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Natural and artificially prepared nanorods’ surfaces have proved to have good bactericidal effect and self-cleaning
property. In order to investigate whether nanorods can kill the enveloped virus, like destroying bacterial cell, we study the
interaction between nanorods and virus envelope by establishing the models of nanorods with different sizes as well as the
planar membrane and vesicle under the Dry Martini force field of molecular dynamics simulation. The results show that
owing to the van der Waals attraction between nanorods and the tail hydrocarbon chain groups of phospholipid molecules,
the phospholipid molecules on virus envelope are adsorbed to nanorods on a large scale. This process will increase the
surface tension of lipid membrane and reduce the order of lipid molecules, resulting in irreparable damage to planar lipid
membrane. Nanorods with different diameters have different effects on vesicle envelope, the larger the diameter of nanorod,
the weaker the van der Waals effect on the unit cross-sectional area is and the smaller the degree of vesicle deformation.
There is synergy between the nanorods in the nanorod array, which can enhance the speed and scale of lipid adsorption.
The vesicle adsorbed in the array are difficult to desorb, and even if desorbed, vesicle will be seriously damaged. The
deformation rate of the vesicle adsorbed in the nanorod array exceeds 100%, implying that the nanorod array has a strong
destructive effect on the vesicle. This preliminarily proves the feasibility of nanorod array on a surface against enveloped

virus, and provides a reference for the design of corresponding nanorods surface.
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1. Introduction

In the past 20 years, there have been three fatal coron-
avirus outbreaks in human society. According to the inves-
tigation report issued by the World Health Organization, the
severe acute respiratory syndrome coronavirus (SARS-CoV)
infectious pneumonia in 2002 caused 8098 infections and 774
deaths, with a death rate of about 9.5%. The Middle East res-
piratory syndrome coronavirus (MERS-COV) pneumonia in
2012 caused 2494 infections and 858 deaths, with a mortality
rate of about 34.4%. The severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) pneumonia has now caused hun-
dreds of millions of people to be infected, millions of people
to die, and now it is still spreading worldwide, which poses a
serious threat to the health and life of all mankind.

Coronavirus is a kind of enveloped virus, with a protec-
tive envelope outside the virus nucleocapsid.!-?! The envelope
of the virus is a highly stable lipid bilayer vesicle. The previ-
ous studies have proved that the protective effect of lipid en-
velope on the virus is not weaker than that of protein shell.’!
And the rupture of lipid envelope will cause virus to die.t!
Enveloped viruses such as coronavirus represent a significant
burden to human health around the world. One of the most im-
portant routes of transmission of viruses is through contacting
virus-carrying materials.[*! According to the relevant studies,
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enveloped viruses have a strong ability to survive in vitro,!
for example, coronavirus can remain active for 24 h on paper-
board and survive for 2—3 days on plastic and stainless steel.[!
It means that enveloped viruses are more likely to infect hu-
mans through object contact. At present, chemical disinfec-
tants are mainly sprayed on the surfaces of objects to cut off
the route of virus transmission, but the extensive use of these
chemical disinfectants will eventually bring serious pollution
to the water and soil.I”! At the same time, indoor spraying will
do harm to people’s skins, mouths, noses, eyes, and other or-
gans, and will also cause food pollution.m In addition, there
is a hidden danger of fire. Therefore, it is necessary to explore
effective physical sterilization and disinfection methods.

In recent years, the sterilization research on the surfaces
with nanorods’ structure has received more and more atten-
tion. Ivanova et al. first found that the nanorods structure on
the wing surface of cicada or dragonfly has a good sterilization
effect.”19 The nanorod structure induces the bacterial cell
wall to deform to an extent beyond the allowable limit, caus-
ing the bacterial cell wall to rupture and deformation-mediated
cell to die. It has been confirmed that the artificially prepared
bionic nanorod structure surface such as silicon nanowire ar-
rays and titanium-nanostructured surface also has excellent

[11-14

sterilization capability. 1 The mechanism of this nanos-
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tructure destroying bacterial cell wall is a simple mechani-

[15-17

cal effect rather than chemical effect, I and mammalian

18201 Therefore, this steriliza-

cells are usually not damaged.!
tion method is safe, efficient, clean and harmless, and over-
comes the difficulty that bacteria are easy to produce the drug
resistance.

