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Abstract

Recently, a unique dynamic magnetic field was developed to induce rotational
movement of superparamagnetic iron oxide nanoparticles. This technique has been
applied to remotely control both cellular internalization and apoptosis. Therefore, a
thorough understanding of how lipid membrane responds to the introduction of
rotating NPs is quite important to promote the applications of this technique in a
variety of biomedical area. Here, we performed dissipative particle dynamics (DPD)
simulations to systematically investigate the interaction mechanism between lipid
membrane and rotating NPs. Two kinds of membrane responses are observed. One is
the promoted cell uptake and the other is the mechanical membrane rupture. The
promoting effect of NP rotation on cell uptake is ascribed to the enhanced membrane
monolayer protrusion, which can wrap the NP from the top side. Meanwhile, the
rotating NP exerts a shearing force on the membrane. Accordingly, the membrane
undergoes a local distortion around the NP. If the shearing force exceeds a critical
value, the local membrane distortion develops into a mechanical rupture. A number of
factors, like NP size, NP shape, ligand density and rotation speed, are critical in both

above membrane responses.
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1. Introduction

In recent years, nanotechnology has opened new avenues in the field of
biomedicine.'” In particular, nanoparticles (NPs) with different physicochemical
properties have been designed for clinical diagnostics and therapeutics.* In order to
play bio-functions, NPs generally need to transport across the membrane and
internalize into the target cell. However, accumulating evidence suggests that NPs
may cause adverse health effects during and after their cellular internalization.™®
Therefore, understanding how NPs interact with lipid membrane can provide useful
guidelines for the safe applications in biomedicine.

In general, the particular internalization pathways for NPs, like receptor mediated
endocytosis and membrane penetration, are quite dependent on their own properties,
like NP size, shape anisotropy, hydrophobicity, surface charge, and ligand
arrangement. For example, the optimal NP size for endocytosis is on the order of
25-50 nm, while exceedingly large or small NPs would yield inefficient uptake.”"°
Recently, a number of simulation works suggested that the membrane translocation of
anisotropic NPs is often accompanied by spontaneous rotation of NPs. For example,
by simulating the membrane translocation of ellipsoidal NPs, Yang and Ma observed
the NP rotation a consequence of the membrane resistance.!’ The similar behavior was
subsequently found for the translocation of ligand coated NPs with anisotropic
pattern.'” Recently, simulation studies demonstrated the spontaneous rotation of
graphene sheets during their translocation across membrane.”” In the endocytosis
process of anisotropic NPs, the situation is different. In fact, once approached by NPs,
the membrane generally undergoes a local deformation to wrap the NPs and thus
leads to cell uptake. Energetically, the NP wrapping is a competition of membrane
bending energy and NP-membrane adhesion energy. In order to minimize the free
energy, the anisotropic NPs generally undergo a transient rotation during the wrapping
process.'*!” Spontaneous rotation of multiple shaped NPs was also observed as a
result of the membrane mediated interactions between adjacent NPs.'® In general, the
spontaneous rotation of anisotropic NPs is transient and has limited effect on the

NP-membrane interaction. The active and continuous NP rotation, by contrast, affects
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the NP-membrane interaction in a different manner. To our knowledge, however, the
active and continuous NP rotation and its effect on the NP-membrane interaction were
not considered in previous simulation works.

Compared with the passive and transient NP rotation, the question of how
membrane responds to the active rotational NPs is not well understood. In reality, the
typical example is the magnetic iron oxide NPs under magnetic field. More recently,
Zhang et al. developed a dynamic magnetic field approach that can precisely control
the rotation of magnetic NPs around their own axis.'® This enables to induce apoptosis
via mechanical forces exerted on membranes by targeted NPs. Nevertheless, the
interaction of NPs with membrane is very complex. It depends on both NP properties,
like NP size,”'* NP shape,'""'® 22! NP elasticity,”>** NP concentration®**® and ligand

12 2729 . : .30
’ and membrane properties, like membrane tension,” membrane

properties,
asymmetry,”' and transmembrane potential.’> Besides, when the active NP rotation is
turned on, the NP-membrane interaction will be rather different. Typically, different
membrane responses will be strongly affected by the shearing force generated by the
oscillatory torques of rotating NPs.

