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Abstract: The COVID-19 pandemic has emphasized the need for rapid and affordable on-site virus
detection. While enzyme-linked aptamer-based biosensors have proven effective, their utility for
SARS-CoV-2 detection remains unexplored. We performed in silico analysis of three toehold-aptamer
sequences targeting the SARS-CoV-2 nucleocapsid protein gene, with secondary and tertiary struc-
tures modeled using mFold and RNAComposer web servers. Molecular docking simulations were
challenging due to computational and molecular constraints. Nevertheless, our findings indicate
that experimental procedures to assess aptamer–target interactions in vitro under optimal assay
conditions are feasible. Successful development of a biosensor using these aptamers could offer a
quick and inexpensive method for SARS-CoV-2 detection, addressing the COVID-19 pandemic.

Keywords: SARS-CoV-2 virus; biosensors; aptamers; nanozymes; point-of-care-diagnosis; COVID-19
disease; toehold technology; computational assays

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a single-stranded
positive-sense RNA (+ss-RNA) virus with a ~29.9 kb linear genome that belongs to the viral
family Coronaviridae. SARS-CoV-2 emerged in Wuhan, China, at the end of 2019 as a new
deadly coronavirus known as COVID-19 [1–3]. Mexico is among the countries that have
been severely affected by the disease, mainly due to the underlying population risk factors,
such as cardiovascular diseases, including dyslipidemia, hypertension, and type 2 diabetes.
These factors have resulted in a syndemic situation in which poverty and limiting social
factors, such as access to health care, are determinants of the epidemiological outcome [4].

The SARS-CoV-2 viral genome consists of two major open reading frames (ORFs),
ORF1a and ORF1b, that encode 16 non-structural proteins of which most compose the viral
replication and transcription complex [5]. The remaining one-third of the genome at the
3′-end has overlapping ORFs that encode four major structural proteins, spike glycoprotein
(S), membrane (M), envelope (E), and nucleocapsid (N) proteins [3]. Along with a lipid
bilayer derived from the host, these structural proteins form an enveloped virion, or virus
particle, that delivers viral genomic RNA into the cell. Mutations in the viral genome have
led to the establishment of genetic groups called lineages, which differ from one another,
resulting in the emergence of variants [6], including those categorized as variants of concern
(VOCs) by the World Health Organization (WHO) [7]. In Mexico several variants have
been detected, including the Alpha, Beta, Gamma, Delta, and Omicron VOCs. Other high-
frequency variants more prevalent in Mexico than in the rest of the world include lineages
B.1.1.222 (10.3% presence) and descendant B.1.1.519 (37.8% presence), the latter being the
dominant virus in Mexico from 2020 until now [4]. Several diagnostic methods are available
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for detecting SARS-CoV-2. However, these methods have several limitations, including
lower accuracy and sensitivity; troublesome sampling preparation and purification; time-
consuming procedures; special equipment, accessories, and maintenance cost; limited
large-scale availability; complex instrument operation; the requirement for highly qualified
technical personnel; and unsuitability for rapid on-site analysis [8,9]. Consequently, there
is a need to develop newer, more efficient methods for rapidly detecting viral analytes,
considering the versatility of viruses and their replication niches. Implementing these
methods must ensure higher accuracy, ease of operation and portability, and large-scale
availability to test the mass population [10,11].

Biosensing technology, specifically DNA/RNA aptasensors, has recently emerged as
a promising method for detecting SARS-CoV-2, due to their high-affinity and specificity
for target recognition [12,13]. Aptamers, single-stranded oligonucleotides, can be utilized
to target different SARS-CoV-2 proteins, including the nucleocapsid (N), which has been
suggested as a potential biomarker for early diagnosis due to its abundant expression and
low genetic variation over time (Appendix A Figure A1) [14]. Computational methods
have become increasingly popular for aptamer screening and interaction studies, including
in silico modeling of aptamer structures and molecular docking simulations [15].

This project aims to develop a lab-on-a-chip optical aptasensor for detecting SARS-
CoV-2 in saliva using a toehold-aptamer strategy for signal amplification. As a first step,
this study analyzed in silico three proposed toehold-aptamer sequences targeting the SARS-
CoV-2 nucleocapsid protein gene (Gene ID: 43740575). Tools like mFold and RNAComposer
were employed to model the aptamers’ secondary and tertiary structures. On the other
hand, we attempted to establish molecular docking simulations; however, simulations were
challenging to produce due to limitations in computational hardware and the large number
of atoms inherent in DNA molecules. Efforts to perform docking simulations will continue.
Nevertheless, based on the current findings, experimental procedures will be conducted
using optimal assay conditions to assess aptamer-target interactions in vitro.

2. Computational Methods
2.1. Structure Retrieval

The toehold-aptamer sequences (v1, v2, v3), 23–24 nt length (Appendix A Table A1),
are in the 28,000–29,000 region of the SARS-CoV-2 genome, where the ‘N’ gene (Gene ID:
43740575) translated into Nucleocapsid Phosphoprotein (N)- The ‘N’ gene was chosen as
the target molecule due to its high conservation among coronaviruses and greater stability
and lower mutation rates compared to the ‘S’ protein.