Viruses are very different from bacteria. Bacteria are pro-
tected by two layers of cell membranes and the cell wall with
poor fluidity (~ 4-nm thick) between the two membranes. [>!]
And the diameter of bacterium is about several microns. But
enveloped viruses are protected by a phospholipid bilayer
membrane with high fluidity (~ 4-nm thick), with a diam-
eter ranging from tens to hundreds of nanometers.>>?] The
size and diameter of the nanorods that kill bacteria are dis-
tributed between tens of nanometers and hundreds of nanome-
ters, which even exceeds the diameter of some viruses. It is
difficult to say that these nanorod structures that can kill bacte-
ria can also kill viruses. At present, the research on nanostruc-
ture destroying virus is very few. In 2019, Cheeseman et al.
explored the interaction between the nanostructures on the sur-
face of dragonfly wings and the artificial lipid vesicles (DOPC)
with a diameter of 3 pm experimentally, and proved that the
nanostructures have the same destructive effect on high fluidity
lipid membrane.?3 Besides, it has been proved that nanopar-
ticles can irreversibly deform and kill the protein coat viruses
and envelope viruses.[>*2%1 However, the damaging effect of
nanorod on virus is rarely reported. Therefore, it is neces-
sary to study the structural parameters of nanorods suitable for
killing virus.

Molecular dynamics simulation (MD) has the advantages
of low cost and high safety. With the ever-increasing compu-
tational power available and specialized hardware, it is now
possible to simulate entire viruses, and to use such simula-
tions to refine integrative models incorporating experimental
data.?7?8] In recent years, it has been widely carried out to ex-
plore the interaction between nano materials and biofilm sys-
tem, such as the damage of carbon nanotubes to animal cell

29311 the interaction between nanoparticles and

membrane, !
lipid membrane, 334! the damage of nano structure to bac-
terial cells.!?1-33-3%] Huber et al. established a complete coars-
ening model of flavivirus, including virus envelope and nu-
cleocapsid, to explore the anti-envelope virus therapy accord-
ing to the existing biophysical data.!*®! Cagno er al. confirmed
that the modified gold nanoparticles can kill HPV-16 virus by
molecular dynamics simulation.!?®! Dry Martini force field has
been validated and widely used in lipid membrane simulations.
Arnarez et al. proved that Dry Martini force field reproduces
relatively well a variety of lipid membrane properties such as
area per lipid, bilayer thickness, bending modulus, and coexis-
tence of liquid-ordered and disordered domains.*”) Timr ez al.
also explored naturally hydrodynamic interactions in implicit

solvent simulations of lipid systems through Dry Martini force
fields.[*®) Those work confirmed the reliability of the force
field. However, the simulation of the mechanical interaction
between nanorods and virus has not been reported to date.

In this work, through the method of coarse-grained
molecular dynamics simulation (CGMD), the interaction be-
tween the biomimetic nanorod structure that can be artificially
prepared at the present stage and enveloped virus is explored.
The effect of size parameters of nanorod on the nano-level
virus is investigated. If nanorod structure can damage virus,
it will provide a new way for human beings to fight enveloped
virus.

2. Calculation methods
2.1. Establishment of nanorod and virus envelope models

The nanorod model was constructed by using C5 beads
in the Dry Martini force field developed by Arnarez et al.l>]
This C5 bead is an almost neutral bead in the Dry Martini
force field,3%! so the coarse-grained model can be used to rep-
resent nano materials with low toxicity to human body and
high chemical stability. The C5 bead is often used to build
coarse-grained models of stable elements such as gold due to
their chemical stability in coarse-grained molecular dynam-

32,34

ics simulation.! I In this work, three different scales of

nanorod models were constructed, which can be prepared in

40411 Their sizes are respectively 20 nm

practical manufacture. !
in diameter, 80 nm in height; 10 nm in diameter, 70 nm in
height; 5 nm in diameter and 70 nm in height. The main part
of the nanorod is a cylinder, and both ends are closed by a
hemispherical structure as shown in Fig. 1(a). In addition, all
the nanorods were hollowed out with a wall thickness of 2 nm.
In this way, the amount of calculation can be reduced without

affecting the simulation results.