In this work, we performed Dissipative Particle Dynamics (DPD) simulations to
systematically investigate the interaction mechanism between membrane and rotating
NPs. Depending on the NP size, NP shape, ligand density and NP rotating speed, two
kinds of membrane responses are observed: promoted cell uptake and mechanical
membrane rupture. The former membrane response provides an effective pathway for
the enhanced cellular internalization of NPs, while the later membrane response is
related to cytotoxicity. These results support the recent experimental reports that both

cellular internalization and apoptosis can be remotely controlled by regulating

external magnetic field."

2. Model and Simulation Methods
2.1 Model
The coarse-grained models of different components in our simulations are shown in

Figure 1. A model lipid molecule is constructed by connecting one hydrophilic bead
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(H) to three hydrophobic beads (T). The HIT3 lipid model can self assemble into the
planar and vesicular membranes. In order to save computer time, we prepare the
planar membrane by initially arranging a number of lipids in a defined plane. Before
addition of NPs, the initial system was equilibrated for about 100000 DPD time steps.
The coarse-grained lipid model (HIT3) was first used to investigate the dynamics of
domain growth in multi-component lipid vesicles.”> Recently, we applied this model
to simulate the morphology transformation mechanism of membrane tubes.>* In order
to model the specific receptor-ligand interaction, 50% of lipids in the membrane are
set to behave as receptors (R), which interact with ligands on the NP surface (Fig. 1A).
Each NP is constructed by arranging the hydrophilic beads (P) and is constrained to
move as a rigid body (Fig. 1D-F). Water molecules, which are modeled as single
beads (W), and other components are not allowed to enter the interior of NPs. To
explore the effect of NP size, spherical NPs with different diameters, including D = 10
nm, 12.5 nm, 15 nm, 17.5 nm and 20 nm, are constructed. For the effect of NP shape,
we construct cylindrical NPs with the same volume (1900 nm®) but different aspect
ratios, including L/D = 20:11, 13.5:13.5 and 8.0:17.4. The ligands coating on the NP
surface were modeled as single solid beads (L) and are set to interact with the

hydrophilic bead of each receptor.

2.2 DPD simulation method

The simulations presented in this work are based on the Dissipative Particle Dynamics
(DPD) method, which is a coarse-grained simulation technique with hydrodynamic
interaction. The DPD method was first introduced to simulate the hydrodynamic

behavior of complex fluids® >’

and proved to be especially useful in studying the
mesoscale behaviors of lipid membranes.***! In DPD, the dynamics of the elementary
units is governed by Newton’s equation of motion dr;/d¢ = v; and dv,/dt = fi/m, similar

to the molecular dynamics method. Typically, in the DPD, there are three different

pairwise forces acting on bead i by bead j: the conservative force E/.C, dissipative

force Fl.jD , and random force Fl.jR . So the total force exerted on bead i by bead j can be
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expressed as

F =Y (F+F’+F)) (1)

i)
The conservative force between beads i and j is used to model the repulsive
interactions of beads 7 and j and is determined by
Fy =ayi, max{l—r, /r,,0} )
where a;; is the maximum repulsive strength between beads i and j, rj=rj-r; (r; and r;
are their positions), r;= [ryl, 7, = ry /ry, and r¢ is the cut off radius. The interaction
parameter is determined according to the hydrophobicity of two interacting beads.
Specifically, we take the repulsive parameter a;= 25 for any two beads of the same
type. For two beads of different types, we set the interaction parameter to denote the
hydrophilic/hydrophobic property of the beads as follows: a;;= 25 if the two beads are
both hydrophilic or both hydrophobic, while a;= 200 if one is hydrophobic and the

other is hydrophilic. In order to model the receptor-ligand interaction, we set the
parameter a, , =0.