2.2. Multiple Sequence Alignment Analysis

Two Multiple Sequence Alignment (MSA) analyses were assessed. (1) SARS-CoV-2
‘N’ gene conservation among other coronaviruses using NCBI GenBank database to obtain
genome sequences of various CoV isolates from humans, bats, civets, and pangolins, ana-
lyzed via BLAST against the Wuhan-Hu-1/2019 reference genome, with percent sequence
identity. (2) Aptamer sequence conservation among Mexican COVID-19 variants using
NCBI Virus online platform and MEGA X software.

2.3. Aptamers’ 2D-Structure Prediction

The mFold online server (http://www.unafold.org/ (accessed on 8 April 2023))
generated secondary structures based on parameters such as folding temperature and
sodium (Na+) and magnesium (Mg2+) ionic concentrations. We tested temperatures
(4, 27, 37 ◦C), sodium concentrations (0, 25, 50, 75, 100 mM), and magnesium concen-
trations (5, 10, 15, 20 mM). After analyzing all combinations, we chose the 2D-structures
with the lowest free energy for further study.

http://www.unafold.org/
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2.4. Aptamers’ 3D Modeling

Using dot-bracket notation for 2D topology, the RNA Composer online server
(“https://rnacomposer.cs.put.poznan.pl/” (accessed on 8 April 2023)) created the aptamers’
tertiary (3D) structures. Given that RNAComposer exclusively processes RNA sequences,
the original sequences underwent modification by replacing ‘T’ with ‘U’. AVOGADRO
software was employed to minimize the generated 3D-structures, and 3DNA web server
(“http://web.x3dna.org/mutation_file/mutationsel” (accessed on 8 April 2023)) was used
to transform RNA to DNA structures. The resultant .pdb files were imported into PyMOL
software for 3D modeling.

2.5. Molecular Docking

In the docking simulation, the positive control sequence (C+) interacted with aptamers.
The (C+) and optimized 3D toehold-aptamer structures were imported into Chimera,
assigned as ‘ligand’ and ‘receptor.’ Surface binding analysis using AutoDock Vina was
the preferred method. Simultaneously, efforts were made to conduct docking simulations
using PyRx and AutoDock software.

3. Results and Discussion
3.1. Multiple Sequence Alignment Results

Based on the results of the two multiple alignments conducted, it was determined
that the SARS-CoV-2 genomes are highly conserved among coronaviruses. Moreover, the
proposed aptameric sequences were also found to be highly conserved among 193 variants
of SARS-CoV-2.

To identify conserved and potentially functional features within the CoV family, this
study compared the ‘N’ gene of SARS-CoV-2 against selected CoV families. The analysis
revealed an identity ranging from 87% to 96% with isolates from the reference Wuhan H-1
sequences. Thus, the SARS-CoV-2 N gene exhibited significant sequence conservation with
other CoV families, suggesting it holds significant potential as a biomarker for early diag-
nosis [14]. These findings align with prior research concerning the genetic similarity and
conservation of key proteins among SARS-CoV-2 and other coronaviruses. Consequently,
these features could be exploited for the development of the biosensing tool technology pur-
sued in this project. The use of conserved regions as diagnostic targets could significantly
enhance the accuracy and speed of testing.

Furthermore, the multiple sequence alignment (MSA) of the aptameric sequences
showed that trigger sequences v1 and v2 were highly conserved across all COVID-19 vari-
ants, while trigger v3 displayed a slight variation in position 28806 with a ‘T’ instead of a
‘C’ in two out of 193 analyzed sequences (ON482441.1(+) and ON482444.1(+)). Neverthe-
less, these results imply that the proposed sequences can be utilized to identify different
SARS-CoV-2 variants present in Mexico. The findings regarding the conserved aptameric
sequences present potential diagnostic applications for identifying different SARS-CoV-2
variants in Mexico.

3.2. Aptamers’ 2D Structure and Free Energy

As previously mentioned, the mFold algorithm can generate multiple predictions
based on various running parameters, such as folding temperature and ionic concentration
of Na+ and Mg2+. The assay conditions we examined were based on previous studies that
proposed aptamers as bioreceptor elements for targeting SARS-CoV-2 proteins or genomic
material. Along with the stability analysis of the aptamers, we also investigated the stability
of the positive control (C+) and negative control sequences (C−), which we plan to use in
subsequent experiments, as well as the SARS-CoV-2 previously developed aptamers. The
results obtained are displayed in Figure 1.

https://rnacomposer.cs.put.poznan.pl/
http://web.x3dna.org/mutation_file/mutationsel
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Figure 1. Free energy of toehold-aptamers and control sequences at different assay conditions. The
3D modeling of aptamer sequences was predicted by RNAComposer online server, and free energy
was obtained in the 2D structure analysis by mFold online server. Green cells represent great stability
and functionality of the aptamers (free energy < −1.99 kcal/mol), yellow cells represent medium
stability of the aptamers (−1.99 < free energy < 0 kcal/mol), while red cells indicate non-stable and
non-functional structures (0 kcal/mol < free energy).