Fig. 1. Balanced models of three initial structures. (a) Nanorod models with
different sizes: diameter 20 nm and height 80 nm, diameter 10 nm and height
70 nm, diameter 5 nm and height 70 nm; (b) planar phospholipid bilayer
model; (c) phospholipid vesicle model.

Two kinds of lipid molecules, dipalmitoylphospha-
tidylcholine (DPPC) and palmitoyl-2-oleoyl-sn-glycero-3-
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phosphogly-cerol (POPG), were used to establish the coat-
ing model of virus envelop (see detailes in supporting in-
formation). A planar phospholipid bilayer model and vesi-
cle model were constructed through CHARMM-GUL. 4] The
equilibrium models are shown in Figs. 1(b) and 1(c). The pla-
nar bilayer model consists of 8050 DPPC and 3450 POPG
molecules, and two phospholipid molecular layers are sym-
metrically arranged with a size of 60 nmx60 nmx4.06 nm,
showing negative electrical characteristics as a whole. In ad-
dition, the system also contains 3450 sodium ions to balance
the charge of the system. The outer layer of the vesicle model
contains 9636 DPPC and 4130 POPG molecules, and the inner
layer includes 8603 DPPC and 3687 POPG molecules. There
are 7817 sodium ions in the system to balance the charge of
the system, with a specification of 54 nmx50 nmx56 nm ir-
regular sphere. The relevant parameters of the viral envelope
model come from the relevant data of COVID-19. 2243441 The
details of nanorods, planar bilayer and vesicle model establish-
ment, as well as the balance process and parameter settings,
can be found from Figs. S1-S5 in supporting information.

2.2. System simulation parameter setting

Time steps of 40 fs were used to integrate the equations of
motion. In all of the water-free simulations used is the second-
order stochastic dynamics (SD) integrator in GROMACS with
the friction in the Langevin equation and the time constant
T; was set to be 4.0 ps. Unless specifically stated otherwise,
the temperature was set to be 310 K as the default. And van
der Waals interactions were smoothly shifted to zero between
0.9 nm and 1.2 nm, and coulomb interactions were screened
by a relative permittivity constant, &, of 15 and shifted to zero
between 0.0 and 1.2 nm. This interaction scheme made both
the potential and the forces vanish at the cutoff. The neighbor
list was extended to 1.4 nm and updated every 10 steps. Pe-
riodic boundary conditions were adopted in the XY plane and
Z direction.3”! And we used linear COM removal method to
eliminate the overall translation phenomenon of the system,
caused by periodic boundary calculation error, and updated
every 10 steps.

All the simulations of the interaction between nanorod
structure and phospholipid molecule bilayer in this work were
equilibrium MD. Three systematic molecular dynamics simu-
lations were carried out, including nanorod with a diameter of
20 nm and planar bilayer systems, nanorods of three sizes and
vesicle, 2x?2 array of nanorods with a diameter of 10 nm and
vesicle system. Taking nanorod and planar membrane system-
for example, the construction process was as follows: nanorod
was added to the planar bilayer system and adjusted to the cen-
ter of the plane membrane, and the energy minimization of the
whole system was achieved by the steepest descent method.
After that, the position restriction simulation of the system was

carried out at 200 ns, and then the nanorod structure was fixed
to imitate the fixed nanorods surface in reality and to main-
tain the rigidity of the nanorod structure. Through many at-
tempts of centroid traction, the planar bilayer membrane and
the nanorod reached the state of just contact, and then the trac-
tion was removed, so that the two can interact freely (The spe-
cific detail of the system construction are shown in the sup-
porting information). Under the condition of NVT ensemble
and 310 K, the system was formally simulated 3 ps. The es-
tablishment steps of nanorod and vesicle system were the same
as the above, but the simulation time was set to be 4 ps.

