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ABSTRACT: The e ects of binding mode, shape, binding strength, and rotational speed
of actively rotating nanoparticles on the integrity of cell membranes have been
systematically studied using dissipative particle dynamics simulations. With theoretical
analyses of lipid density, surface tension, stress distribution, and water permeation, we
demonstrate that the rotation of nanoparticles can provide a strong driving force for
membrane rupture. The results show that nanoparticles embedded inside a cell membrane
via endocytosis are more capable of producing large membrane deformations under active
rotation than nanoparticles attached on the cell membrane surface. Nanoparticles with
anisotropic shapes produce larger deformation and have a higher rupture e ciency than
those with symmetric shapes. Our ndings provide useful design guidelines for a general
strategy based on utilizing mechanical forces to rupture cell membranes and therefore
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INTRODUCTION

Recent years have witnessed the explosive growth of interest in
cell membrane nanoparticle (NP) interaction, since nano-
particles are widely used as carriers to deliver drug molecules
and/or genes into cell interiors. * With the modi cation of the
geometry and physical properties of these carrier nanoparticles,
they can interact with a cell membrane in di erent ways: they
can (i) be adsorbed on a membrane surface,* (ii) pass through
the cell membrane either by passive di usion or endocytosis,*
or (iii) get trapped in the membrane bilayer interior.>® Cell
membrane NP interactions can impose various degrees of
membrane deformation (e.g., bending, swelling, rupture) due to
changes in membrane thickness, speci ¢ surface per lipid, and
lipid tail orientation.>’ Recent experimental studies have shown
that magnetic NPs can be e ectively delivered to cancer sites
and rotated by applying a high-frequency oscillating magnetic

eld to damage cell membranes® *? For magnetic NPs
subjected to an oscillating magnetic eld, their nonequilibrium
response results in a localized mechanical shear.”® ** The
imposed shear forces due to the rotation of magnetic NPs on
the cell membrane may lead to its rupture. Blood et al.
simulated solvent shear ow caused by NPs rotation, which
produced a 2.91023 pN force on the bilayer and increased
stress in the membrane by an order of magnitude.'® The
rupture of biological cell membranes under mechanical stress is
an integral component of cell behavior; however, less attention
has been paid to the fundamental mechanisms of the
mechanical rupture of cell membrane by NPs.
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The intrinsic mechanical characteristics of cell membrane-NP
interactions are closely related to the NP size, shape, and
surface properties. For NP size, Lai et al. demonstrated that
the presence of small NPs enhances the probability of water
penetration, thus decreasing the membrane rupture tension,
while large NPs have the opposite e ect, which demonstrates
the ability of NPs to modify the structural and dynamic
properties of a lipid membrane.*” The shape anisotropy and
initial orientation of NPs are also crucial to their penetration
capability across a lipid bilayer, which is determined by the
contact area and local curvature of NPs at the contact
point.*® ?° Matula et al. showed that during collision between
NPs and prokaryotic or eukaryotic cells, nanorods were more
e ective in damaging cell membranes than spherical NPs.?* In
addition to NP size and shape, NP surface modi cation can
dramatically change the cell NP interaction. Therefore, the
performance of NPs heavily depends on the type of coating
material used and how the material is attached to the NPs. For
example, MDCK I cells exposed to cetyltrimethylammonium
bromide-coated gold NPs display a concentration dependent
sti ening that presumably results from the endocytosis of
particles which removes excess membrane area from the cell
surface. Interestingly, gold NPs coated with biocompatible
polyethylene glycol do not demonstrate a signi cant change in
the elastic properties of the cell membrane.”? Urs et al. found
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that NPs coated with poly(ethylene oxide) triblock were more
favorable for uptake by cells than uncoated NPs; however, they
also introduced toxicity into the cells.*® Such a mechanical
interaction of NPs with cell membranes provides a promising
pathway toward causing rupture in cell membranes. This
interaction also heavily depends on NP characterization
parameters as size, shape, surface functionalization, rotational
speed, and so on. For instance, the range of potential e ects
due to NP surface coatings allows for a diverse range of
chemical materials to be used for targeting and enables
modi ed NPs to have certain desired binding properties.?**
However, the fundamental mechanisms of the rupture process
and the role of NP inherent properties on the rupture process
of cell membranes remain elusive.

