PCCP

Accepted Manuscript

st s s s This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
= standard Terms & Conditions and the Ethical guidelines still

‘z?@ﬁs&é%: apply. In no event shall the Royal Society of Chemistry be held

responsible for any errors or omissions in this Accepted Manuscript

Or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WWW.rsc.org/pccp


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 35

Physical Chemistry Chemical Physics

Molecular Modeling of Membrane Tube Pearling and the Effect of Nanoparticle

Adsorption

Tongtao Yue *, Xianren Zhang ° and Fang Huang **

“State Key Laboratory of Heavy QOil Processing, Center for Bioengineering and
Biotechnology, China University of Petroleum (East China), Qingdao, 266580, China.
E-mail: fhuang@upc.edu.cn

"Division of Molecular and Materials Simulation, State Key Laboratory of
Organic—Inorganic Composites, Beijing University of Chemical Technology, Beijing

100029, China.



Physical Chemistry Chemical Physics

The shape transformation of membrane tubes, also known as pearling, is thought to
play important roles in a variety of cellular activities, like intracellular transport.
Despite considerable experiments investigating this phenomenon, the detailed
molecular mechanism as well as how environmental factors affect the tube pearling
instability is still ambiguous. In this work, we use computer simulation techniques to
obtain molecular-level insight into the tube pearling process. We find that the tube
morphology is strongly determined by the water pressure inside membrane tubes. For
example, the tube shrinkage and subsequent bending is observed when we decrease
the inner water pressure. Contrarily, as we increase the inner water pressure, the tube
pearling tends to occur in order to reduce the surface energy. Besides, our simulations
show that the membrane tube pearling is regulated by the adsorption of nanoparticles
(NPs) in two competing ways. One is that the NP adsorption can exert additional
membrane tension and thus promote the pearling and subsequent division of
membrane tubes. On the other hand, the NP adsorption can locally rigidify the
membrane and thus contrarily restrain the tube pearling. Therefore, NP size, NP
concentration and NP-membrane adhesion strength will collectively regulate the tube

pearling process.
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1 Introduction

Lipid membrane tubes, which are ubiquitous in eukaryotic cells, play an essential
role in a variety of cellular activities, like cell trafficking and intercellular
communication.” Thus, understanding the molecular mechanism of membrane
tubulation and subsequent shape transformation is of great importance for potential
applications in biomaterials science and nanomedicine. Generally, the tubulation
mechanism is extremely diverse. Besides the intrinsic factors, like spontaneous
curvature, membrane asymmetry and membrane surface tension, it often requires
accessory factors, such as clathrin or caveolin protein coats,” or motor proteins and
external force.*” The self assembly of BAR domain proteins on membrane surface is
proved to induce and stabilize the membrane tubulation.®® The physical mechanism
driving the membrane tubulation by coating of membrane proteins is called the
scaffolding mechanism. Our previous simulations showed that the membrane
deformation even budding can be enhanced by the aggregation of anchored membrane
proteins.9 Besides, Sari¢ and Cacciuto showed that membrane tubes can be generated
by linear aggregation of adhesion nanocomponents.lo The linear aggregation of NPs
on membrane surface was also observed in our previous simulation work.'"'?

The shape transformation of membrane tubes, also known as pearling, is in some
cases the onset in their cellular actions. In recent years, the mechanism of membrane

tube pearling has been widely investigated both experimentally and theoretically. By

perturbing the fluid membrane tubes with optical tweezers, Bar-Ziv and Moses first
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discovered that the membrane tube pearling can be induced by competition of
membrane curvature and membrane tension.'* '* This experimental observation was
subsequently explained theoretically by Nelson et al.'> Sparked by the work of
Bar-Ziv and Moses, several successful investigations attempting to induce tension and
thereby tube pearling have been perfOI*rne:d.16'18 For example, the membrane tension

16,17,19

can also be generated by other factors, like polymer anchoring, spontaneous

20,21 22,23

curvature, osmotic perturbation, and external magnetic or electric field.*** By
anchoring polymers into oblate vesicles, a striking morphology change, including
budding and tubulation, was observed by Tsafrir ef al.' Previously, the same research
group has reported the pearling instabilities of membrane tubes, also induced by
anchoring of amphiphilic polymers.'® Subsequently, the physical mechanism of
pearling instabilities induced by polymers was confirmed by Campelo et al. using a
phase-field model.'” By using the Helfrich curvature elasticity theory, Wang et al.
predicted the shapes of polymer anchored fluid vesicles.”® Theoretically, Deuling and
Helfrich predicted that membrane tubes with bilayers that have a non-zero
spontaneous curvature can exhibit pearling.** Subsequently, a series of experimental
findings were reported on pearling caused by spontaneous curvature that was induced
by incorporation of another molecules, such as alkane or hydrophilic polymers with
hydrophobic side groups along the backbone.'®!"?!