Two repeated simulations under the same initial struc-
ture and simulation conditions were conducted. We repeatedly
calculated the quantitative parameters such as the number of
phospholipid molecules adsorbed and the sizes of pores in the
three trajectories, and used the average value to eliminate the
accidental simulation error.

All simulations in this paper were performed with GRO-
MACS2018.4 software package,*! and VMD1.9.3 was used

for observation. [46]

3. Results and discussion
3.1. Interaction between nanorods and planar envelope

By analyzing the RMSD curve in the simulation process
and the further running results of system at 3 us (see detailes
in supporting information), it is shown that when the simula-
tion proceeded 3 s, the system of nanorod and planar bilayer
reached equilibrium. The morphological changes of the sys-
tem during the simulation are shown in Fig. 2(a). Under the
action of nanorod, the phospholipid molecules on the surface
of the bilayer extract onto the nanorod, a total of 2256 lipid
molecules are adsorbed on the nanorod, including 1559 DPPC
and 697 POPG. This lipids extraction phenomenon generally
occurs in the simulation of low charge hydrophobic or semi
hydrophobic nanoparticles and lipid bilayer, and the particles
will eventually stay in the hydrophobic tail hydrocarbon chain

3234471 Jing and Zhu also confirmed this phe-

[48

of lipid bilayer.!
nomenon experimentally.*8] As a result of lipid extraction, the
upper and lower phospholipid molecular layers contacting the
nanorods are separated from each other: the upper part of the
nanorod is wrapped up by the upper phospholipid molecular
layer, the phospholipid molecules on the lower layer adhere to
the surface of the nanorod body, and extends downward. The
average adsorption distance is about 18 nm. And the sinking
distance of the planar bilayer is about 9 nm.

According to the radial distribution function of each lipid
group around the nanorod (Fig. 2(c)), the nanorod is mainly
wrapped by the hydrophobic tail hydrocarbon chain of the
phospholipids. Because nanorod is far larger than nanopar-
ticles, nanorod cannot be completely encased in planar bilayer
phospholipids, but the scale of lipids extraction is far more
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than that of nanoparticle systems. This makes the phospho-
lipids between the extracted phospholipids and the planar bi-
layer body distributed sparsely and disorderly, and there are
obvious structural defects (A region and B region in Fig. 2(b)).
These areas are likely to be damaged already, and there are ob-
vious gaps between the two phospholipid molecular layers in
the main body of the membrane due to the separation of phos-
pholipid molecular layers (region C in Fig. 2(b)). Because
C5 beads are used to construct nanorod, the electrostatic in-
teraction between nanorod and planar bilayer phospholipids
can be ignored. In this paper, the changes of van der Waals
potential and electrostatic potential between nanorods, phos-
pholipid molecules, and sodium ions in the simulation process
are analyzed. It is found that the LJ potential energy between
nanorods and phospholipid molecules decreases, the LJ poten-
tial energy between phospholipid molecules increases, and the

(a)

1000 ns

changes of other potential can be ignored. It is inferred that
the van der Waals effect between nanorods and phospholipid
molecules is the main driving force of lipid extraction process,
while the van der Waals effect between phospholipids plays a
main obstacle role. It can be seen from the overall LJ potential
energy change curve between the nanorod and each phospho-
lipid group and the LJ potential energy change curve between
the nanorod and the hydrocarbon chain group at the tail of
the phospholipid (Fig. 2(d)), the van der Waals effect between
the nanorod and the phospholipid bilayer is attractive. The
LJ potential energy curve between nanorods and lipid is ba-
sically consistent with the LJ potential energy curve between
nanorod and phospholipids tail hydrocarbon chain groups, in-
dicating that the van der Waals effect between nanorod and tail
hydrocarbon chains of phospholipids is the main driving force

of phospholipids extraction.
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Fig. 2. Morphological changes of planar phospholipid bilayer interacting with nanorods. (a) Snapshots of nanorod and planar phospholipid
bilayer system at different simulation times; (b) state of planar phospholipid bilayer at 3 us; (c) radial distribution function of phospholipid
groups around nanorod at 3 ps (NC3: nitrogenous bases groups in phospholipid, PO4: phosphate groups in phospholipid, GL: ester group
in phospholipid, tails: hydrocarbon chain groups in phospholipid); (d) Lennard—Jone (LJ) potential energy changes of nanorod and all lipids,
nanorod and tail hydrocarbon chain groups in simulation process (lipids: all groups in phospholipid).