Although experimental techniques have shed considerable
light on the properties of NPs and their interactions with cell
membranes, the process of membrane rupture is rather fast and
involves subtle changes at the molecular level; subsequently, it
is very challenging to study these molecular level mechanisms
by experimental techniques alone. Molecular dynamics (MD)
simulation o ers an alternative approach to study membrane
rupture at the molecular level. For example, simulation
demonstrated that for a pure DPPC membrane, the application
of a large mechanical pressure of 200 bar led to pore
formation and irreversible rupture.?® Taiki et al. found that a
transient recovery of the cholesterol and phospholipid
molecular orientations was more evident at lower stretching
speeds than that of higher speeds, suggesting the formation of a
stretch-induced interdigitated gel-like phase and explaining the
e ect of stretching speed on membrane pore formation.”’
However, fully atomistic MD simulations of cell membrane
systems are computationally expensive, length-scale limited,
and time-consuming. Therefore, coarse-grained molecular
dynamics simulations are required to strike a balance between
accuracy and computational e ciency. Dissipative particle
dynamics (DPD), as a mesoscopic coarse-grained simulation
method, is extensively used for soft materials and biomembrane
systems.”®?° For example, membrane rupture has been
observed in simulations of di erent mixed bilayers of
phosphatidylethanolamine and Cy,Eg and can explain why
dividing cells are more at risk for rupture than static cells.?® The
disruptive e ect of continuous NPs rotation is ascribed to both
the enhanced membrane monolayer protrusion as well as shear
force created.*® Coarse-grained simulation works well for the
investigation of the mechanisms behind dynamic cell
membrane rupture processes without compromising the
molecular level details.

In this paper, by using DPD simulations, we have
systematically studied cell membrane rupture process due to
NP rotation. We rst estimate how both attachment and
endocytosis of the NP a ect the cell membrane NP
interaction. The dynamic membrane structure is characterized
by lipid density, membrane lateral tension, and stress
distribution. Second, we demonstrate how NP shape a ects
the membrane structure during NP rotation. Membrane
parameters such as lipid density and water permeation will be
used to predict whether a rotating NPs can induce membrane
rupture. A phase diagram demonstrating the combinatory
e ects of rotational speed and membrane binding strength will
also be studied, so as to provide insight into NP design for
mediating cell membrane rupture.

COMPUTATIONAL MODEL AND METHODOLOGY

In DPD models, a small group of atoms is treated as a single
bead located at the center of mass of the atoms. Beads i and j
interact with each other via pairwise forces consisting of a
conservative force F¢ representing the excluded volume e ect, a
dissipative force Fj representing the viscous drag between
moving beads, and a random force Fff representing stochastic
impulse. Both Ff and Ff act together as a thermostat for the
beads. Similar to molecular dynamics simulations, the time
evolution of beads is governed by Newton’s equation of
motion. The total force acting on bead i can be expressed as
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where a; is the maximum repulsive force, r;; is the distance
between beads i and j, r; is the unit vector pointing from bead i

to bead j, jis the relative velocity between beads i and j, and
denotes a random number with zero mean and unit variance.
The force weight function (ry) can be de ned as a simple
decaying function of distance as
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where r; is the cuto radiusand and are parameters with the
relationship 2 = 2 kgT, with kg being the Boltzmann constant
and T the temperature of the system. The standard values =
30and =45 were used in our study.>** * The mass, length,
time, and energy are all normalized in our DPD simulations,
with the unit of mass set to be equivalent to the mass of the
solvent bead, the unit of length taken to equal to the cuto
radius r,, the unit of time to be equal to the reduced simulation
time , and the unit of energy to be kgT. The reduced DPD
units can be converted to Sl units by examining the membrane
thickness (4 nm) and the lipid di usion coe cient (5 m?s 1)
from experiment.®* The simulated thickness value of the bilayer
is 5r, and the e ective time scale of simulation can be
determined from the calculated lateral di usion constant of the
lipid bilayer 0.0095r2/ > By comparison with typical exper-
imental values, it can be shown that one DPD length unit
corresponds to approximately 0.8 nm in physical units and the
time unit = 24.32 ps. The time step is taken to be t=0.01 .
All simulations are performed using LAMMPS.*