The dissipative force has the form,

D __ 205 . ~
Ey ==y (=r, 1) (7 vy (€)
where y is the friction coefficient, v, = v,-v,(v,andv, are their velocities). The

expression is chosen to conserve the momentum of each pair of particles and thus the
total momentum of the system is conserved.

The random force also acts between each pair of particles as
R _ 29 ~
Fy =—o(l=1, /1) ;F; )
where orepresents the noise amplitude, and 6, is an uncorrelated random variable

with zero mean and unit variance.
Within a lipid molecule, a harmonic spring force is applied to connect two
neighboring beads,
Fy = K(ry =15 (5)

where K5 and r,, are the spring constant and equilibrium bond length, respectively.
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The numerical values of Ky and r., used for our simulations are 128 and 0.7,
respectively.

In order to ensure the rigidity of lipids, the force constraining the variation of bond
angle is given by

F,=-VU, and U, =K (1-cos(p—9,)) (6)
where ¢, issetto 7 and K, the bond bending force constant, is set to 10.0.

In DPD simulations, we apply the velocity-verlet integration algorithm and the
integration time step At = 0.02z. The cutoff radius 7., bead mass m, energy kzT are
chosen as the simulation units. The periodic boundary conditions are adopted in all
three directions. The initial size of the simulation box is 60r.x60r.x60r. with the
number density of 3. The reduced DPD units can be converted to SI units by mapping
the membrane thickness and lipid diffusion coefficient. In experiments, the thickness
of a lipid bilayer is of the order of 5 nm and the in-plane diffusion constant of lipids is
about 5.0 um’s”. Accordingly, one DPD length unit corresponds to approximately
1.25 nm in physical units and the time unit to z = 30 ps. All simulations are performed
in the N-varied VT ensembles, in which the targeted membrane tension can be
controlled by monitoring the number of lipids per area in a boundary region. The
detailed description of N-varied DPD simulation method is given in the following
section.

In order to model the active NP rotation, we switch off the spontaneous NP rotation
when the wrapping percentage achieves a specific value. Meanwhile, the active NP
rotation is switched on by redefining the rotation matrix according to different
rotation speed. In reality, the speed of NP rotation can be controlled by varying the
frequency setting on the dynamic magnetic field device.'” For example, the frequency
was set to be 10~20 Hz in recent experiments.19 Previously, the high frequent NP
rotation (kHz-MHz) was also applied to induce the NP rotation.*** In this work, the
NP rotation speed is in the range of 0.2~1.0 degree/ns. Accordingly, the NPs are
expected to rotate about 3.33~16.67 cycles during the simulation time of 6.0us. It

should be noted that the NP rotation speed is much larger than those used in the
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experiments. This is mainly because of the extremely high computational cost to

simulate the membrane rupture under low NP rotation speed.

2.3 N-varied DPD simulation method

In this work, the N-varied DPD simulation method, a particular variant of the DPD

method,* was applied to simulate the interaction between rotating NPs and membrane.

In the N-varied DPD method, the targeted membrane tension can be controlled by
monitoring the number of lipids per area (LNPA) in the membrane boundary region.
The boundary region, which surrounds the central square region of the membrane,
thus plays a role as a reservoir of lipids. By addition/deletion moves of lipids, the

value of LNPA in the boundary region is kept within a defined range

min max

(LrNpa < Pinpa<P.xps)- In an addition move, a number of lipid molecules are inserted

min

into the boundary region if the local lipid area density is less than p;,,. Conversely,

max

if the average area density of lipids in the boundary region exceeds p;y.,, a

corresponding number of lipids are deleted randomly from the boundary region.
Simultaneously, a corresponding number of water beads is randomly added or deleted

to keep the whole density of beads in the simulation box constant. In practice, the
value of p,,,,1s fixed to 1.45 to make the membrane tension fluctuate around zero.

The addition or deletion move is performed every 1500 time steps in order to leave

enough time to propagate the membrane tension to the whole membrane.

