BioNanoScience (2022) 12:867-876
https://doi.org/10.1007/512668-022-00993-z

=

Check for
updates

Modelling the Effect of Geometry and Loading on Mechanical
Response of SARS-CoV-2

Diplesh Gautam'® - Nizam Ahmed'® - Venkatesh KP Rao'

Accepted: 14 May 2022 / Published online: 14 June 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

In recent times, coronavirus (SARS-CoV-2) becomes a pandemic disease across the globe. This virus affects the severe acute
respiratory system that causes a type of pneumonia, which results in an outbreak in Wuhan, China, and then in whole global
countries. The virus possesses a complex structure and varied in composition along with its geometrical shape and size.
Contributions of the lipid and protein components of a virus to the influenza viral envelope’s mechanical properties are still
unknown. In this work, the virus is modeled like the SARS-CoV-2 and surrounded with spikes made up of S glycoproteins,
and numerical analysis was made to predict its mechanical behavior while resting on the substrate. The static and viscoelas-
tic response of the virus was carried out in a finite element (FE) commercial software Ansys. The impact of changing viral
envelope thickness on SARS-CoV-2 and bald virus stiffness was investigated. The viscoelastic analysis shows the increase in
the deformation and stress with an increase in the pressure. The static analysis predicts the lower stiffness for SARS-CoV-2
compared to bald virion and increases with the increase in the envelop thickness. This study is useful for analyzing the effect
of geometry and mechanical properties on the mechanical response of SARS-CoV-2.
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1 Introduction

Coronaviruses belong to a family of viruses that inspire res-
piratory illness in people, including the primary cold and
progressively severe diseases [1], for example, Middle East
respiratory syndrome (MERS) and severe acute respiratory
syndrome (SARS). This gathering of infectious viruses can
cause zoonotic transfer to human, as was shown during the
situation for MERS and SARS outbreaks. A few member of
other species, for example, bats, behaved as repositories for
conveying wide assortments of viruses, and epidemic viral
outbreak in the human population [27]. SARS and MERS
transmitted from other species to the human because of their
close contact. The novel coronavirus (as of now alluded to
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as 2019-nCoV) was first identified in Wuhan, China, in
December 2019 and appeared to infect the individuals who
had visited an open seafood animal market [14]; also, the
individual-to-individual spreading of viruses took place very
rapidly which cause severe respiratory diseases and lead to
death in many cases. Studies on the source of 2019-nCoV
are effectively ongoing, and information about its transmis-
sibility and incubation period is continuously developing.
Chemistry plays a vital role in understanding each compo-
nent of the viral structure and its pathogenesis [8]. It helps
Researchers, Virologists, and Clinicians to improve the
materials and techniques for identifying vaccine and treat-
ment of an epidemic disease. It is necessary to understand
the molecules that control the structure of viruses and its
function for the development of means to cure infectious
disease [22]. The coronavirus’s current outbreak illustrates
the critical nature of basic science and the need for continu-
ous research based on the available resources.