Besides previous studies in which polymers and proteins formed membrane

inclusions, the environmental stimulus is also reflected by the adsorption of NPs on

membrane tube surface. By incorporating cationic NPs onto the inner leaflet of giant
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unilamellar vesicles, Yu and Granick showed that the adsorption of NPs can increase
the headgroup area of lipid molecules, and thus cause a mismatch of surface area
between the outer and inner leaflets of the bilayer. The mismatch results in a
spontaneous curvature and leads to wrinkling and consequent tube pearling.?’
However, when a number of negatively charged NPs is adsorbed onto the outer leaflet
of liposomes, the stability and structure of liposomes can be controlled by tuning NP
concentration.*® Recently, Arai et al. systematically investigated the interaction of a
janus or homogeneous NP with a vesicle.”” By adjusting the initial velocity and
chemical pattern of the NP, they found a variety of translocation dynamics and
late-stage morphology of the vesicle-NP system. In our previous work, we have
shown that the adsorption of ligand-coated NPs can rigidify the local lipid membrane
and thus restrain the membrane bending.11 Therefore, it will be more complicated
when multiple NPs are adsorbed on the membrane tube surface. In the present work,
we concentrate on the mechanism of membrane tube pearling and the effect of NP

adsorption by using Dissipative Particle Dynamics (DPD) simulation techniques.

2 Models and Simulation Methods
2.1 Models

Within our simulations, each molecule is constructed by a number of beads. For
example, the lipid model is constructed by connecting one hydrophilic head (H) and
three hydrophobic beads (T). The H;Ts lipid model has been successfully used to

study the dynamic properties of vesicles.® Here, in order to simulate the membrane
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tube pearling process, 20000 lipid molecules were first arranged along a cylindrical
surface with diameter of 30 nm and length of 100 nm. In order to eliminate the effects
of predefined initial configuration and balance the pressure difference between the
inside and outside of the membrane tube, the system was relaxed at the higher
temperature of 2.0 for 50000 time steps, and then annealed slowly to T=1.0. After
100000 time steps equilibrium simulation, a number of ligand-coated NPs are placed
onto the outer leaflet of membrane tubes. Each NP is constructed by arranging a
number of hydrophilic beads (P) and is constrained to move as a rigid body. In order
to study the effect of NP-membrane adhesion strength on the membrane tube pearling,
a number of ligand beads (L) is coated on the NP surface, and they are set to interact
with the hydrophilic bead of each lipid. Solvent molecules (W), which are modeled as
single beads, and other components are not allowed to enter the interior of NPs. We
also adjusted the number of water beads inside membrane tubes to modulate the
membrane tension and thus regulate the shape transformation. All simulations were

performed in an NVT ensemble with a box size of 75nm X 75nm X 100nm.

2.2 Simulation methods

The simulations presented in this work are based on the Dissipative Particle
Dynamics (DPD) method, which is a coarse-grained simulation technique with
hydrodynamic interactions. The DPD simulation method was first introduced to
simulate the hydrodynamic behavior of complex fluids.*' Recently, it was proved to

be especially useful to investigate the mesoscale behaviors of lipid membranes.>**' In
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DPD methods, the elementary units are soft beads whose dynamics are governed by

iy and Pt

Newton’s equation of motion, 7 =v , similar to Molecular Dynamics
t t m

i

method. Beads 7 and j interact with each other via a pairwise additive force consisting

of a conservative force Fl.ic , a dissipative force E,P and a random force Ef . So the

total force exerted on bead i is expressed as

F =2 (Ff +F+F) @)

i#j

The conservative force between beads i and j is soft repulsion acting along the line

of the particle centers and is determined by

C ~
Fy = a,f;max{l—r,/7,,0} )
where g, is the maximum repulsive strength between beads i and j, r;=r;- r; (r; and r;
are their positions), ;= |rl, 7= ry/|ry|, and r. is the cutoff radius.
The dissipative force has the form,
D _ _ _ 2/~ . ~
By ==y (=1, [ 1) (7 - v)F; (€)
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 _ _ 2 ~
£y ==o(l=r, /1) ;7 4)
where o represents the noise amplitude, and 6, is an uncorrelated random variable
with zero mean and unit variance.