In order to further explore the mechanism of damage of
nanorod to planar bilayer, we carry out the recovery simula-
tion of the planar bilayer. That is to remove the nanorod in
the system at 3 ps, and then to continue simulating the pla-
nar bilayer under the same conditions. Owing to the high flu-
idity of the lipid membrane, the damage to the morphology
of the bilayer will be spontaneously repaired. The recovery
simulation reaches equilibrium at 100 ns, and the simulation
process is shown in Fig. 3(a). During the recovery simula-
tion, the separated phospholipid molecular layers are quickly
recombined, however, holes are generated in areas A and B in
Fig. 2(b) at the same time, and then these holes are also inte-
grated into the membrane body with phospholipids. As more
lipids return to the body of the plane bilayer, the area of the
pores gradually decreases, but the plane bilayer cannot fully

recover. Finally, a hole is left on the body of the plane bilayer.
The maximum diameter of the hole in the XY plane direction
is 17.1£2.5 nmx17.4+0.3 nm. The sterilization mechanism
of nanorods is investigated with the finite element analysis, [+°]
it is found that the three-phase junction of nanorods, bacteria
and the external environment is the place where bacteria are
most stressed. The result obtained in this work is similar to it.
Under the action of nanorod, region A (Fig. 2(b)) becomes the
weakest part of the planar bilayer.

Furthermore, the lipid tail segmental order parameter of
DPPC during the simulation of nanorod and planar phospho-
lipid bilayer system (Fig. 3(b)) and the average surface tension
of the planar phospholipid bilayer during the recovery process
(Fig. 3(c)) are calculated. As we can see from the variation
of the average lipid tail segmental order parameter, under the
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action of nanorod, the average tail segmental order parame-
ters of the two tail chains of DPPC decrease. The disorder of
phospholipid molecules will severely impair the self-healing
capability of the phospholipid bilayer. In the process of planar
phospholipid bilayer recovery simulation, the initial average
surface tension of the bilayer is 18 mN-m~!, and the aver-
age surface tension of the flat membrane is above 13 mN-m~!
at the first 5 ns, which is greater than the cleavage tension
standard of animal cells, that is, 10 mN-m~'=12 mN-m~!.[3%
Meanwhile, until the restoration simulation reaches equilib-
rium, the plane bilayer still has an average surface tension

10 ns
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of 4 mN-m~! and cannot be restored to the initial setting of
0 mN-m~!. This indicates that the surface tension of the plane
bilayer has exceeded the normal range due to the lipids ex-
traction of nanorod. In their study of the damage of carbon
nanotubes to lysosomes, Zhu et al. found that even if the force
of nanotubes on lysosomes cannot reach the cleavage tension
standard, they will still destroy lysosomes under the action of
carbon nanotubes for a long time.[*!] There is no doubt that
long time continuous high level of surface tension will cause

serious damage to plane bilayer.
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Fig. 3. Restoration simulation of planar phospholipid bilayer. (a) Simulation process of planar phospholipid bilayer restoration; (b) change of
average lipid tail segmental order parameter of DPPC (DPPC tail chain beads: GL-C1-C2-C3-C4); (c) change of average surface tension of

planar phospholipid bilayer during restoration simulation.

3.2. Interaction between single nanorod and vesicle

Because the morphology of vesicle is similar to that of
the virus, the interaction between nanorod and vesicle is more
consistent with the actual situation. Therefore, we further
study the interaction between vesicle and nanorods with dif-
ferent diameters. Figure 4 shows the morphology change of
the system and the magnified parts of the area of the vesicle
contacting the 20-nm-, 10-nm-, and 5-nm-diameter nanorods
at 4 ps. It can be seen that the nanorods of different sizes
have distinct effects on vesicle. In terms of the morpholog-
ical changes of versicle, the 20-nm-diameter nanorod only
makes the vesicle shrink, while the 10-nm- and 5-nm-diameter