1.1 Structure and Mechanism of Viral Infection

Researchers moved quickly to characterize and describe
2019-nCoV and disseminate their findings among the global
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research community as fast as possible under these epidemic
circumstances. Mathematical modeling and dynamics of a
novel coronavirus (2019-nCoV) were described to the cause
of infection and considered the seafood market of Wuhan
china as originated place, and fractional model was used for
infection minimization [15]. A significant study on homol-
ogy models of the novel coronavirus cysteine protease was
described and predicted the fast accessibility of 2019-nCoV
genomic information and the creation of first-generation
homology models for 3CLpro cysteine protease; a com-
pound which helped in viral replication and investigated
as an objective for antiviral treatments in the treatment of
coronavirus, like SARS [39]. This proposed that the viral
genome bears a nearby similitude to bat coronaviruses.
The protease shows the nearest homology with SARS-CoV
protease a zoonotic infection virus that entered the human
population through civets. The coronavirus spike protein is
a multi-functional molecular machine that mediates coro-
navirus entry into host cells [7]. It first binds to a recep-
tor on the host cell surface through its S1 subunit and then
fuses viral and host membranes through its S2 subunit. Two
domains in S1 from different coronaviruses recognize vari-
ous host receptors, leading to the viral attachment. The spike
protein exists in two structurally distinct conformations,
prefusion and postfusion. The transition from prefusion to
the postfusion conformation of the spike protein must be
triggered, leading to membrane fusion. The structures and
functions of coronavirus spike proteins, describing the two
S1 domains by recognizing different receptors and the role
of spike proteins in the conformational transitions phase. A
comparative study of coronavirus spike proteins, receptor
recognition, and membrane fusion functions in the context
of the corresponding functions from other viruses and host
cells was proposed [36]. Viruses are nano-sized structures.
During extracellular transmission, the virus genome is pro-
tected by their shells, generally protein capsid and lipid
envelope from being damaged. Protein capsids are having
minimalistic and pose asymmetric structure. The domain
of a membrane protein that extended into the extracellu-
lar space is an ectodomain. Membrane proteins are typical
proteins that form part of biological membranes, or interact
with them. This simple structure is enough for the protection
of their genome, viral infection, and replication. For pos-
sessing these roles, shells must be strong and softer against
applied pressure, mechanical straining, and environmental
condition, such as temperature [12]. The mechanical stud-
ies of viral structure will help to explain the organization
of the viral shells, their responses to changes in the envi-
ronment, and the relation between the viral mechanics and
viral functions in their life cycle. There are various experi-
mental techniques available on the mechanical behavior
of the viruses. The osmotic shock method was used to
determine the strengthening phenomenon of the bacterial
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microphages [33]. Brillouin light-scattering was used to
examine the mechanics of virus crystal [38]. This technique
helps to gain the direction-dependent average behavior of
the large-size particles. Optical tweezers are another method
used to study biological viruses and cells. Biological cells
are kept between two beads. In which one bead bound to a
DNA molecule and another bead to a microphages pro head
and was trapped by laser beams. By approaching the beads,
motion, and forces of DNA by the viral motor was recorded
by the optical tweezers. [30] [37]. Optical microscopy can
also be used to measure forces and displacements that can
be deduced from the diffracted laser beam from the trapped
beads [9]. Atomic force microscopy (AFM) is one of the
technique used for imaging and direct probing a single virus.
In an AFM technique, the sample is probed with a sharp tip
and imaged with a high resolution of a few nano meters in
liquid. Protein surface and its structure organization on the
virus’s outer envelope can be clearly imaged by AFM,[4,
19, 20]. Its capability is not only for imaging but also for the
analysis of the viruses. Falvo et al. was first to investigate the
tobacco mosaic virus (TMV) with an AFM and predicted the
mechanical behavior and properties of TMV while rotating,
dissecting, and translating by an AFM tip [6] and the axial
Young’s modulus of the virus was reported. Later mechani-
cal properties of viruses were evaluated from the force defor-
mation curve obtained by applying point force indentation
on the biological samples by the AFM tip [12]. Later on, the
method has been applied to study various types of biological
samples with or without envelope [12, 18, 29, 34, 35]. Sam-
ple stiffness was evaluated using these techniques for virus
and further converted to material properties like Young’s
modulus using mechanical modeling. This mechanical mod-
elling helps to understand the mechanical contribution of
viral protein shell of the whole virus structure. The Young’s
moduli of enveloped and nonenveloped viruses were found
to be in the range of up to 2.8 GPa [28]. The AFM technique
is used to investigate the material properties of the viral shell
and their contribution in strength to rest structure. Although
Experimental techniques like AFM are used to observe the
complex structure and integrity of the virus to obtain clear
images and investigate the topography of the virus structure
[26]. This technique was used to visualize crown-like virions
and geometrical measurements of protein capscid mounted
over the membrane envelope. This study revealed the char-
acterization of the surface of SARS-CoV-2 particles at the
nanoscale and offers new prospects for evaluating surface
properties of the virus. The aim of this study is to investi-
gate the mechanical behavior of a single native SARS-CoV-2
virus. We used a simplified model of virus in the CAD soft-
ware. Lipids and glycoproteins spikes are considered in the
model to address their contribution in the mechanical behav-
ior of SARS-CoV-2. We investigated the impact of pressure
on SARS-CoV-2 with changes in elastic support stiffness
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using viscoelastic behavior. SARS-CoV-2 was compared to
bald virions (formed on removing the glycoproteins spike
from the surface of SARS-CoV-2) with varied geometrical
and mechanical properties based on their static behavior.

