reader.

4.5. Dynamic light scattering

The hydrodynamic diameters of the Au-ASO NPs in presence and
absence of their target RNA were monitored on a Malvern Nano S
system.

4.6. Transmission electron microscopy (TEM)

The N-ASO;,2 AuNPs were investigated under the transmission
electron microscope (FEI tecnai T12). The tungsten filament was used as
the electron optics, and the voltage was kept constant at 80 kV. A 20 pL
sample droplet was spotted onto a carbon-coated copper grid (400
mesh) and allowed to stay there for about 10 min before being removed.

4.7. Sample preparation for Raman analyses

RNA from the clinical samples were extracted and purified following
standard commercial technique. The RNAs were stored in multiple ali-
quots at -80 °C for future use. This was done to prevent denaturation of
the stock RNA samples from excessive freeze thaw.

2 pL of Au-ASO NPs were then mixed with 2 pL of SARS-CoV-2 RNA
by gentle pipetting a few times on an ice rack. 2 pL of this mixture were
dropped on a clean stainless-steel slide and left to dry at room temper-
ature. Raman spectra of the dried spots were recorded immediately after
using a Renishaw inVia Reflex Raman Spectroscope.

For the direct analyses of clinical samples without the extraction of
RNA, the samples were added with lysis buffer having guanidine iso-
thiocyanate with a sample: lysis buffer at 2:1 M ratio. 2 pL of these
samples were then added with 2 pL of Au-ASO NPs and mixed properly
as discussed earlier for RNA sample before recording Raman spectra.

4.8. Raman spectroscopy

The stock concentration of N-ASO1 ;3 AuNPs was 102 nanoparticles/
mL as measured by Zetaview. This stock solution was diluted five times
before being added with different concentrations of RNA samples.
Raman experiments were performed on the samples with 785 (grating of
1200) nm laser (laser spot ~ 1.1 pm; penetration depth ~ a few microns
depending on the samples) with 10% of power and 10 s exposure time on
mirror-like surface stainless steel slides. Higher magnification with 50x
long working distance dry objective was used for all the experiments
with free working distance of 8.2 and numerical aperture of 0.5. At least
ten spectra were acquired from each sample for statistical analysis in the
range of 100-3200 em. Raman images were acquired in StreamHR
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image acquisition mode by utilizing 785 nm laser (100% power, grating
of 1200, 50 XL magnification) with the center of 1200 em’! (609-1728
cm™) by step size (resolution) of 200 x 200 um for clinical samples and
70 x 70 um for RNA samples. During the Raman imaging, exposure time
was set to be 0.5 s. Renishaw WiRE 4.4 was used for date processing and
analysis of Raman signals and images. For baseline correction, we used
intelligent fitting of WiRE 4.4 with polynomial order of 11 and noise
tolerance of 1.5. Subsequent data processing was also performed by
OriginLab 2018.

4.9. Calculation of limit of detection

Further to calculate the limit of detection from the Raman calibration
curve, N-ASOj,2 AuNPs (concentration of 2+1011 particles/mL) were
added with SARS-CoV-2 RNA samples having the concentration in the
range from 1 fg/mL (63 copies/mL) to 1 pg/mL (63 x 10° copies/mL).
Five spectra were collected for each of the samples and the average
spectra were reported. Limit of detection (LoD) and the limit of blank
(LoB) was then calculated from these spectra. LoB was estimated by
measuring replicates of a blank sample and calculating the mean and
standard deviation (SD). For each concentration, as mentioned before,
five data points were collected. The LoB was calculated as follows
(Armbruster and Pry, 2008):

LoB = mean blank + 1.645%(SD pjank)

Assuming a Gaussian distribution of the raw analytical signals from
blank samples, the LoB represents 95% of the observed values. Thus,
with mean intensity of 325 from blank sample (no molecule present) and
SD of 142, the LoB was calculated to be 558.6.