nanorods more easily stretch the vesicle in the contact area,
and make the vesicle present a “gourd” shape as a whole,
Thus three layers of phospholipid molecular layers surround
the nanorods at the local contact (Figs. 4(e) and 4(f)). We ex-
plore the degree of deformation by analyzing the overall and
local displacement of vesicle along the nanorods. Since the
nanorods remain fixed in the whole process, the change of the
centroid distance between the vesicle and the nanorods can
be regarded as the displacement of the vesicles as a whole.
By making a comparison of the change curve of centroid dis-
tance between the vesicle and the nanorods of three diame-

ters (see supporting information Fig. S9), it can be seen that
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there is little difference among the displacements of the whole
vesicle, caused by the three kinds of nanorods. Therefore,
the deformation of vesicle, caused by nanorods with different
diameters, is mainly reflected in local deformation. Accord-
ing to the sinking distances of the contact area of the vesicle
along the nanorod (Figs. 4(d)—4(f)), the smaller the diameter
of nanorods, the greater the local deformation of vesicle is.

In this work, the vesicle presents “gourd” shape under
the action of 5-nm- and 10-nm-diameter nanorods, but this
phenomenon does not appear under the action of 20-nm-
diameter nanorod. This may be because the 5-nm- and 10-nm-
diametyer nanorods have larger aspect ratios. The Zhu et al.’s

—
8.68+£0.65nm
I . -2l

simulation results’®!) show that when the carbon nanotubes
with a large aspect ratio, i.e., length exceeding the diameter
of vesicle, were placed in lysosome, the shape of the lysoso-
mal vesicle would become cherry shaped under the pressure
of carbon nanotube. They found that the larger the aspect ra-
tio of carbon nanotube, the greater the degree of deformation
of the vesicle is.[3!! In this work, the deformation of vesicles
caused by 5-nm- and 10-nm-diameter nanorods are similar to
the Zhu et al’’s results. However, the deformation of vesicle in
this work is caused by the action of outside nanorod on vesi-
cle, and the vesicle is attracted thus deforming through the van
der Waals interaction between the nanorod and phospholipids.

(g)

DPPC:2192
POPG:980

24.66+1.06nm

DPPC:1076
POPG:494

Fig. 4. Snapshots of nanorods with different sizes and vesicle system at 4 ps. [(a), (d)] diameter 20 nm; [(b), (e)] diameter 10 nm; [(c), (f)]

diameter 5 nm; (g) lipids adsorbed on surfaces of nanorods.

Figure 5(a) shows the simulated time-dependent number
of phospholipids adsorbed by the nanorods with three differ-
ent diameters. The larger the diameter of the nanorods, the
larger the area contacting the phospholipids is, the stronger
the van der Waals effect, and thus the more the phospholipids
adsorbed is. Interestingly, the change trend of the number of
phospholipids adsorbed by the nanorods is the same as that of
the LJ potential energy between the nanorods and phospho-
lipids (see Fig. S9 in supporting information). It is also con-
firmed that the van der Waals interaction between nanorods
and phospholipids is the main driving force of phospholipid
adsorption. However, if we calculate the number of phospho-
lipids adsorbed on the unit surface area of nanorods, the re-
sults are very different. Figure 5(b) shows the density distri-
bution of phospholipids adsorbed on nanorods with different
diameters along the Z axis at about 4 ps. It can be seen that
the number of adsorbed phospholipids on the unit adsorption
area of nanorods decreases with the increase of diameter al-
though the total of adsorbed phospholipids increases. When
the simulation reaches 4 ps, 3172 phospholipid molecules, in-
cluding 2192 DPPC and 980 POPG molecules, are adsorbed
on the surface of 20-nm-diameter nanorod, with an adsorbed