The dimension of the simulation box is 60r.(x) x 60r,(y) x
25r,(2). The system contains 54 600 lipid beads, 225 118 water
beads, and 3906 NPs beads, with a reduced particle density of
approximately 3.%® Solvent beads are not shown in gures for
clarity. As shown in Figure 1, the simulation system consists of
the bilayer membrane with 4200 lipid molecules (50% are set as
receptors), a rigid NP with coating ligand beads, and solvent
particles. It should be noticed that the size of the simulation
box in the x-y plane is adjusted to maintain the zero-tension
condition of a bilayer membrane with the average area per lipid
A, = 1 r% During the simulation, if the new average area per
lipid A is greater than A,, the simulation box will be compressed
in the x y plane until A = A,, while if A < A, the box will be
stretched in the x y plane until A = A,. Meanwhile, the box
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Figure 1. Schematic representation of the simulation model. The lipids
and receptors are represented by H;(Ts), models with tail beads in
dark blue. Lipid head beads are shown in red and receptor head beads
are colored green. A representative spherical NP is shown in yellow
with hydrophilic coating ligand beads shown in light blue.

length in the direction normal to the membrane (z) will change
correspondingly to keep the box volume xed. The lipid
molecule is represented by the coarse-grained model proposed
by Groot and Rabone®® as shown in Figure 1, with 3 lipid
hydrophilic head beads and 10 lipid hydrophobic tail beads. As
shown in Table 1, the repulsive interaction parameter between

Table 1. Soft-Repulsive Interaction Parameters a;; for Head
and Tail Beads of Lipid Molecules (L., and L), Head and
Tail Beads of Receptor Molecules (Ry and Ry), Ligand
Beads (G), and Nanoparticle (NP) Beads

Ly Ly Ry Rr G NP
Ln 25 100 25 100 25 100
Ly 100 25 100 25 100 25
Ry 25 100 25 100 5 100
Rr 100 25 100 25 100 25
G 25 100 5 100 25 100
NP 100 25 100 25 100 25

the same types of beads within NPs and the membrane is taken
as aj; = 25, and for two beads of di erent types it is set as a; =
100. Within each lipid molecule, an elastic harmonic force,

T

ri.

fs 3)
is assumed to exist between two neighboring beads, where ks =
100.0 and r; = 0.7 r, are the spring constant and equilibrium
bond length used for the lipid molecule, respectively.*” The
ligands are anchored to the NP surface by a harmonic force
with ks = 200.0 and ry = 0.25r, to prevent the detachment of
coating ligands from the NP during the simulation. The
bending resistance of a lipid chain is represented as an

Fi=k 1

additional force due to a harmonic constraint on two
consecutive bonds,

F k( o “
where k, ,and  are the bending constant, inclination angle,
and equilibrium angle, respectively. For three consecutive lipid
tail beads or three consecutive lipid head beads in a lipid
molecule, we take k ; = 6 and ; = 180°; for the last head-bead
and the top two tail-beads, k , = 3 and , = 120°; for the
bottom two consecutive head beads and the rst bead in each
tail, k ; = 45 and o3 = 120°.%

