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Abstract

The coronavirus disease-19 (COVID-19) pandemic caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
rampant in the world and is a serious threat to global health. The
SARS-CoV-2 RNA has been detected in various environmental media,
which speeds up the pace of the virus becoming a global biological
pollutant. Because many engineered nanomaterials (ENMs) are
capable of inducing anti-microbial activity, ENMs provide excellent
solutions to overcome the virus pandemic, for instance by application
as protective coatings, biosensors, or nano-agents. To tackle some
mechanistic issues related to the impact of ENMs on SARS-CoV-2, we
investigated the molecular interactions between carbon nanoparticles
(CNPs) and a SARS-CoV-2 RNA fragment (i.e., a model molecule of
frameshift stimulation element from the SARS-CoV-2 RNA genome)
using molecular mechanics simulations. The interaction affinity
between the CNPs and the SARS-CoV-2 RNA fragment increased in
the order of fullerenes < graphenes < carbon nanotubes. Furthermore,
we developed quantitative structure-activity relationship (QSAR)
models to describe the interactions of 17 different types of CNPs from
three dimensions with the SARS-CoV-2 RNA fragment. The QSAR
models on the interaction energies of CNPs with the SARS-CoV-2
RNA fragment show high goodness-of-fit and robustness. Molecular
weight, surface area, and the sum of degrees of every carbon atom
were found to be the primary structural descriptors of CNPs
determining the interactions. Our research not only offers a
theoretical insight into the adsorption/separation and inactivation of
SARS-CoV-2, but also allows to design novel ENMs which act
efficiently on the genetic material RNA of SARS-CoV-2. This
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contributes to minimizing the challenge of time-consuming and
labor-intensive virus experiments under high risk of infection, whilst
meeting our precautionary demand for options to handle any new

versions of the coronavirus that might emerge in the future.
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2.1 Introduction

The outbreak of a new coronavirus which by now has lasted for more
than a year, has brought great disaster to human beings (Diffenbaugh
et al., 2020; Slot et al., 2020; Snape and Viner, 2020). To deal with
the most serious global public health emergency in recent decades,
the governments of various countries have employed a number of
measures to control the epidemic situation (Cheng et al., 2020).
Scientists from various fields are stimulated to either improve
existing or to develop new "weapons" against the coronavirus
(Allawadhi et al., 2020; Florindo et al., 2020; Talebian et al., 2020).
In response to the virus pandemic, nanoscience and nanotechnology

are offering opportunities and challenges (Figure 2.1).
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Figure 2.1. Use of compositional and combinatorial ENM libraries, including
metals, metal oxides, carbon nanotubes, and silica-based nanomaterials, to
perform mechanism-based toxicological screening that links material composition

and systematic variation of specific properties to biological outcomes.

Viruses such as the avian influenza virus (H5N1), the severe acute
respiratory syndrome coronavirus (SARS), the swine influenza virus
(HiN1), and the Middle East respiratory syndrome coronavirus

(MERS-CoV) are nature's nanostructures (Kostarelos, 2020) which
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easily enter biological entities because of their special
nanostructure-related advantages. Similarly, engineered
nanomaterials (ENMs) also have such special properties due to the
small size and hence relative large surface to volume ratio, which is in
part why ENMs have been widely used for a variety of biomedical
applications. In this respect there is a growing need for design of
ENMs that are highly specific and efficiently taken up into target cells.
The controllable physicochemical properties (e.g., size, shape, and
surface) of ENMs facilitate their direct interactions with viral
particles (e.g., interacting with viral envelope proteins and nucleic
acids) or with host cell surface receptors to inhibit virus-cell
interactions (Y. Chen et al., 2020). Hence, there is an urgent need to
realize whether ENMs as anti-viral nano-agents can offer effective
therapeutic strategies to combat the emergence of the coronavirus
disease-19 (COVID-19). Although there has been criticism about the
negative impact of nano-technology, the time for the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has
now come to highlight the knowledge and previous experience of
nanotechnologists in vaccine and drug development, delivery, and
distribution (Anonymous, 2020). At the same time, the presence of
the SARS-CoV-2 RNA in the environment such as in air (Mohan et al.,
2021; Morawska and Cao, 2020) and water (Kitajima et al., 2020;
Mohan et al., 2021) requires us to confirm whether ENMs because of
their strong tendency to adsorb to any biotic or abiotic moiety, can
efficiently remove the novel coronavirus. Understanding the
interaction mechanisms between ENMs and macromolecules that are
part of SARS-CoV-2 is an important foundation for the application of
ENMs versus COVID-19.
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Molecular simulation methods could be effective tools in exploring
the interactions between ENMs and biomacromolecules with key
biological functions (Ge et al., 2011), which would facilitate the design
of novel nano-agents and improve the development and application
of new therapeutic techniques. Quantitative structure-activity
relationships for nanomaterials (nano-QSARs) are guided by the
classical QSAR model and combine impacts of (non-tested) ENMs
with their specific physicochemical properties (Chen et al., 2017;
Puzyn et al., 2011). This provides a new way for rapid screening and
priority testing of those ENMs that are predicted to be the most
effective anti-viral agents. Combined with molecular simulation,
nano-QSAR will play an increasingly important role in the fight