2 Materials and Methods

Coronaviruses are massive large round particles with
extended spike surface projections, as shown in Fig. 1. For
the geometrical modeling of SARS-CoV-2, we considered
the average diameter of the virus particles around 100 nm,
and the length of the spike of 20 nm long situated over the
outer envelope with 1-2 nm as an ectodomain part lying
inside the envelope (similar dimensions mentioned in Steffen
Klein et al. [17]. The infectious virus envelope in electron
microscopy shows up as a distinctive pair of electron-dense

Fig.1 a A cartoon model of
SARS-CoV-2 virus with their
various constituent parts and
geometrical parameters. b
Boundary conditions on a single
virus particle with and without
spike protein at the surface of

a substrate during compression

[21][25] RNP core

RNP

(b)

Load

shells. The viral envelope comprises a lipid bilayer where
the membrane film (M), envelope (E), and spike (S) and
essential structural proteins are tied down and anchored.
A subset of coronaviruses (explicitly the individuals from
betacoronavirus subgroup A) have a shorter spike-like sur-
face protein called hemagglutinin esterase (HE). Inside the
envelope, the nucleocapsid is made from different duplicates
of the nucleocapsid (N) protein, which are bound to the pos-
itive-sense single-stranded RNA genome in a long string
form with continuous beads type configuration. The lipid
bilayer envelope, layer proteins, and nucleocapsid ensure the
virus outside the host cell. For the representation of the RNA
core and lipid bilayer, we considered it as a thin spherical
shell. The RNP core (ribonucleoproteins and RNA) gener-
ally consists of the virus’s genomic structure and nuclear
capsids lying inside the lipid envelop. A novel coronavirus
was modeled and its configuration is shown in Fig. 2.
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Fig.2 a Geometric model for
SARS-CoV-2. b Sectional view
of model

The main component of virus is proteases that respond
to the transmission and invoke the new virus. Double
dombled shape spike protein modeled to represent the
same feature and behavior as the spike protein in the
ideal coronavirus. The RNA and DNA part of the virus
is represented as the spherical part of the virus. Dimen-
sions of the various parts of the modeled geometry are
shown in Table 1. In this work, the real phenomenon of
force impact on the coronavirus lying on the substrate
has done using structural analysis. Figure 1b shows the
related boundary conditions during the compression of
the SARS-CoV and bald virus. Also, the viscoelastic
behavior of the coronavirus was modeled considering
prony relaxation method.

A 3D modeled geometry is similar to that of novel cor-
onavirus, which is antiological agents of SARS observed
from the previous studies. The 100 nm diameter virus
consists of all significant components that identified and
contributing to the mechanics and cell conformation. It
includes the mechanical properties of envelope, spike gly-
coprotein, M protein, hemagglutinin esterase dimer, lipid
envelop, and RNP core [23] (Fig. 2). The three-dimen-
sional geometry was created in SolidWorks™ software
and exported to finite element package ANSYS. The spike
protein and envelope play a critical role in defining the
shape of the cell. Spike glycoprotein and M protein which
are extended surface over the envelope are equally spaced
and identical throughout the spherical surface conforma-
tion. Material properties assigned to the different virions
constitute are shown in Table 1 (based on primarily peer-
reviewed research). We have considered the Poison’s ratio
of virus as 0.49 during the analysis [32].
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2.1 Mathematical Formulation

Finite element modelling is one of the most important math-
ematical tool to analyze any complex structure. In the finite
element modelling, discretization and assembling are the
initial steps. In this study, the biological structure is discre-
tized in tetrahedral elements and then assembled at nodes.
Different type of elements and complex shape with rigor-
ous loads and complex boundary conditions can be done
together using finite element modelling. In this study, we
kept the bottom rectangular substrate as zero displacement
boundary condition and the compressive load of 1 nN was
applied on the virus along the transverse direction. The finite
element formulation initiates with the basic principle of vari-
ational total potential energy [16]. Using hookes law equa-
tion o = eE and strain-displacement relation

€ =Bu, variation of the functional equation can be written
as shown in Eq. 1.