Vbend =

RESULTS AND DISCUSSION

Binding Modes. The surface coating of a NP can
dramatically a ect its binding a nity with the cell membrane.*
The strength of the ligand receptor binding allows the NP to
have two di erent binding modes, surface attachment, and
endocytosis into the interior of cell membrane, during the cell
membrane NP interaction."*“° Here we set the ligand coating
density on the NP surface to be 100%, the binding strength
between receptor and ligand a; = 5, the rotational speed of the
NP = 0.0219°/ , and the diameter of the NP D = 15 r..
Figure 2 shows the dynamic cell membrane rupture process by
a spherical NP when the system is set up to be in attachment
mode. Before interacting with the NP, the receptors in the cell
membrane are assumed to be uniformly distributed. When the
NP attaches to the cell membrane, the receptors on the surface
of the cell membrane travel toward the NP and eventually bind
to the ligands on the NP surface." After an equilibrium process
(t 100 ), the NP starts to actively rotate (see the arrow in
Figure 2a) and the ligand receptor interaction causes the local
lipid molecules in the membrane to follow the rotation of the
NP, which generates a shear force inside the lipid bilayer. When
the cell membrane cannot sustain the shear force exerted from
the rotating NP, it starts to rupture. It can be seen that an
actively rotating NP can accelerate the wrapping process and
promote the cellular uptake of the NP.*° In addition, active
rotation of the NP signi cantly shortens the traveling time of
cell membrane receptors during the cellular uptake process.
The observed phenomenon is in good agreement with the
membrane response to the rotating NPs by Yue et al.*° Figure 3
shows the rupture process of the cell membrane with a rotating
NP under endocytosis mode. The NP starts to rotate after the
NP is fully endocytosed by the cell membrane shown at Figure
3a. Similar to the attachment mode, the membrane undergoes
severe distortion and out-of-plane deformation in a very short
time. Therefore, we remove the zero-tension condition for the
cell membrane. Compared with the attachment mode, the
endocytosis mode takes 25.7 + 0.2% less time to reach the

Figure 2. Dynamic process of cell membrane rupture at di erent time by a spherical NP under attachment mode.
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Figure 3. Dynamic process of cell membrane rupture at di erent time
by a spherical NP under endocytosis mode.

ruptured status for the cell membrane. Our results suggest that
a rotating NP which has undergone endocytosis would have a
higher possibility to cause cell membrane rupture.

The area per lipid molecule A is a good metric to evaluate the
deformation of the cell membrane under mechanical stimulus.
In order to demonstrate the dynamic e ect of the rotating NP
on the mechanical response of the cell membrane, the time
evolution of A under the two binding modes with and without
the rotation of the NP is shown in Figure 4. Without the

Figure 4. Time evolution of the average area per lipid A versus
spherical NP rotation time t for di erent binding modes.

rotation of NP, A keeps uctuating around 1 r?, which is in
good agreement with the zero-tension status of a normal cell
membrane.?® Accordingly, no membrane rupture is observed.
With the rotation of the NP under both attachment and
endocytosis modes, A rst increases with the shear force
exerted on the membrane from the rotation of the NP. When A
reaches 1.8 r? an abrupt decline of A at t = 795 for the
endocytosis mode and t = 995 for the attachment mode
indicates the mechanical rupture of the membrane, which is in
good agreement with the theoretical prediction for A as the
membrane undergoes pore formation and fracture.** Speci -
cally, during the time period t =145 520 , A shows a more
dramatic increase under endocytosis mode than it does under
attachment mode. From the molecular viewpoint, the active
rotational motion of the NP is accompanied by breaking and
rebinding of ligand receptor pairs between the NP and the cell
membrane during the rotation process. With ligand receptor
pairwise binding, the rotation of the NP can generate a shear
force inside the cell membrane. For endocytosis mode, the NP
has a greater initial contact area with the cell membrane than it
does under attachment mode; under attachment mode the
ligand receptor bound pairs increase substantially during the

wrapping process. In addition, the time delay of rupture
between the two modes further indicates that cell membrane
rupture under endocytosis mode takes less time to occur than it
does under attachment mode. Figure 5 depicts the initial and

Figure 5. von Mises stress distribution in the membrane during the
spherical NP rotation process.

nal probability distributions of lipid molecules in terms of von
Mises stress with the NP under both attachment and
endocytosis modes as shown in Figure 2 and Figure 3,
respectively. For clarity, the initial state for both modes
represents the beginning of the binding mode; the nal state
indicates the stage when cell membrane rupture occurs. It can
be seen that rotation of the NP generates a heterogeneous
stress distribution on the cell membrane. At the initial state the
stress has a lower magnitude when compared with the nal
state, indicating a severe membrane distortion after rotation.
Therefore, through the average lipid molecule area and stress
distribution, we can further verify that NP rotation provides a
driving force for membrane rupture.

