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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.1,2 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,3 or motor proteins and 

external force.4,5 The self assembly of BAR domain proteins on membrane surface is 

proved to induce and stabilize the membrane tubulation.6-8 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, Šarić and Cacciuto showed that membrane tubes can be generated 

by linear aggregation of adhesion nanocomponents.10 The linear aggregation of NPs 

on membrane surface was also observed in our previous simulation work.11,12 

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.13, 14 This experimental observation was 

subsequently explained theoretically by Nelson et al.15 Sparked by the work of 

Bar-Ziv and Moses, several successful investigations attempting to induce tension and 

thereby tube pearling have been performed.16-18 For example, the membrane tension 

can also be generated by other factors, like polymer anchoring,16,17,19 spontaneous 

curvature,20,21 osmotic perturbation,22,23 and external magnetic or electric field.24,25 By 

anchoring polymers into oblate vesicles, a striking morphology change, including 

budding and tubulation, was observed by Tsafrir et al.19 Previously, the same research 

group has reported the pearling instabilities of membrane tubes, also induced by 

anchoring of amphiphilic polymers.16 Subsequently, the physical mechanism of 

pearling instabilities induced by polymers was confirmed by Campelo et al. using a 

phase-field model.17 By using the Helfrich curvature elasticity theory, Wang et al. 

predicted the shapes of polymer anchored fluid vesicles.26 Theoretically, Deuling and 

Helfrich predicted that membrane tubes with bilayers that have a non-zero 

spontaneous curvature can exhibit pearling.20 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.16,17,21  

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.27 

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.28 Recently, Arai et al. systematically investigated the interaction of a 

janus or homogeneous NP with a vesicle.29 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 H1T3 lipid model has been successfully used to 

study the dynamic properties of vesicles.30 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×75nm×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.31-33 Recently, it was proved to 

be especially useful to investigate the mesoscale behaviors of lipid membranes.34-41 In 
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DPD methods, the elementary units are soft beads whose dynamics are governed by 

Newton’s equation of motion, i
i

dr
v

dt
=  and i i

dv f

dt m
= , similar to Molecular Dynamics 

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

of a conservative force C

ijF , a dissipative force D

ijF and a random force R

ijF . So the 

total force exerted on bead i is expressed as 

( )C D R

i ij ij ij

i j

F F F F
≠

= + +∑                              (1) 

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

of the particle centers and is determined by 

max{1 / ,0}C

ij ij ij ij cF a r r r= −%                         (2) 

where 
ija is the maximum repulsive strength between beads i and j, rij = rj - ri (ri and rj 

are their positions), rij = |rij|, ijr% = rij/|rij|, and rc is the cutoff radius.  

The dissipative force has the form, 

2(1 / ) ( )D

ij ij c ij ij ijF r r r v rγ= − − ⋅% %                        (3) 

where γ  is the friction coefficient, 
ijv =

iv -
jv (

iv and
jv 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 

2(1 / )R

ij ij c ij ijF r r rσ θ= − − %                             (4) 

where σ represents the noise amplitude, and 
ijθ 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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( )S S ij eq ijF K r r r= − %                                 (5) 

where KS is the spring constant and req is the equilibrium bond length. The numerical 

value of KS and req used for our simulation are 128.0 and 0.7, respectively. The force 

constraining the variation of the bond angle is given by 

F Uϕ ϕ= −∇  and 0(1 cos( ))U Kϕ ϕ ϕ ϕ= − −              (6) 

where 0ϕ is set toπ andKϕ , 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 t∆ =0.02. 

In the pure membrane system, the interaction parameters aij between the same bead 

types were set to 
hha =

tta =
wwa =25, and those between different bead types were 

hta = 200, hwa =25, twa =200. Besides, in order to study the effect of NP-membrane 

adhesion strength on membrane tube pearling, the ligand-lipid interaction parameter 

aLH 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 

(Nin) 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 Nin 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 Nin=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 Nin=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 (Nin) 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.13-15,42,43 In most experiments, the pearling is generally caused by addition of 

foreign matters, like adsorbing NPs or anchoring amphiphilic molecules.16,17,19,27 The 

electric or magnetic field is also proved to induce the tube pearling transition.24,25 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 Sar1.44-47 In the following section, we will show that in some cases 

the tube pearling and subsequent division can be promoted by adsorption of NPs, 

Page 12 of 35Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



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.48,49 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 tension50,51 

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 aLH 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.11 Besides, 

the membrane tube pearling is a result of competition of membrane tension and 

membrane curvature.13 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 size11 and shape,12 while the other important factor is the NP concentration.11,52 

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.11 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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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. 

 

 

 

 

 

 

 

 

 

 

Page 25 of 35 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

 

 

 

 

 

 

 

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 

distribution of membrane tube radius. 
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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 aLH 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. 

 

 

 

 

0 100000 200000 300000
0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

W
ra
p
p
in
g
 p
e
rc
e
n
ta
g
e

Time steps

B

0 10 20 30 40 50 60 70 80 90 100
0

3

6

9

12

15

18

21

24

R
a
d
iu
s
 (
n
m
)

Z (nm)

 8000 steps

 60000 steps

 100000 steps

 200000 steps

 300000 steps

C

Page 31 of 35 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

  

 

 

 

 

 

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. 

 

 

 

 

0 50000 100000 150000 200000
0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

N
P
s
 w
ra
p
p
in
g
 p
e
rc
e
n
ta
g
e

Time step

B

0

5

1 0

1 5

2 0

2 5

R
a
d
iu
s
 (
n
m
)

 6 0 0 0  s t e p s

 6 0 0 0 0  s t e p s

 1 0 0 0 0 0  s t e p s

 1 6 0 0 0 0  s t e p s

 2 0 0 0 0 0  s t e p s

C

2 0 4 0 6 0 8 0 1 0 0
0

1

2

3

4

5

6

7

N
P
s
 n
u
m
b
e
r

Z  ( n m )

D

Page 33 of 35 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

 

 

 

 

 

 

 

 

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. □ represents the negligible effect, ○ 

represents the promotive effect and △ represents the restraining effect. Note that the 

interaction parameter aLH is fixed to 0.0. 
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