density of 1.26 nm~2; 2807 lipid molecules, including 1942
DPPC and 865 POPG molecules, are adsorbed on the sur-
face of 10-nm-diameter nanorod, with an adsorbed density of
1.37 nm~—2; 1570 lipid molecules, including 1076 DPPC and
494 POPG molecules, are adsorbed on the surface of 5-nm-
diameter nanorod, with an adsorbed density of 1.42 nm~ 2,
Therefore, the smaller the diameter of nanorod, the stronger
the ability to adsorb phospholipids per unit surface area is. In
addition, the ratio of DPPC to POPG is about 7:3, which also
confirms that the electrostatic interaction between nanorod and
phospholipids mentioned above is very weak, and it is not
enough to adsorb more POPG molecules by Coulomb effect.
The depth of nanorods entering into vesicle (the distance
from the top of nanorod to the separation of phospholipid bi-
layer at the contact site) in the simulation process is worked
out, and the deformation rate of vesicle is calculated by the
ratio of the distance of nanorod into vesicle to the original
diameter of vesicle (Fig. 5(c)). In the initial stage of simu-
lation, the nanorods with diameters of 10 nm and 20 nm have
stronger ability to sdsorb the phospholipid than that with a di-
ameter of 5 nm, so the penetration distance is larger and the
vesicles are more likely to deform. However, the larger the
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diameter of the nanorod, the greater the resistance to puncture
into the vesicle is. After 1500 ns, the smaller the diameter of
the nanorod, the greater the distance to puncture into the vesi-
cle is. Although the nanorod with a diameter of 20 nm can still
adsorb 800 phospholipid molecules after 2 us, accounting for
1/4 of the total adsorbed phospholipids, it is difficult to con-
tinue to puncture into the vesicle, and the deformation degree
of the vesicle basically does not change. The nanorods with
a diameter of 10 nm and 5 nm, respectively, can still deform
the vesicle strongly at 4 us. At 4 us, the penetration depths
of nanorods with diameters of 20 nm, 10 nm, and 5 nm are
about 8.68 nm (Fig. 4(d)), 23.33 nm (Fig. 4(e)) and 24.66 nm
(Fig. 4(f)), and the corresponding vesicle deformation rates
are 15.57%, 37.41%, and 41.29%, respectively. It shows that
the deformation rate of vesicle increases with the decrease of
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nanorod diameter. This is consistent with the conclusion of
previous studies on the sterilization mechanism of nanorods.
That is, the smaller the diameter of nanorod, the higher the
pressure on bacterial cell is and the shorter the time to reach
the fracture strain.[14%1

The LJ potential energy gradient between nanorods and
vesicle along the height of nanorod in a unit cross-sectional
area of nanorods is shown in Fig. 5(d), which exhibits the
change of LJ potential energy with unit distance and unit
cross-sectional area of nanorod penetrating into vesicle. We
can see that the smaller the diameter of the nanorod, the
stronger the LJ potential energy gradient acting on the vesicle
by the nanorod is. This can also explain why the smaller the
diameter of nanorod, the stronger the deformation of vesicle
in the contact area is.
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Fig. 5. Effects of nanorods on vesicle. (a) Simulated time dependent numbers of adsorbed lipids on three sizes of nanorods; (b) distance-
dependent density distribution of phospholipids adsorbed on three sizes of nanorods at about 4 ps; (c) time-dependent penetration distances of
nanorods of three different sizes into vesicle and vesicle deformation rate; (d) penetration-distance-dependent LJ potential energy gradient per

unit cross-sectional area of nanorods of three different sizes.
3.3. Interaction between nanorod array and vesicle

In practical application, viral envelope will contact sev-
eral nanorods on a surface with nanorod array. Therefore, we
select four 10-nm-diameter nanorods to form 2x2 nanorods
array, and simulate a vesicle for 4 pus. The position of nanorod
array relative to vesicle is shown in Fig. 6(b). The center spac-
ing of nanorod array is 20 nm, and the central axis of nanorod
array coincides with the central axis of vesicle. The simu-