On the other hand, LoD is the lowest analyte concentration likely to
be reliably distinguished from the LoB and at which detection is feasible.
It is therefore greater than LoB. It is generally calculated using the
following equation (Armbruster and Pry, 2008):

LoD = LoB + 1.645%(SD low concentration samplc)

The lowest concentration used was 1 fg/mL and the SD of the 1 fg/
mL sample was found to be 212. Hence, the sample at LoD must have
intensity > or = 907.3. From our experiment, we found that the lowest
concentration whose corresponding Raman intensity >907.3, was 1 fg/
mL (or 63 copies/mL). Hence, the LoD of the current sensor was noted as
63 copies/mL.

4.10. FDTD simulation and Mie plot calculation

The extinction spectra were simulated using nanoHUB (Juluri et al.,
2016). The electromagnetic field were calculated using nanoDDSCAT
program in nanoHUB (Jain et al., 2019). The dispersion curves (wave-
length vs Scattering angle) were generated using MiePlot program 3.4
(http://www.philiplaven.com/mieplot.htm).

4.11. Statistical analyses (Principal Component Analysis)

After gathering the Raman spectra from the samples, it was corrected
by Renishaw’s WiRE 4.4 (Windows-based Raman Environment) soft-
ware. Baseline subtraction was performed for all the data by using
intelligent fitting of Wire 4.4 and a polynomial value of 11 was set as
default for the fitting. For the further analysis of spectral data we per-
formed Principal Component Analysis (PCA) as we have found it very
useful for Raman spectroscopy analysis previously. This multivariate
analysis was completed with the “Principal Component Analysis for
Spectroscopy” toolbox of Origin Lab 2020 (Origin Lab, Northampton,
MA)). The spectral differences were distinguished with Principal com-
ponents (PC). The PCs were calculated based on the covariance matrix
and 8 components were extracted. These parameters were set before
performing the analysis and based on the variation of the dataset we
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received several PCs. Though, mean centering is a common step for
calculating principal components, but we didn’t have to perform it
separately as while computing the covariance matrix the software per-
formed mean centering implicitly. To visualize the results, we plotted
score plot where each point is representing a Raman spectrum separately
while selecting two or more PCs. The clustering of each Raman spectra
from the score plot shows the separation of the data. Here, we used 95%
confidence level to show the clustering of the Raman spectra. In order to
find the vibrational fingerprint, we plotted the loading plot calculated
from PCA. From the loading plot, we also found the peak locations which
dominated the PCA. Besides performing these analyses on raw data, we
also used min-max normalization through Origin where the normaliza-
tion was performed in [0, 1] range. Later, a smoothing operation was
also performed to reduce the noise of the dataset with the help of
Savitzky-Golay method. During this analysis, window size was selected
as 5 and polynomial order was set to 2. Based on these posts processed
dataset, PCA was performed in a similar fashion.

4.12. Machine learning analysis of Raman data (SVM analysis)

Besides performing PCA, we also developed an algorithm based on
Support vector machine (SVM) analysis. This supervised analysis helps
to classify groups. Here based on the Raman spectra we tried to separate
our dataset between positive and negative group of samples. Support
vector machine classification model by MATLAB was used in our
method. Here at first, we trained a model and then predict rest of our
dataset. Based on the classification results we calculated the specificity
and sensitivity of our approach. Later, we used similar approach on a
selected range of dataset. Here, the selected range of the wavelength was
400-1800 nm. The reasoning for selecting this range was, we noticed
most of the peaks of the dataset located within this range (Raman
fingerprint region) and thus contribution for separation was much
higher. Besides this selected range, we performed the Standard Normal
Variate (SNV) analysis to improve the results we gathered from previous
stage. To get the SNV results we calculated mean and standard deviation
of each of the dataset. The mean value was subtracted from the raw
spectra and then it was divided by the standard deviation of that
particular dataset. These operations were performed through MATLAB
and each dataset was considered as a matrix while performing the
calculation.

4.13. Docking analyses

The single stranded models for N-ASO1 and RNA strands (non-
mutated and mutated ones) were made in Web 3DNA 2.0 software (Li
et al., 2019) and then docked on a HNADOCK server (He et al., 2019) to
obtain the docking score and conformationally stable models.
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