3. Simulation Results and Discussion

In this work, we concentrate on the membrane responses to the adsorption of rotating
NPs. On one hand, the cell uptake can be promoted by active NP rotation. On the
other hand, the rotating NPs exert a shearing force on the membrane and thus may
induce the mechanical membrane rupture. In reality, both membrane responses can be
utilized for different applications in the field of nanomedicine. Recently, the dynamic

magnetic field approach was applied to induce rotation of individual magnetic NPs.
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Once internalized into the targeted cell, the rotational NP movement can be used for
remote induction of cell death by injuring the lysosomal membrane structures.'
Besides the controlled cell death induced by NP rotation, the efficiency of cellular
uptake of rotating NPs is equally important, especially when NPs are used to deliver
drug into the targeted cells. This is speculated because the rotating NPs exert a
shearing force on cellular membrane that would change the mechanical property and
even the fluidity of the membrane. As a result, the efficiency of cell uptake is
expected to be affected by the active NP rotation. To optimize the conditions for
applications of this technology, a systematic understanding of interaction between

membrane and rotating NPs is thus in urgent need.

3.1 Cell uptake promoted by NP rotation

First, the NP diameter and ligand number are set to D = 15 nm and N, = 261,
respectively. The NP rotation with speed of V"= 0.2 degree/ns and V' = 0.47 degree/ns
are switched on when the wrapping percentage achieves 60%. To highlight the effect
of active NP rotation on cell uptake, we performed one control simulation without
active NP rotation. For free NP, the wrapping completes in about 2.25us (Fig. 2A).
Besides, the NP wrapping is in some extent mediated by the membrane monolayer
protrusion, which has been observed in our previous simulation work.”> When the
active NP rotation with a speed of V' = 0.2 degree/ns is turned on, the wrapping is
obviously promoted and completes in about 0.99pus (Fig. 2B, D). Furthermore, as the
rotation speed is increased to V= 0.47 degree/ns, the NP wrapping is further promoted
and completes in about 0.6us (Fig. 2C, D).

On a molecular level, as the NP rotation proceeds, a number of lipid molecules
adjacent to the NP is stretched out of the membrane and adsorb on the NP surface (Fig.
1B, 0.45us). As a result, the membrane monolayer protrusion keeps growing along the
NP surface and wraps the NP from the top side (Video S1). After the wrapping
completes, the NP continues rotating and thus exerts a shearing force on the
membrane. Accordingly, the membrane undergoes a severe distortion around the NP.

In order to further illustrate the promoting effect of NP rotation on the cell uptake, we
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compared the wrapping completion time under different NP rotation speed. The
enhancement is confirmed by continuous decrease of wrapping completion time as a
function of NP rotation speed (Fig. 2E). Nevertheless, as the NP rotation speed
exceeds V' = 0.2 degree/ns, the wrapping completion time keeps decreasing but with a
smaller gradient. We speculate that the NP undergoes a slipping on the membrane,
which in some extent reduces the promoting efficiency.

Next, we compared the wrapping of rotating NPs with different size. The NP
rotation with speed of V"= 0.47 degree/ns is turned on when the wrapping percentage
achieves 30%. We chose five different NP diameters, including D = 10 nm, D = 12.5
nm, D = 15 nm, D = 17.5 nm, and D = 20 nm. It is noteworthy that the wrapping is
more efficient for larger NPs in the absence of active NP rotation. This is because the
membrane bending energy is effectively reduced by increasing NP size. However,
when the active NP rotation is turned on, the cell uptake is always enhanced and the
wrapping dynamics is changed. In this case, the role of membrane monolayer
protrusion is amplified, while the membrane bending energy is less critical. Therefore,
under the same rotation speed, it will take longer time to wrap a larger NP. Indeed, the
time evolution of wrapping percentage for rotating NPs with different size conforms
that the cell uptake is more efficient for smaller NPs (Fig. 3).