against COVID-19 and future virus pandemics.

Many ENMs are known to exhibit high anti-microbial activity; either
via induction of oxidative stress by for instance metal-based ENMs
from which ions dissolve having the ability to generate oxidative
stress (Sanchez-Lopez et al., 2020), or via photothermal/
photocatalytic effects, lipid extraction, inhibition of bacterial
metabolism, isolation by wrapping the microbes (Maleki Dizaj et al.,
2015) with a nano-layer due to the high adsorption and high
mechanical strength of ENMs. Also carbon nanoparticles (CNPs) are
recognized as a promising nanomaterial for the detection, filtering,
and inactivation of viruses. According to recent studies the physical
interaction of carbon-based nanomaterials with bacteria, rather than
oxidative stress, is the primary antimicrobial activity of these
nanostructures (Maleki Dizaj et al., 2015). An additional benefit of
carbon-based nanoparticles is that their high bio-safety and high

biological compatibility, which are the characteristics used to comply
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with various medical drugs (Aasi et al., 2020; Loczechin et al., 2019;
Palmieri and Papi, 2020; Vermisoglou et al., 2020). Therefore, this
work is devoted to assessing and quantifying the interactions of the
key fragment of the SARS-CoV-2 RNA (K. Zhang et al., 2021) with
CNPs of different type and dimension. The fragment is a model
molecule of frameshift stimulation element (FSE) from the
SARS-CoV-2 RNA genome (K. Zhang et al., 2021). What is more, the
FSE plays an important role in the virus replication cycle and has
emerged as a major drug target (Lan et al., 2022). Subsequently, a
predictive model is developed which quantifies the relationship

between the structural properties of CNPs and these interactions.
2.2 Computational methods
2.2.1 Annealing simulations

The three-dimensional structure of the SARS-CoV-2 fragment
determined by K. Zhang et al. (2021) was used for the simulations.
Seventeen CNPs from three families of fullerenes, carbon nanotubes
(CNTs), and graphene were selected as model molecules (Figure 2.2).
The constructed fullerene molecular models include Cso, Cs6, Cs0, Cas0,
carbon nanoballs Ceo and C.o@Cso, as well as the carbon nano-onion
Coo@Cso@Cay0. The constructed carbon nanotube molecular models
include single-walled carbon nanotube (SCNT) (10,0), SCNT (6,6),
SCNT (28,0), double-walled carbon nanotube (DCNT) (10,0), DCNT
(6,6), triple-walled carbon nanotube (TCNT) (10,0), nanorope (NR)
(6,6), and the complexes SCNT (16,0) with Cs, named SCNT
(16,0)@Cso. The constructed graphene molecular models include

mono-layer graphene (MG) and bilayer graphene (BG).
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Figure 2.2. Structure, morphology, and character of the studied models of carbon
nanoparticles.

To search for the best geometry with various forms of energy for each
complex of the CNPs with the SARS-CoV-2 RNA fragment, a classical
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annealing simulation was performing with the Materials Studio
software package (ver. 8.0). The universal force field was adopted to
perform this simulation. The cutoff radius was chosen to be 18.5 A.
The annealing simulation was performed as follows: a total of 200
annealing cycles which represented an optimal balance of total energy
(Appendix Figure S2.1) were simulated with an initial temperature of
200 K, a midcycle temperature of 300 K, and 50 heating ramps per
cycle, with 100 dynamic steps per ramp. The canonical ensemble
(NVT ensemble, in which the number of molecules [N], volume [V],
and temperature [T] of the system are kept constant) was used and
the molecular dynamic simulations were performed with a time step
of 1.0 fs and a Nosé thermostat. After each cycle, the lowest energy
configuration was optimized. The van der Waals energies,
electrostatic and total potential energies of the studied systems were

calculated using the annealing simulation.