su’ [ / BTDBdV] u—ou’ / NtdS =0 0
14 sf

Where N is matrix of shape functions. Equation 1 is the
basic equation for the finite element discretization and can
be converted to algebraic equations as follows Ku = f, where
K is the element stiffness matrix, fis the vector R load. This
equation system can be solved for unknown displacement
vector u using any commercial Finite element software
ANSYS, which includes a nonlinear and linear elements,
material laws ranging from metal to rubber, with wide
variety of available boundary conditions with high effec-
tive solvers. complex assemblies with different behavior of
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Fig.3 a Negative stain electron micrograph of bald virions [36]. b
Geometric Model for bald virions with its consitutive parts (insets)

strucutre is the ideal choice for determining stresses, strain,
frequencies., temperatures, displacements and contact pres-
sure distributions on any part of geometry and assembly.

2.2 Viscoelastic Modeling

Viscoelasticity is the property of materials that possess
both viscous and elastic behavior when undergoing defor-
mation. Viscous materials generally resist shear flow with
time when stress is applied, while elastic materials strained
on the application of stress and immediately return to their
original state on the removal of stress. Amorphous polymers,
biopolymers, and even the living tissue and cells are the vis-
coelastic materials that are often modeled to determine their
force and displacement relations. There are various models,
such as the Maxwell model, the Kelvin-Voigt model, the
standard linear solid model, prony model, and the Burgers
model used to predict a material’s response under differ-
ent loading conditions. For this study, we use prony viscous
model because this model predicts the main effects of con-
test between the viscoelastic time scale of substrate’s and the

inter cellular time scale and helps to recognize the influence
of various mechanical parameters [10]. In this model, mate-
rial is subjected to a strain and kept constant over the period
of time, and the stress is measured. The material’s elastic
response indicates the initial stress in the material. For the
different applied loading condition, notation for tensile-com-
pressive relaxation is denoted by elastic modulus (E). For the
prony shear relaxation method, the model is shown in Eq. 2.

GO =Gy + ), Ge - ®)

i=1

Where shear modulus is denoted as G and t is a relaxation
time. These constant values are shown in Table 1. Corona-
virus modeled as a viscoelastic assigned by a neo-Hookean
material, which is generally considered for the biological
specimens. Prony shear relaxation method is used with a
relaxation time of 1 s as shown in Eq. 2. For the analysis,
the COVID-19 virus-cell kept over the substrate along with
its spike proteins. 3D rectangular plate geometry is consid-
ered for the representation of the substrate. The pressure is
applied over the top of the spike surface, and resting spike
over the substrate is considered as the elastic support and
the substrate considered as the zero displacement boundary.

2.3 Spike and Bald Virions

Spike virions are the virus having spike-shaped protruding
structures over the outer envelope of the virus. Spike is con-
nected through the intermediate layer, generally known as
a lipid bilayer, and protruded outside the outer envelope of
few nm in size. These spikes are glycoproteins that help to
transmit the virus when interacted with the neighbor virus
particles.

The ectodomain of the glycoproteins and spike proteins
was removed from the surface to model the bald virions.
Experimentally, bromelain treatment was used to remove
protruded spikes, and hence the viral particle surface
appeared smooth as shown in Fig. 3a. For the numerical
analysis, spherical geometry is modeled without the spike
parts representing bald virus (Fig. 3b). [36].

Table 1 Geometric and on

. . Part Constitute Parts Dimension Youngs Shear
rr}gchamcal properties of the (nm) Modulus (GPa) Modulus (GPa)
virions [2, 13, 24, 31]

Spike protein S glycoproteins 1 ~10-20 35 1.175
Viral Envelop Lipid bilayer and membrane proteins w x2-6 25 0.85
RNP core Nucleocapsid protein and virial RNA  d ~80-90 2.0 0.65
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3.1 Visco Elastic Modeling

COVID-19 was considered as a viscoelastic material for
the analysis. Finite element analysis was done to predict the
interaction of COVID-19 virus with the substrate. In this
work, variation in the applied pressure ranges from few 1 Pa
to 0.1 MPa and corresponding variation in elastic support
and its effect on elastic stiffness observed and plotted in the
graph shown in Fig. 4a and b.