As the membrane monolayer protrusion, which promotes the cell uptake of NPs, is
derived from the receptor-ligand interaction, we next compared the cell uptake of
rotating NPs with different ligand density. The rotation speed and NP diameter are
fixed to V = 0.57 degree/ns and D = 15 nm, respectively. In general, the
receptor-ligand interaction is enhanced by increasing the ligand density. Accordingly,
one step NP rotation will stretch more lipid molecules out of the membrane and thus
the membrane monolayer protrusion is promoted. The promoting effect is clearly
illustrated in the time evolution of wrapping percentage, which shows that the
efficiency of cell uptake is promoted by increase of the ligand density (Fig. 4A).
However, as we further increase the ligand density, the wrapping efficiency is
contrarily reduced (Fig. 4B). This phenomenon again verifies the existence of NP

slipping on the membrane.
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Before our simulations, it was thought that the cell uptake efficiency can always be
increased by increasing the rotation speed or ligand density. This is because increasing
the NP rotation speed can promote the membrane monolayer protrusion, while
increasing the ligand density can increase the NP-membrane adhesion strength.
However, our simulations suggest that the effect of both rotation speed and ligand
density on cell uptake efficiency is staged. First, the wrapping completion time
decreases with the increase of both rotation speed (Fig. 2) and ligand density (Fig. 4).
However, further increase of rotation speed is found to decrease the gradient, with
which the wrapping completion time decreases. Moreover, when the ligand density
exceeds a critical value, the wrapping completion time contrarily increases with
further increase of the ligand density. Both above phenomenon suggest that the
rotational NPs undergo different extent of slipping on the membrane, which in some
extent reduces the cell uptake efficiency.

It is noteworthy that the NP slipping is general in our simulations, and is more
obvious for higher rotation speed and larger ligand density. In order to confirm the
existence of NP slipping, we fixed the NP diameter and rotation speed to D = 15 nm
and V' = 0.57 degree/ns, respectively. Two ligand densities were compared. They are
Np= 298 and N, = 890, respectively. The extent of NP slipping is quantified by
counting the lipid molecules which were bound to ligands in the former step but free
in the current step. As the NP-membrane contact area keeps increasing during the
wrapping process, the slipping number increases until the wrapping completes (Fig. 5).
On a molecular level, the active NP rotation is accompanied by broken of
receptor-ligand bindings. Comparatively, the receptors detached from old ligands can
bind new ligands more easily for NPs with higher ligand density. Therefore, the
slipping of NPs with higher ligand density is more obvious than that of NPs with

lower ligand density (Fig. 5).

3.2 Mechanical Membrane rupture induced by NP rotation
In the above section, we mentioned that the rotating NP exerts a shearing force on the

membrane. As a result, the membrane undergoes a severe distortion around the NP
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(Fig. 2C, 0.78pus). We speculate that the severe membrane distortion may develop into
a mechanical rupture if the shearing force exceeds a critical value. In general, the
shearing force is affected by several factors, like NP rotation speed, NP size, shape
anisotropy and ligand density. First, we fixed the NP diameter and ligand number to D
= 15 nm and N, = 261, respectively, and increase the rotation speed to V' = 0.57
degree/ns. As shown in the typical snapshots, the NP is first wrapped by the
membrane (Fig. 6). Meanwhile, the membrane undergoes a severe local distortion as
the wrapping completes (Fig. 6, 0.78us). Subsequently, the distortion develops into a
membrane rupture adjacent to the NP. As the simulation proceeds, the membrane
rupture develops into a larger membrane pore and the wrapped NP keeps rotating and
has a tendency to curl over the membrane (Fig. 6, 3.0us, Video S2).

The effect of NP size is shown in the typical snapshots (Fig. 7). The rotation speed
is fixed to V' = 0.57 degree/ns, under which the membrane undergoes a mechanical
rupture by rotating a NP with diameter of D = 15 nm (Fig. 6). However, as we
decrease the NP diameter to D = 12.5 nm, no membrane rupture is observed during
our simulation. Besides, after wrapping completes, the wrapped NP keeps rotating and
translating in the membrane (Fig. 7A). Contrarily, as we increase the NP diameter to
D = 20 nm, the NP-membrane contact area is increased and thus the shearing force is
strengthened. As a result, the membrane undergoes a mechanical rupture before
completion of the wrapping (Fig. 7B). Therefore, the membrane response to rotating
NPs is strongly affected by the NP size.