For the interaction systems, interaction energy (Ein) is used to
evaluate the stability of the complexes of the CNPs with the
SARS-CoV-2 RNA fragment. The magnitude of Ejy is an indication of
the magnitude of the driving force towards complexation. A negative

value reflects a stable adsorption on the CNPs. Ei,: was calculated by

Eint = Ecnp—covRna — Ecne — EcovrRNa (2.1)

where Ecxp-covkna, Ecne, and Ecovrna represent the energies (van der
Waals, electrostatic, or total potential energies) of the complex, the
isolated CNPs, and the individual SARS-CoV-2 RNA fragment,

respectively.
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2.2.2 Development of a predictive nano-QSAR model for Eint

Based on the interactions between the CNPs and the SARS-CoV-2
RNA fragment implied by the annealing simulations, several
constitutional geometric and topological descriptors (Table 2.1) such
as molecular weight (Mw), overall surface area (OSA), volume (Vol),
specific surface area (SSA), and sum of degrees (SDeg), were selected
to correlate with Eiy so as to construct predictive models. OSA and
Vol were calculated using Multiwfn 3.8 software (Lu and Chen, 2012a,
2012b). The SSA values were obtained directly from the derivation of
OSA and Vol. SDeg was calculated using Chem3D Ultra (ver. 19.0).
Orthogonal partial least squares (OPLS) regression was performed
with Simeca (ver. 14.1 Umetri AB & Erisoft AB) to select variables and
to develop models. Randomization tests proposed for testing the
rationality of the models were performed using the RAND () function
to generate the pseudo-random numbers of the Ein derived from the

total potential energy.
2.3 Results and discussion

2.3.1 Modeling the interaction of CNPs with the SARS-CoV-2
RNA fragment

In order to reveal the mechanisms of the interactions of CNPs with
the SARS-CoV-2 RNA fragment, the Ein derived from the total
potential energies, the van der Waals energies, and electrostatic
energies are summarized in Figure 2.3 and Appendix Table S2.1. The
optimized conformations obtained after the annealing simulations are
shown in Figure 2.3A. The computed values are negative, indicating
that the CNPs can form stable complexes with the SARS-CoV-2 RNA

fragment.
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Figure 2.3. Optimized structures of the complexes of the CNPs with the
SARS-CoV-2 RNA fragment (abbreviated as covRNA) obtained after the
annealing/geometry optimization procedure (A) and the calculated total potential
energy interaction energies (Emt), van der Waals interaction energies, and
electrostatic interaction energies between the CNPs and the SARS-CoV-2 RNA
fragment using the simulated annealing method. The first 7 pictures (A) and the
orange block (B) represent the fullerenes, the middle 8 pictures (A) and blue block
(B) represent the nanotubes, the last 2 pictures (A) and the pink block (B) represent
the graphenes.
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Figure 2.3B shows that CNTs have the highest absolute energy of
interaction with the SARS-CoV-2 RNA fragment among the studied
CNPs, as derived from the total potential energies. This suggests a
strong interaction between the CNTs and the SARS-CoV-2 RNA

fragment.

Generally, the interaction affinity between the CNPs and the
SARS-CoV-2 RNA fragment increased in the order of fullerenes <
graphenes < CNTs. In addition, the computed electrostatic
interaction energies between the CNPs and the SARS-CoV-2 RNA
fragment are similar to the Ei. values derived from the total potential
energies (Figure 2.3B). This implies that the electrostatic interaction
contributes mainly to the mechanism of interaction. Wang et al. (2017)
also concluded that electrostatic interactions contribute to the
gaseous adsorption energies of organic molecules onto carbon-based
nanomaterials by means of polyparameter linear free energy
relationships. As the SARS-CoV-2 has a positive charge (K. Zhang et
al., 2021), whereas the studied CNPs are neutral, the electrostatic

interactions are mainly ion-induced dipole interactions.