For lipid molecules, the interaction between neighboring beads in the same

molecule is described by a harmonic spring force:
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Fy = Kg(r; =17 ©)
where Ky is the spring constant and 7, is the equilibrium bond length. The numerical
value of K and r., used for our simulation are 128.0 and 0.7, respectively. The force
constraining the variation of the bond angle is given by

F,=-VU, and U, =K (1-cos(p—¢,)) (6)
where ¢, is set torand K, the bond bending force constant, is set to 10.0. The time
evolutions of the systems were obtained from a modified version of Velocity-Verlet
algorithm with a time step of Az=0.02.

In the pure membrane system, the interaction parameters a;; between the same bead
types were set to a,,=a,=a,, =25, and those between different bead types were
a, =200, a, =25, a, =200. Besides, in order to study the effect of NP-membrane
adhesion strength on membrane tube pearling, the ligand-lipid interaction parameter

ary is varied from 0.0 and 10.0, which represent strong and weak NP-membrane

interaction, respectively.

3 Simulation results and discussion

In our simulations, we change the number of water beads inside membrane tubes
(Ni) to adjust the membrane pressure and further regulate the morphology
transformation. For example, we find that the cylindrical morphology of membrane
tubes is well maintained as we fix the value of N;, to about 48000. In fact, we count
the number of water beads inside the membrane tube to 47121 after the annealing

simulation. Therefore, the value of N;,=48000 can approximately represent the zero
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pressure difference between inside and outside of the tube. Accordingly, as we add or
delete a number of water beads from inside of the membrane tube, the membrane
pressure is correspondingly changed. As a result, two different shape transformation
pathways are observed. They are membrane tube shrinking and subsequent bending
and tube pearling, respectively. Both dynamics and molecular mechanism of the two
pathways will be discussed in the following two sections. In section 3.3 and 3.4, the
promotive and restraining effect of NP adsorption on membrane tube pearling will be
analyzed, and the resultant effect of NP size and concentration is summarized in a

phase diagram given in section 3.5.

3.1 Shrinking and subsequent bending of membrane tubes

When N,;,;=28000, the water pressure inside the membrane tube is strikingly
decreased. In order to rebalance the pressure across the membrane, the membrane
tube first undergoes a striking shrinkage. Correspondingly, the tube shrinkage is
accompanied by the decrease of membrane tension due to the decrease of lipid area.
As a result, the subsequent morphology transformation is strongly affected in two
separate directions. In the horizontal direction, the spherical cross section of the tube
gradually turns to be elliptical (Fig. 1, t=60000). In the vertical direction, the
membrane tube then starts to bend along the shorter ellipsoidal radius (Fig. 1,
t=100000), and finally an S-shaped membrane tube is formed (Fig. 1, t=200000). The
specific membrane tube bending direction is based on the theory that the bending

rigidity of one cylindrical nanotube is strongly dependent on its aspect ratio.
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Generally, the bending rigidity increases with the tube width when the tube length is
fixed. In the specific case, the membrane tube bending rigidity is much smaller along
the shorter radius than that of the longer radius. Namely, bending along the shorter
radius is more energetically favorable than the longer radius. Besides, it is noted that
the shape transformation pathway of membrane tubes is distinct from that of planar
membranes. For two-dimensional planar lipid membranes, decreasing membrane
tension can simply induce the membrane deformation, although the existence of
membrane proteins may induce membrane budding and tubulation. For cylindrical
membrane tubes, however, the situation is more complicated due to the nature of
shape anisotropy. In general, the whole morphology transformation process is divided
into three stages. In the first stage, the membrane tube undergoes a transient but
striking shrinkage in order to rebalance the water pressure across the membrane.
Meanwhile, the tube shrinkage is accompanied by the decrease of membrane tension,
which further affects the subsequent morphology transformation. The second stage is
characterized by the transition of tube cross section from spherical to elliptical shape.
In the last stage, the tube starts to bend along the shorter ellipsoid radius and finally

forms an S-shaped membrane tube.