Next, we compare the membrane responses to rotating NPs with different shape
anisotropy. To this end, we fixed the cylindrical NP volume and varied the aspect ratio,
including L:D = 20:11, L:D = 13.5:13.5, and L:D = 8.0:17.4, respectively. The NP
rotation speed is set to V = 0.57 degree/ns. After the wrapping completes, the
membrane undergoes a mechanical rupture in all three cases (Fig. 8). Nevertheless,
we compare the situation with that of spherical NPs. In general, the magnitude of
shearing force determines whether or not the membrane undergoes mechanical
rupture, while the rupture location and occasion are strongly affected by rotation

direction and instantaneous NP orientation. On one hand, the mechanical membrane
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rupture always occurs at left side of the NP if the NP rotation is clockwise. On the
other hand, when interacting with anisotropic NPs, the occasion of membrane rupture
is dependent on the instantaneous orientation of NPs with respect to the membrane.
Specifically, the shearing force exerted by rotating NPs is maximized when the longer
edge of NP is parallel with the membrane (arrows in Fig. 8).

In the above section, we showed that the rotating NP generally undergoes a slipping,
the extent of which is affected by ligand density. Besides, the promoting effect of NP
rotation on cell uptake is weakened by the NP slipping. Likewise, the same factor is
expected to play a role in the mechanical membrane rupture. Here, we fixed the NP
diameter and NP rotation speed to D = 15 nm and V' = 0.67 degree/ns, respectively.
The ligand number is varied discontinuously from N, = 114 to as large as N, = 890.
For NPs with lower ligand density (N, < 200), no membrane rupture is observed
during our simulations (Fig. 9A, B). As we increase the ligand density to N, =226, the
membrane undergoes a rupture after the completion of wrapping (Fig. 9C, 1.35us).
For NPs with ligand density of N;,= 298 (Fig. 9D), the membrane rupture occurs at
3.9us. The obvious delay of membrane rupture is mainly ascribed to the enhanced NP
slipping (Fig. 5). As we further increase the ligand density (Fig. 9E-H), the extent of
NP slipping is further enhanced. As a result, the magnitude of shearing force exerted
by rotating NPs is contrarily reduced and accordingly no membrane rupture occurs
during our simulation. The decreased shearing force is further reflected by the
disappearing of membrane distortion around the NP (Fig. 9H).

In general, the lipid membrane undergoes rupture when the surface tension exceeds
a critical value. The interaction between water and membrane is thus critical in both
thermodynamic and structural stability of the membrane. Theoretically, Wang and
Frenkel demonstrated that a stretching lateral pressure would induce the nucleation of
pore on the membrane.* In this work, we propose that the membrane rupture can also
be realized by the active NP rotation. It is explained that the rotational NP can exert a
shearing force on the membrane and thus increase the membrane surface tension.
Comparatively, the role of water in the membrane damage is much less important and

thus will not be discussed. In order to verify the role of NP rotation on the mechanical
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property of the membrane, we calculate the time evolution of membrane surface

tension for the cases with and without the NP rotation (Fig. 10). The NP diameter and
the lipid number pear area are set to D = 15 nm and p,,,,= 1.45, respectively. For

the case without NP rotation, the surface tension keeps fluctuating around the value of
1.0 kgT/r.>. Accordingly, no membrane rupture was observed at the end of 3ps
simulation run. In contrast, when the NP rotation with speed of 0.57 degree/ns is
turned on, the membrane tension first undergoes a slight increase, which is induced by
the shearing force exerted by the rotational NP. At about t = 1.0us, an abrupt decline

of the membrane tension occurs. Accordingly, the membrane undergoes a rupture to

release the surface energy. As the NP keeps rotating and curls over the membrane (Fig.

6), the membrane tension continues to increase after the membrane rupture occurs
(Fig. 10). Therefore, it is the NP rotation that provides the driving force for the
membrane rupture. As we have known that the NP adsorption can damage the cell
membranes and leads to the cell death,*® here we show that membrane damage can

also be realized by the active NP rotation on the membrane surface.