Our analysis of experimentally selected aptamers revealed a significant correlation
between free energy structure formation and the running parameters of assay conditions.
We found that the free energy of aptamers is significantly lower at magnesium (Mg2+)
concentrations of 20 mM and sodium (Na+) concentrations of 100 mM. It was observed that
although Na+ ions are essential, the variation in Mg2+ concentrations played a pivotal role in
maintaining the stability of the aptamers. These findings align with previous studies, which
utilized Na+ concentrations greater than 75 mM and Mg2+ concentrations above 10 mM to
identify the best candidate aptamer sequences. Another noteworthy observation from this
study is that as the assay’s running temperature increased, the aptamers’ structures began
to lose stability and reached maximum free energy values at 37 ◦C, with the lowest free
energy values occurring at 4◦C. This observation is consistent with the literature, which
suggests that shorter aptamer sequences are more unstable at higher temperatures due to
their small size and susceptibility to temperature-induced disturbances.

From these studies, we determined that the optimal structures for all examined se-
quences were found at 4 ◦C, 20 mM Mg2+, and 100 mM Na+, where the structures exhibited
the lowest free energy and highest stability. It is also important to note that among the
three aptamers studied, the v3 aptamer demonstrated the highest stability and most closely
aligned free energy values compared to those reported in the literature. Consequently, the



Eng. Proc. 2023, 35, 21 5 of 8

structures selected for 3D modeling were those discovered under the aforementioned assay
conditions.

3.3. Aptamers’ 3D Modeling

For aptamer sequences meeting our selection criteria, we generated their 3D structures.
A detailed analysis of the experimental 3D structures for selected aptamers, offered a
valuable insight into their molecular structure and any potential alterations that may occur
when adjusting running parameters. The top three structures were then converted into
.pdb format, and visualized using PyMOL software, as shown in Figure 2.

Figure 2. The 3D structures of most stable toehold-aptamer sequences at optimum assay conditions:
optimum conditions are found at 4 ◦C, 100 mM Na+, and 20 mM Mg2+.

Additionally, we modeled the aptamers’ 3D structures at varying running parameters
to examine any changes within their structure (Figure 2). Our findings revealed that the
aptamers’ 3D structures remained unaffected despite alterations in the running parameters.
This observation can be primarily attributed to the sequence length of the aptamers.

3.4. Molecular Docking

Computational docking is a widely used tool to identify small-molecule ligands bind-
ing to proteins. Various docking simulators were tried, including CHIMERA, AUTODOCK
TOOLS, and PyRX, but proved infeasible, mainly due to the receptor’s large atom count.
These methods were primarily designed for proteins, and though AUTODOCK and DOCK
can dock compounds to RNA/DNA molecules, both the ligand and receptor were DNA-
based. Modeling DNA aptamers with DNA targets is complex due to their intricate nature.
Existing docking software typically displays ligands bound to short DNA sequences and is
tailored more for protein structures than DNA properties. Nevertheless, for experimental
purposes, we opted to conduct further experimental procedures using the high-affinity
aptamers identified in previous analyses, speeding up the desired interactions between the
aptamers and the target sequence.

4. Conclusions

Our MSA analysis revealed that the conserved ‘N’ gene of SARS-CoV-2 could be used
as a target molecule that can be used to develop the biosensing tool that this project aims
for. Furthermore, our findings on the conserved aptameric sequences suggest they are
potential bioreceptors to identify various SARS-CoV-2 variants in Mexico. In this study, we
employed a computational approach to find the potential running parameters in which the
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proposed DNA aptamers can find their highest stability and possible capacity of binding
affinity to the desired target ligand. In the first level, we analyzed the secondary structure
of the proposed sequences using varying parameters. For the sequences meeting our
selection criteria, we generated their 3D structures. In the second level, we attempted
computational docking to identify target–aptamer interactions. In the second screening, we
attempted computational docking to identify target–aptamer interactions. However, due
to the large number of atoms in the ligand and receptor molecules, this was not possible.
Docking analysis will be attempted using other docking software to complete the screening
of the proposed aptamers. Nonetheless, for experimental and project purposes, it has been
decided that the high-affinity aptamers identified in this in silico analysis can be selected for
carrying out experimental procedures, thus accelerating the understanding of the desired
interactions between the aptamers and the target sequence.
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Appendix A

Figure A1. Developed aptamers targeting SARS-CoV-2 [15–21].
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Table A1. Working Sequences: Toehold-Aptamer Sequences Targeting SARS-CoV-2 ‘N’ Gene, Positive
Control (C+), and Negative Control Sequences.

ID Trigger Length Location

v1 5′- TCTTGGTTCACCGCTCTCACTCAA -3′ 24 28,424–28,447

v2 5′- CGCTCTCACTCAACATGGCAAGG -3′ 23 28,435–28,457

v3 5′- CTACGCAGAAGGGAGCAGAGGCGG
-3′ 24 28,786–28,809

C(+) 3′- GCAAATCTAGGCTTGCTGTTTGGG -5′ 24

C(−) 3′- TGCAGAAAAAAACCATGGGTTGGG -5′ 24
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