NP Shape E ect. NP shape anisotropy is crucial to the
cellular uptake process, which is determined by the contact
area(s) and local curvature(s) of the NP at the contact point(s)
with cell membrane. Prior studies have shown that NP shape
signi cantly a ects its interaction with the cell membrane. For
example, elongated particles can more e ciently interact with
lipid bilayer membranes than spherical particles, which can be
explained by the lower free energy required for the membrane
to wrap elongated particles as compared to that needed for
spherical particles.”” A rod-shaped NP prefers rmly adhering
to the vessel wall through ligand receptor interactions and
settles down at equilibrium state with full contact.*® Thus, it is
expected that di erent shaped NPs may induce cell membrane
rupture to di erent extents. Here we investigate the e ect of
two anisotropic NPs, the cylindrical and L-shaped NPs on the
membrane rupture process. These two kinds of NPs with the
same volume (and thus a larger surface area) as the spherical
NP can increase the contact area with the cell membrane and
therefore create more ligand receptor pairs between the NP
and cell membrane. Figure 6 shows the dynamic process of
membrane rupture by rotating a cylindrical NP under both
attachment and endocytosis modes. The rotational axis is
perpendicular to the cross-section of the NP and passes
through the center of mass of the cylindrical NP as shown in
Figure 6. Regardless of binding mode, the membrane
undergoes more severe local distortion for the cylindrical NP
than it does for the spherical NP, which con rms that the shape
anisotropy of NP plays an important role in mechanically
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Figure 6. Dynamic membrane rupture process by the rotation of a cylindrical NP. (a) Attachment mode; (b) density distribution of lipid beads at
the nal stage under attachment mode (the inset shows the method to divide the membrane into subdomains); (c) endocytosis mode; (d) density
distribution of lipid beads at the nal stage under endocytosis mode.

Figure 7. Dynamic membrane rupture process by the rotation of a L-shaped NP. (a) Attachment mode; (b) endocytosis mode; (c) density
distribution of lipid beads at the nal stage under attachment mode; (d) density distribution of lipid beads at the nal stage under endocytosis mode.

deforming the cell membrane. When the NP starts to rotate, rupture adjacent to the NP, and the membrane rupture then
the local membrane distortion develops into a membrane further develops into an even larger membrane pore. In order
26669 DOI: 10.1021/acsami.7b05741
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Figure 8. Initial surface tension distribution for di erent shaped NPs: () spherical, (b) cylindrical, and (c) L-shaped. The dashed curves outline the
shape of each NP. The x- and y-axes in units of r, represent the dimensionless membrane size. The color bar represents the surface tension value in

unit of kgT/r..

to vividly capture the membrane disruption caused by the
rotating NP, we divide the membrane into 20 x 20 subdomains
(systematically represented in Figure 6e) and calculate the
density of lipid molecules for each subdomain (3r, x 3r.). As
shown in Figure 6c, it can be clearly observed that the
membrane far away from the NP is trivially a ected by the
rotation of the NP. The density stays around a normal value of

10/r2. A high concentration of lipid molecules with density

50/r? occurs at the contacting site, indicating that lipid
molecules may experience a compressive deformation or even
an out-of-plane deformation with overlapped lipid layers.
Similarly, the dynamic process of membrane rupture by the
rotation of an L-shaped NP under both attachment
(Supporting Information: Video 1) and endocytosis modes
(Supporting Information: Video 2) is shown in Figure 7a,b,
respectively. In experiments, it is di cult to control the
rotational axis of the L-shaped NP as the rotation of NP under
the external magnetic eld may be dynamically random. For
simplicity, in our simulation, the L-shaped NP rotates along the
axis that passes through the crossing joint of the L-shaped NP.
The simulation demonstrates the robust capability of the L-
shaped NP to cause reliable damage to the cell membrane.
Additionally, it takes less time for the L-shaped NP to break the
integrity of the cell membrane when compared with the
spherical and cylindrical NPs. From the discussion of NP shape
e ects, we can draw a conclusion that the magnitude of the
shear force exerted on the membrane determines whether or
not the membrane undergoes mechanical rupture, while the
rupture location and occurrence are strongly a ected by NP’s
shape.