3.3 Phase diagrams
In the above sections, we showed that the rotating NPs can exert shearing force on the
membrane. As a result, two membrane responses to the adsorption of rotating NPs are
observed. They are the promoted cell uptake and the mechanical membrane rupture.
The magnitude of the shearing force, which determines the membrane response, is
determined by a number of factors, like NP size, shape anisotropy, ligand density and
NP rotation speed. In this section, we performed a large number of simulations and
conclude the effect of NP size, ligand density and rotation speed on membrane
responses in two phase diagrams.

In the first phase diagram, we fixed the NP diameter to D = 15 nm and conclude the
membrane responses in the plane of ligand density and rotation speed (Fig. 11A).
When the ligand density is relatively low (for example, N, = 114), the cell uptake is

always promoted by NP rotation. However, the shearing force generated by rotating
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NP is too weak to induce the mechanical membrane rupture, even at higher rotation
speed. As we increase the ligand density, the NP-membrane adhesion strength and
accordingly the shearing force is increased. As a result, the membrane undergoes a
rupture by NPs with higher rotation speed. Nevertheless, the increase of ligand
density also enhances the NP slipping (Fig. 5), which in turn reduces the shearing
force. Indeed, our simulations indicate that the minimum rotation speed for
mechanical membrane rupture increases when the ligand density exceeds 300.
Furthermore, for NPs with rather high ligand density (for example, N, = 890), the NP
slipping is further enhanced. Accordingly, the shearing force exerted by rotating NP is
rather weak and thus no membrane rupture is observed, even at high rotation speed.

Next, we fixed the ligand density and varied the NP diameter and rotation speed.
The combined effect on the membrane response is illustrated in the phase diagram
(Fig. 11B). For smaller NPs, the promoted cell uptake is more efficient than that of
larger NPs (Fig. 3). However, due to the small NP-membrane contact area, the
shearing force by rotating NPs is too small to induce the mechanical membrane
rupture. Therefore, no membrane rupture is observed unless under rather high rotation
speed (D = 10 nm, V' = 1.0 degree/ns). As we increase the NP size, the magnitude of
shearing force by rotating NPs is effectively enhanced because of larger
NP-membrane contact area. Accordingly, the minimum rotation speed required for
membrane rupture is effectively decreased. Specifically, for NPs with diameter of D=
20 nm, the membrane is stretched to rupture when the rotation speed is as low as V' =
0.2 degree/ns. Besides, when the NP rotation speed is larger than 0.5 degree/ns, the
mechanical membrane rupture occurs before the completion of wrapping (Fig.7).

In recent experiments, the dynamic magnetic field was developed to induce the
low-frequency NP rotation around its own axis. By this method, both NP uptake into
cells and disruption of lysosomal membrane are facilitated.”” Comparatively, the
simulation results presented in this work provide direct insight into the molecular
processes underlying the different membrane responses. More importantly, a number
of factors, like NP size, NP shape, ligand density and rotation speed, are found to

affect the membrane response. Therefore, the present work will promote the potential
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applications in the field of biomedicine, like targeted drug delivery. Specifically, we
can provide both qualitative and quantitative guidelines to optimize the NP properties

to both reduce the side effects and increase the efficiency of cellular internalization.

4. Conclusions

Understanding how NPs having different properties interact with lipid membrane is of
quite importance for their safe applications in a variety of biomedicine. Compared
with the well understood role of spontaneous NP rotation in both membrane
penetration and cell uptake process, the interaction mechanism of membrane with
active rotating NPs is less understood. In this work, we performed DPD simulations to
suggest that the rotating NPs can exert shearing force on the membrane. Accordingly,
two membrane responses are observed. They are the promoted cell uptake and the
mechanical membrane rupture. On a molecular level, the promoted cell uptake is
mediated by the accelerated membrane monolayer protrusion, which can wrap the NP
from the top side. Meanwhile, the membrane undergoes a local distortion as the NP
rotation proceeds. If the shearing force exceeds a critical value, the local membrane
distortion develops into a mechanical rupture. Our system simulation suggests that the
magnitude of shearing force, which determines the membrane response, is affected by
a number of factors, like NP rotation speed, NP size, NP shape and ligand density.