3.2 Pearling of membrane tubes
When we fixed the number of water beads inside membrane tubes (V) to 66000,
the membrane tube pearling occurs. Both typical snapshots and time evolution of total

membrane area are shown in Fig. 2. After the addition of water beads into the
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membrane tube, the inner water pressure is largely increased. As a result, the
membrane tube first undergoes a transient swelling in order to rebalance the water
pressure across the membrane. Meanwhile, the tube swelling is accompanied by the
increase of membrane tension due to the increase of lipid area. We review that the
increased membrane tension tends to shrink lipid membranes into smaller area.
Therefore, the resultant increase of membrane tension can be released by the
subsequent tube pearling (Fig. 2A). This is distinct from the case of vesicles, in which
the increase of inner water pressure will homogeneously enlarge the vesicle size and
the resultant tension could not be released by further transition. In the pearling process,
the initial heterogeneous distribution of the tube radius is quite crucial because the
membrane tube always shrink first at the location where the radius is slightly smaller
than other regions (Fig. 2A). This is critical because the real membrane tubes are not
strictly cylindrical, which means the heterogeneous distribution of membrane tube
radius is ubiquitous in cell. As the simulation proceeds, the local radius of the
shrinking point continues to decrease while the region with larger radius tends to
swell (Fig. 2A, t=50000). At last, the whole membrane tube transits into two vesicles,
which are connected by a cylindrical micelle (Fig. 2A, t=300000). The pearling
phenomenon can be illustrated more clearly as we remove the periodic boundary
condition and connect four pearled membrane tubes into a longer one (Fig. 2A, lower
snapshot).

It has been experimentally and theoretically proved that the membrane tube

pearling is induced by competition of membrane curvature and membrane
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tension.'">*** In most experiments, the pearling is generally caused by addition of
foreign matters, like adsorbing NPs or anchoring amphiphilic molecules.'®'"*?7 The
electric or magnetic field is also proved to induce the tube pearling transition.*** In
the present work, we speculate that the tube pearling transition is mainly induced by
the increased membrane surface energy. Specifically, the membrane surface energy is
determined by the membrane tension and membrane area. However, due to the
difficulty in calculating the membrane tension of cylindrical tubes, we are not able to
quantitatively express the membrane surface energy. Nevertheless, we monitored the
evolution of total membrane area during the simulation (Fig. 2B). This is informative
because the decrease of membrane area under increase inner water pressure can only
be ascribed to the increased membrane tension. In other words, the evolution of total
membrane area can qualitatively reflect the release of high membrane surface energy.
According to Fig. 2B, the whole evolution can be divided into three stages. The
first stage is characterized by a drastic oscillation. This is induced by the drastic
increase of inner water pressure by adding water beads into the tube. After that, due to
the increase of membrane tension, the tube area undergoes a sharp decrease, which
corresponds to the membrane tube pearling process. In the last stage, the pearled
membrane tube is relatively stable and no fission of the neck is observed during our
simulation. In fact, the fission of the neck, also known as pearling division, is
generally accelerated by an external force, which can be generated by actin

polymerization or Sarl.***" In the following section, we will show that in some cases

the tube pearling and subsequent division can be promoted by adsorption of NPs,
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although in some other cases the tube pearling can also be restrained by the NP

adsorption.

3.3 Promotion of membrane tube pearling by NP adsorption.

It is noteworthy that no pearling or pearling division occurs if we fix the water
number inside membrane tubes to 48000, even with NP adsorption (data not shown).
Namely, the effect of NP adsorption on membrane tube pearling is secondary
compared with the water pressure inside membrane tubes. Therefore, in the following,
we fixed the number of water beads inside the membrane tube to 66000 to investigate
the effect of NP adsorption.