lated vesicle deformation process is shown in Fig. 6(a). It

can be seen that the vesicle gradually shrinks in the XY plane
and gradually sinks into the nanorod gap along the Z direc-
tion. The nanorod array is completely wrapped in vesicle lipid
molecules, and the vesicle deformation is very strong, caus-
ing a large area of phospholipid bilayer to be separated. The
curve of the number of phospholipids adsorbed by the nanorod
array varying with time is shown in Fig. 6(c). When simulat-
ing to 4 ps, 12940 phospholipid molecules are adsorbed on
the surface of the nanorods, including 8955 DPPC and 3985
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POPG. The number of adsorbed phospholipid molecules is
about 4.5 times that of phospholipids adsorbed by a single
10 nm nanorod. This shows that there is a certain synergis-
tic effect between the nanorods in the nanorod array, which
strengthens the speed and scale of lipid extraction to a cer-
tain extent. The deformation rate of vesicle in the simulation
process is shown in Fig. 6(d). Nanorod array is easier to pen-
etrate into vesicle. The penetration depth and vesicle defor-
mation rate are much higher than those under the action of
a single nanorod. At 4 us, the array penetrates into vesicles
about 58.84 nm in depth, and the deformation rate of vesi-
cles can reach 104%, far more than 45%, the cracking strain
limit of bacterial cell.>!] Only a few kinds of microbes can
withstand nearly 100% of the limit deformation, such as the
influenza viruses that are rich in cholesterol and some giant
single membrane vesicles (10 um—-50 pm) when they form a

tether structure.>?) It is inferred that the vesicle envelope can

2000 ns

be seriously damaged under the action of nanorod array. It can
be seen that at 4 ps, the nanorods have raised the phospholipid
bilayer at the top of the vesicle, and the array is completely
wrapped in the vesicle phospholipid monolayer. At this time,
the vesicle is firmly adsorbed in the nanorod array and is diffi-
cult to desorb.

Finally, the restoration simulation of desorbed vesicle was
carried out (see supporting information, Fig. S10). The sim-
ulation method is similar to the recovery simulation of pla-
nar phospholipid bilayer. The simulation reached equilibrium
after 300 ns.

mained in the tensile state and deforms seriously, and the pre-

The results show that the desorbed vesicle re-

viously isolated phospholipid monolayers were recombined
and new small vesicles were formed in the vesicle. In addition,
a large number of sodium ions in the vesicle leak out during
this process, which proves that the desorbed vesicle has been
irreversibly damaged.
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Fig. 6. Morphology changes of vesicle after its interaction with nanorod array. (a) Snapshots of nanorod array and lipid vesicle system at
different simulation times; (b) schematic diagram of position of nanorod array relative to vesicle; (c) number of adsorbed lipids on nanorod
array during simulation; (d) vesicle deformation rate caused by nanorod array.

4. Conclusions

In this work, we established the nanorods with differ-
ent sizes, virus planar envelope and vesicle envelope models
by coarse-grained simulation. Then, the interactions between
nanorod and planar envelope and vesicle envelope were sim-
ulated under 310 K, NVT ensemble, and Dry Martini force
field. The electrically neutral nanorods will not pierce the
planar envelope nor the lipid membrane of vesicle, but be
wrapped with the upper and lower phospholipid molecular
layers through lipid extraction. This phenomenon will cause
a large number of phospholipid molecules to leave the en-

veloped body, and form structural defects of phospholipid bi-

layer at the three-phase junction of nanorod, virus envelope
body and external environment, which will damage the virus
envelope. At the same time, nanorods will reduce the or-
der of phospholipid molecules in phospholipid bilayer, and
greatly increase the surface tension of virus envelope, which
will weaken the self-healing capability of phospholipid bi-
layer. Nanorods with different diameters have different effects
on virus vesicles. The smaller the diameter of nanorod, the
more the phospholipids adsorbed on the unit surface area of
nanorod is and the greater the van der Waals force per unit
cross-sectional area of nanorod, and the easier the nanorod ar-
ray penetrates the vesicle. Therefore, the smaller the diameter
of nanorod, the more favorable it is to quickly destroy the en-
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velope structure of the virus. The nanorod array can enhance

the effect of lipid extraction, accelerate the adsorption and de-

formation process of virus envelope. The array can make the

deformation rate of virus envelope exceed 100%, which means

that it is difficult for virus to get away from the nanorod array.

Therefore, the surface of nanorods has application value in the

prevention of envelope viruses such as coronavirus.
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