2.3.2 Nano-QSAR prediction of the interaction of CNPs with
the SARS-CoV-2 RNA fragment

The OPLS regression technique was used to find the most suited
descriptors (Table 2.1) for developing models to quantify the Ein
derived from the total potential energies Equations 2.2—2.4. SSA is
the parameter that most significantly correlates with the Ein values of
fullerenes, and there is a positive correlation between SSA and the
absolute value of Ein.. For CNTs and graphenes, OSA and SDeg are the

parameters that correlate most significantly with the Ei,: values. At
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the same time, OSA showed a positive correlation with the absolute
Ein, whereas SDeg displayed a negative correlation with the absolute
Ein. For the whole set of fullerenes, CNTs, and graphenes, Mw and
SDeg are the parameters correlating most significantly with the Ein
values. Moreover, Mw presented a positive correlation with the
absolute value of Ei, while SDeg had a negative correlation with the

absolute value of Eiu.

Table 2.1. Molecular parameters of the carbon nanoparticles.

CNPs * Chemical Mol Overall Volume Specific Sum of
formula Weight surface (nms3) surface Degrees
(g/mol) area area
(nm?) (m2/g)
Cao C20 240.220 1.859 0.234 4659.147 60

Cse C36 432.396 2.678 0.404 3729.094 108
Coo C60 720.660 3.812 0.645 3185.747 180
Cro C70 840.770 4.325 0.750 3098.086 210
Ca40 C240 2882.640 13.127 2.538 2742.369 720
C20@Cos0 C8o 960.880 4.340 0.824 2720.323 240
C20@Cos0@Ca40 C320 3843.520 10.283 3.047 1611.094 960
SCNT (10,0) C2010H22 24164.286 108.576 21.858 2705.906 6010
SCNT (6,6) C2100 25223.100 113.148 22.822 2701.464 6288
SCNT (28,0) C5846 70291.912 314.016 62.889 2690.280 1098
DCNT (10,0) C2282H58 29767.822 65.384 22.949 1322.735 1495
DCNT (6,6) C2080H68 27148.064 61.193 21.367 1357.418 1454
TCNT (10,0) C2146H130 28069.814 50.583 21.944 1085.212 2173
NR (6,6) C2160H144 28266.192 92.495 23.584 1970.605 3204
SCNT (16,0)@Cso C2108H32 27415.828 109.455 22.416 2404.270 1091
MG C2046H126 26763.882 124.221 23.031 2795.087 6012
BG C2112H180 27677.568 77.180 22.648 1679.300 6156

*= more details in Figure 2.2.
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Among the selected descriptors, Mw usually describes the size of a
molecule. SDeg as a molecular descriptor of topology is the sum of
degrees of every atom, and an atom's degree is the number of
nonhydrogen atoms to which it is bonded. Moreover, SSA and OSA
are known to be associated with the steric structures of NPs. Note
that surface properties such as surface area generally dominate the
behavior (Yang and Xing, 2010) and effects (Mottier et al., 2016) of
CNPs. Taken together, the selected nano-specific descriptors not only

are easy to obtain, but also can explain the interaction mechanism.
Fullerenes:
Eine = —32.241 — 0.021 - SSA (2.2)

n =17, R2=0.804, RMSE = 0.485, Q2cum = 0.737.
CNTs and graphenes:

Eint = —309.469 — 0.742 - 0SA + 0.039 - SDeg (2.3)
n =10, R2 = 0.849, RMSE = 0.440, Q2cum = 0.681.
Fullerenes, CNTs, and graphenes:

Ejpe = —110.679 — 0.007 - Mw + 0.020 - SDeg (2.4)
n =17, R?2 = 0.804, RMSE = 0.473, Q2cum = 0.710.

where n stands for the number of CNPs, R2 is squared regression
coefficient, RMSE is root mean squared error, and Q2cum is the
cumulative percentage of variance explained for extracted
components. The values of Q2cum of the models are higher than 0.5,
suggesting the good robustness and internal predictability of the
models and the models thus have high goodness-of-fit.
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To further ensure the reliability of the obtained models,
randomization tests were carried out by generating a fake pool of data
for the Ein values derived from the total potential energies (Appendix
Table S2.2). The Ein values were scrambled in two ways, namely a
single sample one and a full one, to generate the pseudo-random
numbers. As shown in Appendix Table S2.2, all the OPLS models
obtained with the scrambled data exhibited non-competitive R> and
Q2cum values, as comparison to the three models provided in
Equations 2.2-2.4. Thus, it is clear that the developed models are
reliable and grasp the most significant information used to interpret
the interactions of CNPs with the SARS-CoV-2 RNA fragment. The
outcome of the randomization testing also shows that the

nano-specific descriptors are relevant.