First, we fixed the NP diameter to 2.5nm, which is smaller than the membrane
thickness. According to the typical snapshots (Fig. 3A) and time evolution of average
NP wrapping extent (Fig. 3B), NPs are partially wrapped by membrane due to the
small NP size.”** Compared with membrane tubes in the absence of NPs (Fig. 2), the
effect of NPs with a number of 20 is negligible to the membrane tube pearling
because the distribution of tube radius is quite stable after t=15000 and no tube fission
is observed during our simulation (Fig. 3C). Nevertheless, we note that all NPs escape
from the membrane neck and preferentially locate at the ‘vesicle’ surface (Fig. 3D).
Besides, it is well understood that the NP adhesion can exert membrane tension !
and thus may promote the tube pearling. Therefore, we speculate that if we increase

the NP number or NP wrapping extent, the membrane tension will be further

increased and correspondingly the tube pearling and subsequent division should be
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strongly promoted. To this end, we first fix the NP diameter to 2.5nm and increase the
NP number to 30. According to the typical snapshots, a similar pearling transition is
observed in the early stage (Fig. 4A, t<200000). Subsequently, due to the increase of
NP number, the membrane tension exerted by the NP adsorption is further increased
(Fig. 4B). As a result, the radius of the membrane neck starts to decrease after the
complete of tube pearling. At last, the pearling division and correspondingly a
transition from membrane tube to vesicle is observed (Fig. 4C). Likewise, as we fixed
the NP number to 20 and just increase the NP diameter from 2.5nm to 3.8nm, which is
approximate to the membrane thickness, a similar tube pearling and subsequent
division is observed (Fig. 5A). In this case, increasing the NP size can on one hand
increase the average NP wrapping extent (Fig. 5B). On the other hand, the total
wrapping area is increased for larger NPs. Therefore, the membrane tension exerted
by NPs can be further increased by increasing the NP size. Nevertheless, we note that
if we further increase the NP size or NP concentration, the membrane tube pearling
will contrarily be restrained by the NP adsorption. The detailed restraining mechanism
will be discussed in the following section.

The pearling and subsequent division of membrane tubes in the present of NP
adsorption is clearly reflected by the time evolution of membrane tube area (Fig. 6).
After the initial high frequent oscillation, which is induced by the addition of water
beads into the membrane tube, the tube area undergoes two sharp decreases. The first
decrease corresponds to the membrane tube pearling process (Fig. 5A), which is

similar to the case without NP adsorption (Fig. 2B). Differentially, the pearled
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membrane tube is unstable due to the further decreased membrane tension by NP
adsorption. The fission of membrane neck and subsequent tube-vesicle transition thus
occurs which is reflected by the second decrease of membrane tube area (Fig. 6).

In order to further understand the promotive effect of NP adsorption on membrane
tube pearling, we fixed the NP diameter and NP number to 2.5nm and 30, respectively,
and decrease the NP-membrane adhesion strength by increasing the corresponding
interaction parameter azy from 0.0 to 10.0. As shown in the typical snapshots (Fig. 7A)
and time evolution of average NP wrapping percentage, all NPs are just slightly
wrapped by the membrane and move more freely on the membrane tube surface.
Therefore, according to the distributions of membrane tube radius (Fig. 7C), the effect
of NP adsorption on membrane tube pearling is negligible as we decrease the
NP-membrane adhesion strength. Therefore, our simulation results further confirm
that the promotive effect of NP adsorption on membrane tubes pearling is mainly
ascribed to the extra membrane tension exerted by the NP wrapping, the extent of
which is well tuned by regulating the NP size, NP concentration and NP-membrane

adhesion strength.

3.4 Restraining of membrane tube pearling by NP adsorption

In our previous simulation work, we have mentioned that the adsorption of NPs can
locally rigidify the membrane and thus restrain the membrane deformation.'' Besides,
the membrane tube pearling is a result of competition of membrane tension and

membrane curvature.” Therefore in this work, we speculate that the adsorption of
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NPs on the membrane tube surface may in some extent rigidify the membrane and
thus restrain the membrane tube pearling. Moreover, we notice that during the
membrane tube pearling process, the initial uniformly distributed NPs tend to escape
from the membrane neck location and gradually move to the ‘vesicle’ area (Fig. 3-5).
The preferential location of NPs is mainly ascribed to the heterogeneous distribution
of membrane curvature. Specifically, it will spend more membrane bending energy to
wrap a NP for a membrane with a larger positive curvature than with a smaller
curvature. During the pearling process, the curvature of ‘neck’ surface is apparently
larger than that of ‘vesicle’ surface. Therefore, the preferential location of NPs on the
‘vesicle’ surface is energetically favorable. Moreover, the distribution as well as
arrangement of multiple NPs on the membrane surface is on one hand determined by
the nature of membrane mediated interaction, which can be modulated by changing
the NP size'' and shape,'? while the other important factor is the NP concentration.''*
In our previous work, we have shown that the endocytosis of multiple NPs is in fact a
cooperative process, and the cooperative effect is dependent on NP size, membrane
tension and NP concentration.'' Correspondingly in the present work, we want to
further increase the NP size and concentration to understand its effect on the
membrane tube pearling process.