Figure 8 shows the surface tension distribution inside the cell
membrane for spherical, cylindrical, and L-shaped NPs,
respectively, under attachment mode. The surface tension
with a surface normal in the z-direction inside a cell membrane
can be characterized by the pressure tensor P via the following
relation,*

Z
= Py(Z Pr(2)]dz
. [PNnD)  Pr(D] )
with  being the surface tension, Py the pressure normal to the
bilayer, and P+ the tangential pressure. For MD simulations,
this equation can be further simpli ed as*

=L, P, (P +PR)/2] (6)

where L, is the size of simulation cell in the z-direction normal
to the cell membrane and P; is the pressure in the i = x, Y, z
direction. For the case with a spherical NP, high surface tension
inside the membrane occurs at the contact area between the NP

and the cell membrane as predicted while the tension on the
noncontact area remains at zero. For a cylindrical NP, the
highest surface tension occurs at the sharp end when the NP
rotates with the speci ed axis as shown in Figure 6a. For an L-
shaped NP, multiple sites with high surface tension can be
observed if the rotation axis is chosen along the axis as shown in
Figure 7a. The dramatic change of surface tension at the
contact site by the rotation of the NP implies that the bilayer
membrane experiences a severe heterogeneous deformation,
which can lead to mechanical rupture. For all these cases, the
rotation of the NP causes an increase of the average distance
between lipid molecules (its deformation), leading to an
increase in the potential energy (strain energy) of the
membrane. When the distance between intermolecular lipid
molecules reaches a critical threshold, the membrane will snap
to an energetically favorable state by releasing the strain energy
via rupture. These theoretical ndings on the surface tension
distributions suggest that utilizing di erently shaped actively
rotating NPs could change the cell rupture process.

The di usion of water perpendicular to the membrane layer
provides another useful way of characterizing the porosity of
the bilayer membrane. Such a di usivity D can be estimated by
solving the di usion equation for the mean square displacement
(MSD) of water in the z-direction before and after the rotation
of a NP. The MSD = (= (ri(t) r,(0))?) of water molecule i
versus di usion time t is governed by the Einstein relation,
MSD = 2Dnt, where n is the allowed dimensionality of the
di usion process. Figure 9 plots D at the initial and nal stages
of membrane rupture processes for di erent shaped NPs. For

Figure 9. Water di usion coe cient D perpendicular to the
membrane surface when (&) the NP is attached to the membrane or
(b) endocytosed by the membrane.
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Figure 10. Phase diagram of membrane rapture by a rotational spherical NP as a function of binding strength and rotational speed when the NP is

(a) attached to or (b) endocytosed by the membrane. The symbol
intact cell membrane.

represents a case with cell rupture, and

represents a case resulting in an

the attachment mode, D increases from 0.013 r2/ at the initial
stage to 0.014 r?/ for the spherical NP, to 0.161 r?/ for the
cylindrical NP, and to 0.2966 r2/ for the L-shaped NP. Such
an increment in D indicates that the cell membrane becomes
porous after its interaction with rotating NPs and con rms our
previous observation shown in Figure 6¢ and Figure 7c. The
presence of these pores could accelerate the passive transport of
water molecules across the membrane as well as being initiation
sites for structural defects associated with phase transitions, cell
fusion, lysis, and so on. In addition, the nal stage D value for
the L-shaped NP is almost an order of magnitude larger than
that for the spherical NP, demonstrating that the L-shaped NP
could generate far more damage in a cell membrane than the
spherical and cylindrical NPs. Similarly, under endocytosis
mode, D increases from 0.013 r2/ at the initial stage to 0.3402
r2/ for cylindrical NP, and to 0.5305 r?/ for L-shaped NP,
which re ects severe membrane rupture, in agreement with the
phenomenon observed in previous sections. The NPs
embedded inside the cell membrane are more capable of
producing membrane rupture under active rotation than
nanoparticles attached on the cell membrane surface.