In summary, the study reveals two different membrane responses to the adsorption
of rotating NPs. The phase diagrams presented here have the potential to provide both
qualitative and quantitative guidelines for the application of rotating NPs in a variety
of biomedical area. In other words, the study highlights how the properties of NPs and
external magnetic field can be modified to yield the required therapeutic efficiency

while minimizing the cytotoxicity.
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Fig. 1 Schematic representation of interaction between membrane and rotating NP (D
= 15 nm): (A) different components, (B) lipid molecule, (C) receptor molecule, (D)
long rod-like NP (L/D = 20:11), (E) short rod-like NP (L/D = 13.5:13.5), (F) disk-like
NP (L/D = 8.0:17.4).
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Fig. 2 Promotion of cell uptake by active NP rotation. (A) cell uptake of free NP for
comparison, (B) promoted cell uptake of NPs with the rotation speed of V' = 0.2
degree/ns, (C) promoted cell uptake of NPs with the rotation speed of V' = 0.47
degree/ns, (D) time evolutions of wrapping percentage for free and rotating NPs, (E)

wrapping completion time as a function of rotation speed. The arrows show the
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instantaneous NP orientation.
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Fig. 3 Effect of NP size on the promoted cell uptake. Five different NP diameters are
applied. They are D = 10 nm, 12.5 nm, 15 nm, 17.5 nm, and 20 nm. The NP rotation

speed is set to V' = 0.47 degree/ns. The arrow shows the trend of decreasing cell

uptake efficiency.
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Fig. 4 Effect of ligand density on the promoting effect of cell uptake. (A) time
evolution of wrapping percentage of NPs with different ligand number, (B) wrapping

completion time as a function of ligand number.
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Fig. 5 Time evolutions of slipping number for NPs with different ligand density. The
NP slipping number is quantified by counting the lipid molecules which were bound
to ligands in the former step but free in the current step. The NP diameter and rotation

speed are set to D = 15 nm and V' = 0.47 degree/ns, respectively
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Fig. 6 Typical snapshots of promoted cell uptake (0~0.78us) and subsequent

membrane rupture (0.78~3.0us) induced by the NP rotation. The NP size, ligand
number and rotation speed are set to D = 15 nm, N;= 261 and V' = 0.57 degree/ns,

respectively.
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Fig. 7 Effect of NP size on the membrane response to the adsorption of rotating NPs.

The NP diameter is set to D = 12.5 nm (A) and D = 20 nm (B), respectively. The
rotation speed is set to V' = 0.57 degree/ns. The arrow shows the membrane rupture

before completion of NP wrapping.
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Fig. 8 Effect of NP shape anisotropy on the mechanical membrane rupture. The aspect

ratio of NPs are set to L:D = 20:11 (A), L:D = 13.5:13.5 (B), and L:D = 8.0:17.4 (C),
respectively. The rotation speed is set to V' = 0.57 degree/ns. The arrows show the

membrane rupture occasions.
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Fig. 9 Effect of ligand density on the membrane responses to the adsorption of

rotating NPs. The ligand number is set to Ny = 114 (A), N,= 170 (B), N.= 226 (C), N
=298 (D), N.=390 (E), N.= 578 (F), N.= 702 (G), and N;= 890 (H), respectively.
The NP diameter and rotation speed are set to D = 15 nm, and V' = 0.57 degree/ns,

respectively.
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Fig. 10 Time evolutions of membrane surface tension with presence of free and
rotational NPs, respectively. The sudden decrease of surface tension corresponds to
the membrane rupture. The NP diameter and rotation speed are set to D = 15 nm and

V'=0.57 degree/ns, respectively.
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Fig. 11 Phase diagram of the membrane responses to adsorption of rotating NPs as
functions of ligand density and rotation speed (A) and NP diameter and rotation speed
(B). o represents the promoted cell uptake and Yrepresents the mechanical membrane

rupture.