First, we placed 30 NPs with diameter of 7.5nm on the membrane tube surface.
According to the typical snapshots (Fig. 8A) and time evolution of average NP
wrapping percentage (Fig. 8B), the NP wrapping extent is apparently decreased

although the NP size is largely increased. This is because the higher membrane
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tension exerted by the NP adsorption conversely weakens their wrapping extent.
Besides, we note that the extent of heterogeneity of final distribution of NPs along the
membrane tube is largely weakened (Fig. 8C). Consequently, the bending rigidity of
the membrane tube is strengthened by the NP adsorption and the membrane tube
pearling is thus restrained. Similarly, as we fixed the NP diameter to 3.8nm and
further increase the NP number to 80, the cylindrical shape of membrane tubes is
strongly maintained and no membrane tube pearling occurs during our simulation (Fig.
9). Therefore, the membrane tube pearling can be effectively restrained by further
increase of the NP size or NP concentration.

In order to energetically understand the restraining effect of NPs on the membrane
tube pearling, we calculate the evolution of tube area during our simulation (Fig. 10).
The NP diameter and number are fixed to 3.8nm and 80, respectively. We notice that
after a drastic oscillation, no obvious decrease of the area is observed. This is distinct
from the situation in Fig. 2 and Fig. 6, where a sharp decrease of tube area is observed.
In general, the high membrane surface energy induced by the increase of membrane
tension can be effectively reduced by membrane tube pearling. Meanwhile, the tube
pearling process is accompanied by the increase of membrane bending energy, which
is unfavorable to the pearling process. Therefore, the local membrane bending rigidity
is quite important in the pearling process. In the present case, the membrane bending
rigidity is strongly enhanced by NP adsorption. Therefore, the cylindrical shape of the

membrane tube is maintained and no tube pearling is observed during the simulation.
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3.5 Phase diagram

According to the above simulation results, we find that the membrane tube pearling
is mainly induced by the increase of membrane tension, which is accomplished by
increasing the water pressure inside the membrane tubes. When NPs are adsorbed
onto the outer leaflet of membrane tubes, the membrane tension can be further
increased. As a result, the membrane tube pearling is promoted by the NP adsorption.
In some other cases, contrarily, the membrane tube pearling is restrained by the NP
adsorption because of the increased membrane bending rigidity. Therefore, the
resultant effect of NP adsorption on membrane tube pearling is a competition of the
increased membrane tension exerted by NP adsorption and the increased membrane
bending rigidity, also induced by the NP adsorption. Moreover, the increased
membrane tension can reduce the NP wrapping extent, which may modulate the NP
arrangement by changing the nature of membrane mediated NP interaction. The
detailed effect of NP adsorption on membrane tube pearling is summarized in the
phase diagram as a function of NP diameter and NP number (Fig. 11). The figure
indicate that the effect of NP adsorption on membrane tube pearling can be negligible,
promotive, and restraining, depending on the NP size and NP concentration.

In general, the effect of NP adsorption on membrane tube pearling is negligible
when both NP size and NP concentration is small enough. This is because the
membrane tension as well as membrane bending rigidity induced by NP adsorption is
too weak to affect the membrane tube pearling. For smaller NPs, the membrane tube

pearling as well as subsequent division can be promoted by increasing the NP
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concentration. However, as we further increase the NP concentration, the increase of
membrane tension will stop because of the decreased NP wrapping extent (Fig. 9B).
Contrarily, the strengthening of membrane bending rigidity is always continuous as
we further increase the NP concentration. Therefore, the membrane tube pearling
turns to be restrained by further increase of NP concentration. Likewise, the transition
from promotive effect to restraining effect can also be achieved by further increase of

the NP size (Fig. 11).

4 Conclusions

Membrane tube pearling is in some cases the onset in their cellular actions.
Therefore, understanding how membrane tube pearling occurs especially how
environmental factors affect the pearling instability is of quite importance for
potential applications in biomaterials science and nanomedicine. In this paper, using
Dissipative Particle Dynamics simulations, we reproduced the membrane tube
pearling process from model membranes. These simulations gave detailed structural
information on membrane tube pearling, and provide a link between molecular
simulation and membrane material properties.