2.3.3 Implications of nano-QSAR based approaches in

battling coronaviruses

A virus can be regarded as a nanoscale particle consisting of
outer-capsid proteins and inner-core nucleic acids (RNA or DNA).
ENMs can not only directly interact with viral particles including the
envelope protein and the nucleic acids, but they can also
competitively bind with the cell receptors. As aforementioned, CNPs
can interact with the SARS-CoV-2 RNA fragment and stabilize it.
Knowing the interaction affinity between ENMs and virus particles is
important for accurately inferring the efficacy of antiviral
nano-agents, which can be applied to disrupt the viral replication

cycle (Y. Chen et al., 2020) and even directly to destroy its structure.

The SARS-CoV-2 RNA has been detected in environmental media (Al

Huraimel et al.,, 2020; Kitajima et al., 2020; Mohan et al., 2021;
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Morawska and Cao, 2020), which causes the novel coronavirus to
become an environmental pollutant especially in air, in sewage (e.g.,
via the stool of contaminated patients) and in watersheds. It is known
that ENMs, especially carbon-based nanomaterials, are widely
utilized in the adsorption and separation of environmental pollutants
because of their strong adsorption capacity and high adsorption
efficiency (Ji et al., 2013; Pan and Xing, 2008; Wang et al., 2017;
Yang and Xing, 2010). It is reported that the SARS-CoV-2 RNA is
likely to persist for a long time in untreated wastewater (Ahmed et al.,
2020). Hence, it is important to elucidate the interactions of the
CNPs with the SARS-CoV-2 RNA fragment. Besides, the knowledge of
these interactions can deepen and expand related research in other
nanotechnology-based applications, e.g., disinfectants for personal

protective equipment and sensors for SARS-CoV-2 detection.

All human beta-coronaviruses share a certain degree of genetic and
structural homology (Shin et al., 2020). As reported, the SARS-CoV-2
genome sequence homology with SARS-CoV and MERS-CoV is 77 %
and 50 %, respectively (Kim et al., 2020). Hence, the nano-QSAR
models developed for SARS-CoV-2 in the present study are likely to
be suitable for forecasting the interactions between the CNPs and
other beta-coronaviruses. Furthermore, we advocate to keep the
modeling as simple as it can be, and to filter those molecular
descriptors which are easy to obtain and are related to antimicrobial
(physical) properties. In the face of the urgency of the COVID-19
pandemic, nano-QSAR is a useful tool to investigate the impacts of
nanotechnology on the novel coronavirus, and it has the advantages
of preliminary screening of effective ENMs that will save valuable

research time — the step towards validating the models by means of
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experimental research can be started and done faster in a justified
way. Eventually this may lead to saving efforts and preventing

infection during experimental testing.

Nanomaterials entered the consumer market around 2000, meaning
that by now nanoparticles are used in many products. For instance,
within toothpaste titanium dioxide nanoparticles can be found as well
as in creams to whiten products (Braakhuis et al., 2021; Rompelberg
et al., 2016), and silver nanoparticles are used within many cosmetics
like anti-aging creams (Kaul et al., 2018). The use of carbon-based
nanomaterials for antiviral purposes is not so far off (Patel et al.,
2019), and the virus Kkilling activity of differently shaped
carbon-based nanomaterials is intensively discussed (Innocenzi and
Stagi, 2020; Serrano-Aroca et al., 2021). Serrano-Aroca et al. (2021)
concluded that carbon-based nanomaterials had antiviral activity
against 13 enveloped positive-sense single stranded RNA viruses,
including SARS-CoV-2. It has been shown that the toxicity of
nanomaterials is difficult to unravel, the antimicrobial activity of the
nanoparticles depends on their composition, surface modification,
intrinsic properties (Innocenzi and Stagi, 2020). Especially for
unwanted toxicity, rigid high aspect ratio carbon fibers might be an
issue in this respect that need to be dived furth into. Nonetheless, the
use of carbon-based biocompatible nanomaterials as antivirals is still
an almost unexplored field, while the published results show

promising prospects.
2.4 Conclusions

To sum up, through molecular mechanics simulations, we have

mainly addressed the molecular interactions between CNPs and the
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SARS-CoV-2 RNA fragment. The estimated Ein: suggests that the
electrostatic interaction could be the predominant driving force for
the interactions. The models on Ei,; developed by OPLS show high
goodness-of-fit and robustness. Four nanostructural descriptors (Mw,
SSA, OSA, and SDeg) were found to be the decisive factors controlling
Eint.
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