From Fig. 4a, the deformation is varying linearly and
increases on increasing the pressure. While increasing
the elastic support, stiffness deformation decreases. This
decrease in deformation is due to an increase in the virus
particle strength while increasing the elastic stiffness of the
virus. Similarly, the Von Mises Stress developed in the virus,

10
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Fig. 5 Stiffness comparison for bald virus and covid-19
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Fig.6 a Contour map for deformation variation (i) for bald virions
and (ii) for COVID-19. b Contour map for stress variation (i) for bald
varions and (ii) for COVID-19
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3.2 Spike Glycoproteins are Contributing
to the Stiffness of the Viral Envelope

The force-displacement curves for the Covid-19 and bald
virions obtained from a varying force applied on the virus
model ranging from 1 nN to 100 nN with the fixed sup-
port boundary condition to the Substrate. From the obtained
curve, the stiffness was evaluated. The stiffness measure-
ments show the soft, linear phase of the force-displacement
curves that were observed for both the virus, i.e., COVID-
19 and the bald virions. At all forces, the response of bald
virions was elastic and higher stiffness compared to the
COVID-19 (Fig. 5). Figure 5 shows the stiffness for bald
and COVID-19. It is observed that the stiffness for bald is
10-12 times that of the spike protruded COVID-19.

3.3 Change in Stiffness with Particle Size

We investigated the relationship between the stiffness of
the virus and virus membrane size. Virus membrane size
changed by varying the aspect ratio of the individual parti-
cle. The aspect ratio of the viral membrane changed with the
change in membrane thickness. The stiffness at the different

thickness of the membrane evaluated, and the relation
was given by the equation shown in Fig. 5. Plot for stiff-
ness and thickness for virus model were obtained under the
compressive force of 10 nN. The stiffness K was related to
the thickness ¢ of the particles, with K = ¢", as expected for
spherical shells with thickness ¢. From Fig. 5, the stiffness
increases as an increase in the thickness of membrane in
bald virions from 2 nm to 2.5 nm. The predicted stiffness
of the virions is about 11900 uN/um. While for COVID-
19, total deformation of 0.94 nm with the total stiffness of
1053.42 uN/um.The contour plots for the deformation and
stress distribution in the bald and COVID-19 are shown in
Fig. 6a and b. Contour plot shows the maximum stress at
the mating part of the Substrate and virus in the case of
bald, while for the COVID-19 virus, it is at the narrow por-
tion of the spike protein. We also investigated the effect of
change in the membrane thickness on the deformation and
vonmises stress. Figure 7 shows decrease in the deformation
for both bald, as well as COVID-19. Similarly, decreases in
vonmises stress. This decrease in deformation and stresses
is occurred due to an increase in the strength and mass of the
virus, which may lead to the known relation of stress directly
proportional to strain.

Fig. 7 Effect of change in -4 -3
viral membrane thickness on 910 ‘ ‘ 10 ilo
a deformation for bald virion, Numerial Data ) \ Numerial Data |
b deformation for COVID-19 LRI R 1=,0.0026061150.00050 1 B 7| N 5 =0.129¢°0.00136
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bald virion, and d Vonmises e 8t =] )
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3.4 Effect of Change in Viral Envelop Young's
Modulus

Change in viral envelop Young’s modulus affects the stiff-
ness of the bald virions and COVID-19. Figure 8a shows an
exponential decay in the deformation up to 8§ MPa and fur-
ther increase in elastic modulus, increases deformation for
the bald virion. Initially increase in the elastic modulus of
the envelop leads to a decrease in deformation. This shows
the strengthening of the bald virus. Further increase in
Young’s modulus contributes to an increase in the strength
of the structure of the virus but comparatively less than the
initial increase. While in the case of COVID-19, results
show an increase in the strength of the COVID-19 structure
with the exponential decrease in the deformation because
increase in Young’s modulus of viral envelop as well as
spike protein strength both are contributing to the strength-
ening of COVID-19 structure and it is sufficient to withstand
the applied load. Figure 8b shows an exponential decrease
in the stress with the increase in Young’s modulus of the
bald virions and COVID-19. There is an effect of change in
Young’s modulus of the viral envelop in the stiffness. As the
deformation decreases, an increase in stiffness up to 8 MPa
was observed, a further decrease in the stiffness.

We can observe the exponential decay in both deforma-
tion and stress with the increase in the Youngs modulus,
and we can predict that the stiffness increases with the
increase in Young’s modulus as deformation and stiffness
are inversely proportional to each other.