Our simulations show that the membrane tube pearling is mainly induced by the
increased membrane tension. Specifically, as we increase the water pressure inside the
membrane tube, the membrane tube first undergoes a swelling in order to rebalance
the pressure across the membrane. Meanwhile, the membrane tube swelling is

accompanied by the increase of membrane tension, which is subsequently released by
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the tube pearling.

By introducing NPs onto the outer leaflet of membrane tubes, our simulations
indicate that the membrane tube pearling can be promoted or restrained by NP
adsorption. The promotive effect is because of the extra membrane tension exerted by
the NP adsorption, while the restraining effect is ascribed to the NP-induced
membrane bending rigidity. In more detail, the nature of effect is dependent on several
factors, including the NP size, NP concentration and NP-membrane adhesion strength.
The effect of NP size and concentration is described in the phase diagram presented
here (Fig. 11). In the aspect of NP-membrane adhesion strength, increasing the
NP-membrane adhesion strength can enhance the NP wrapping extent and thus exert
larger membrane tension. On the other hand, different wrapping extent may have
some critical effect on the nature of membrane mediated NP interaction and thus
affect their distribution and arrangement on the membrane tube surface. This may

further modulate the membrane tube pearling process.
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t=6000 t=60000 t=100000  t=200000

Fig. 1 Time sequence of snapshots corresponding to the shape transformation of
membrane tube with 28000 water beads inside the tube. The middle snapshot shows

the cross section of the membrane tube at t=60000.
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Fig. 2 (A) Time sequence of snapshots corresponding to the pearling of membrane
tube with 66000 water beads inside the tube. The lower figure shows the long pearled
tube which is connected by four shorter tubes. (B) Time evolution of membrane tube

area during the pearling process.
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Fig. 3 The negligible effect of NPs with diameter and number of 2.5nm and 20 on the
membrane tube pearling. A shows the time sequence of typical snapshots, B shows the
time evolution of average wrapping extent of NPs, C shows the corresponding
distribution of membrane tube radius, and D shows the final distribution of NPs along

membrane tube direction.
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Fig. 4 The promotive effect of NPs with diameter and number of 2.5nm and 30 on the
membrane tube pearling. A shows the time sequence of typical snapshots, B shows the
time evolution of average wrapping extent of NPs, and C shows the corresponding

distribution of membrane tube radius.
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Fig. 5 The promotive effect of NPs with diameter and number of 3.8nm and 20 on the
membrane tube pearling. A shows the time sequence of typical snapshots, B shows the

time evolution of average wrapping extent of NPs, and C shows the corresponding
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Fig. 6 Time evolution of membrane tube area during the pearling and division process.
The water number inside the tube is fixed to 66000. The NP size and number are fixed

to 3.8nm and 20, respectively.
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Fig. 7 The negligible effect of NPs with diameter and number of 2.5nm and 30 on the

membrane tube pearling. The NP-membrane adhesion strength is decreased by fixing

the interaction parameter a;y to 10.0. A shows the time sequence of typical snapshots,

B shows the time evolution of average wrapping extent of NPs, and C shows the

corresponding distribution of membrane tube radius.
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Fig. 8 The restraining effect of NPs with diameter and number of 7.5nm and 30 on the
membrane tube pearling. A shows the time sequence of typical snapshots, B shows the
time evolution of average wrapping extent of NPs, and C shows the final distribution

of NPs along membrane tube direction.
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Fig. 9 The restraining effect of NPs with diameter and number of 3.8nm and 80 on the
membrane tube pearling. A shows the time sequence of typical snapshots, B shows the
time evolution of average wrapping extent of NPs, C shows the corresponding
distribution of membrane tube radius, and D shows the final distribution of NPs along

membrane tube direction.
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Fig. 10 Time evolution of tube area in the presence of NPs. The NP diameter and
number are fixed to 3.8 and 80, respectively. The water number inside the tube is

fixed to 66000.
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Fig. 11 Phase diagram of the effect of NPs adsorption on membrane tube pearling as
functions of NP size and NP concentration. 0 represents the negligible effect, o
represents the promotive effect and A represents the restraining effect. Note that the

interaction parameter a;y is fixed to 0.0.