Phase Diagram. In previous sections, we have demon-
strated that various shapes of rotating NPs can exert di erent
shear forces on the membrane and are able to rupture it under
both attachment and endocytosis modes. The mechanical
rupture of the cell membrane by NPs depends on a number of
factors, such as particle size, shape, and surface chemistry.
E ects of particle size have been investigated in detail by Yue et
al®® and Li et al®® and are not considered in our study.
Experimentally, NPs can bind to the cell surface through
sophisticated chemical modi cation, and the binding strength
and modes can be tuned as well. Here we perform a large
number of DPD simulations with spherical NPs to determine
the e ect of the binding strength a; between the ligand and
receptor as well as the e ect of rotational speed  of NPs on
the integrity of the cell membrane. For simplicity, the diameter
of the spherical NP is xed to be D = 12r.. Figure 10a shows
the phase diagram of the integrity of the cell membrane with
respect to both a; and  of the NP under attachment mode,
and Figure 10b shows the phase diagram under endocytosis
mode. Under the attachment mode, when a; is relatively small
(for example, a;; = 15), the rotation of NP with 0.0061°/
barely a ects the cell membrane as the membrane can be gently

pushed away by the ow created by the rotation of the NP.**
This observation may be explained by the fact that a low
rotational speed gives the cell membrane enough time to
accommodate the distortion caused by the rotating NP and
therefore the natural motion of the lipids prevents membrane
rupture. In other words, a high rotational speed of NP is
required to generate su cient disruption to exceed the critical
value of the area per lipid molecule (A 2r?), thus inducing
rupture. With respect to cases with a high a; (for example, a; =
5), the membrane undergoes mechanical rupture with a
relatively low NP such as 0.00061°/ . Increasing a; can
also decrease the possibility of the detachment of the NP from
the cell membrane, thus facilitating cell membrane rupture.
Under endocytosis mode, the combined e ect from the a;
and is more pronounced than it is under attachment mode,
as during endocytosis mode the contact area between the NP
and membrane is increased and so is the shear force inside the
membrane. Therefore, a relatively low  or a; may lead to
mechanical rupture of the cell membrane. For example, the
membrane is expected to rupture when is as low as
0.00061°/ if aj is taken to be 10. When is larger than
0.0109°/ , mechanical rupture of the cell membrane always
occurs regardless of a; value. Within the range of  and g;
tested for the spherical NP, we also nd that mechanical
membrane rupture always occurs under the rotation of the
cylindrical and L-shaped NPs. The phase diagram provides a
direct insight into the cooperative e ects between the binding
strength between the NP and the cell membrane and the
critical rotational speed required for the mechanical membrane
rupture caused by the active rotational motion of NPs.
Concluding Remarks. In summary, we have used
dissipative particle dynamics simulations to investigate how
the rotation of NPs a ect their local interaction with the cell
membrane and can trigger mechanical rupture of the
membrane. We nd that with a ligand receptor binding
interaction, the membrane receptor will follow the rotation of
the NP and deteriorate the membrane integrity. The rotation of
a NP can generate shear force through the ligand receptor
pairs to create pores in the cell membrane. Both the rotational
speed of the NPs and the ligand receptor binding strength
contribute to the mechanism of NP-induced cell membrane
rupture. In addition, the rotation of NPs under endocytosis
mode can cause a larger degree of cell membrane disruption
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than demonstrated under attachment mode. Furthermore,
through the investigation of the time evolution of the cell
membrane tension, lipid density, and water di usion coe cient
for di erent shaped NPs, we nd that the rotation of complex
anisotropic shaped NPs possesses more destructive power for
the mechanical rupture of cell membrane. Our simulation
results show a detailed molecular-level rupture process of the
cell membrane and suggest that actively rotating NPs can act as
an e cient mechanism for membrane poration and cell lysing.
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