4 Discussion

In recent years, various techniques were used to measure the
mechanical response of the biological specimens. Atomic
force microscopy has emerged as a technique to measure
mechanical properties of the biological cells’ on a nanoscale
and yielded new insight to study their structural configu-
ration’s. In this study, numerical analysis was carried out
to obtain the lipid and protein spike contribution to the
mechanical stiffness of individual virions. The result shows
that the mechanical response of untreated, native spiked
COVID-19 was higher. COVID-19 shows maximum defor-
mation and Vonmises Stress. This indicates a higher elastic
behavior of COVID-19 compares to bald Virions. This leads
to an increase in the flexibility of the COVID-19. There is
a linear phase shown in the numerical analysis as it was
shown by experimental results reported in the literature [36],
which was approximately linear and highly reproducible.
Consistent with this, bald virions’ stiffness was higher than
that of reconstituted COVID-19 of similar size. This differ-
ence may reflect a lower fluidity of the viral lipid bilayer and
reinforcing effect of the membrane-associated proteins. In
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bald virions, ectodomains of the glycoproteins are removed
but possess the same structural arrangement. Due to the
absence of the transmembrane part of the glycoproteins and
M1 [3, 11] in bald varions leads to increase its stiffness.
The stiffness of both viral models varies owing to material
heterogeneity and spikes protruding beyond the membrane
envelope’s [36]. The stiffness of the various models was
assessed throughout a diametrical range of nm, revealing a
considerable difference between COVID-19 virus and bald
virions. In contrast, bald virions were significantly stiffer
over the entire range of particle size. This indicates that the
influenza envelope’s stiffness is determined by a combina-
tion of the stiffness of the lipid component and the mem-
brane-associated viral protein components.

Furthermore, with the change in the geometrical and
mechanical parameters of the COVID-19, we found the
changes in the stiffness. In the bald virions, where there is
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Fig.8 Variation in deformation and stress for bald and Covid-19
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no interaction with the glycoprotein spikes, its mechanical
behavior is different from that of the spike protruded viral
structure. This suggests that the glycoproteins spike plays a
vital role in the viral envelop while interacting with lipids
and contributing to the change in the virions’ mechanical
behavior. Finite element modeling predicts the stiffness
measured for the model systems (Covid-19 and bald viri-
ons) could be explained by the known physical properties
of a viral envelop or a compact protein shell, as found for
capsid-coated virus species. This numerical analysis sig-
nificantly predicts the change in the stiffness values. The
numerical findings differed from prior experimental results
due to M1, which is near to the viral membrane, and frequent
interactions between M1 and viral membrane constituents,
especially HA and NA [5]. This numerical analysis shows no
such behavior. Early experimental AFM literature anticipates
a similar association to our results with minor volatility.
The impact of changing the thickness of the viral mem-
brane and changing the envelop’s Young’s modulus on the
virus’s mechanical behavior was investigated in this work,
and substantial alterations were estimated. On comparing the
COVID-19 to bald virions, the contribution of spikes to the
mechanical response of the COVID-19 was also determined.

5 Conclusion

Membrane with proteins capsid spike contributes to the
mechanical properties of the virus particles. To interact and
persist within the host cell, the COVID-19 virus requires
flexibility in its envelope. It enable the dynamics in the host
cell membrane during its viral life cycle, like receptor bind-
ing and viral fusion with the host cell and budding in case
of viral assembly. We propose that these functions can be
achieved by studying the dynamics of fluid that we consider
as stable lipid bilayer in our present study and the effect
of reinforced by membrane-associated proteins, including
spike glycoproteins in the viral envelop. Even though the
COVID-19 virions are unusually soft, but they can withstand
larger deformations as we applied in our numerical analysis
without showing much damage to the viral structure. This
numerical study is constructive for studying the mechanical
behavior of the COVID-19 and their comparison with the
bald virions. We can conclude that the COVID-19 are softer
and more elastic compared to bald virions from the study.
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TMV: tobacco mosaic virus; RNA: ribonucleic acid; GPa: gigapascal;
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nucleoprotein; HA: hemagglutinin; NA: neuraminidase; M1: influenza
virus matrix protein
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