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Abstract

How soft tubular aggregates interact with biomembranes is crucial for understanding
the formation of membrane tubes connecting two eukaryotic cells, which are initially
created from one cell and then connect with the other. On the other hand, recent
experiments have shown that tubular polymersomes display different cellular
internalization kinetics in their biomedical applications compared with spherical ones
with an underlying mechanism that is not fully understood. Inspired by above
observations, in this work we investigate how tubular aggregates interact with
biomembranes with the aid of computer simulation techniques. We identify three
different pathways for membrane interaction with parallel tubes: membrane wrapping,
tube-membrane fusion and tube pearling. For the first pathway, soft tubes can be
wrapped from the top side by membranes through membrane monolayer protrusion,
which cooperatively leads to a heterogeneous wrapping dynamics along with the tube
deformation. The second pathway found is that soft tubes fuse with the membrane
under certain conditions. Both wrapping and fusion have distinct influences on the
third pathway, tube pearling. While a weak membrane adhesion promotes tube
pearling, the strong adhesion that leads to higher extent of membrane wrapping
conversely restrains tube pearling. Under highly positive membrane tension, partial
tube-membrane fusion provides another way to mediate tube pearling. The findings
shed light on the formation of bridge membrane tube and the rational design of

tube-based therapeutic agents with improved efficiency for targeted cellular delivery.
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1. Introduction
Nowadays, biomedical applications of nanotechnology have received
considerable attention.! In particular, various nanoparticles (NPs) have been
intelligently and specifically designed for bioimaging, biosensing, diagnostics and
therapeutics.”™ For these applications, controlling the NP ability to facilitate their
uptake by cells is particularly desirable via optimizing the physiochemical property of
NPs.
In general, there are two common internalization pathways: direct translocation
across the membrane and internalization via an endocytic pathway. It has been

demonstrated that by controlling NP properties, like size,”” shape,*" elasticity'*"*

o 1921
and surface chemistry,

it is possible to manipulate the endocytosis machinery and
thus influence the internalization efficiency.”> > For NP size, there exists the optimal
and minimum wrapping radius for successful endocytosis.”’ Exceedingly large NPs
yield an inefficient uptake, while rather small NPs must aggregate and be wrapped by
the membrane cooperatively.”**’ For the effect of NP shape, both local curvature and
mean curvature are found to affect the endocytosis efficiency.'” " Besides, the
membrane wrapping of NPs is affected by both passive and active NP rotation.”*>!
For mechanical property, both theoretical and simulation works have demonstrated
that stiff NPs can be more easily wrapped by membrane than soft ones.'* '®

Compared with traditional rigid NPs, soft vesicles or polymersomes offer
particular advantages, like high solubility, high environmental sensitivity,
biocompatibility and low toxicity.>* Besides, they can encapsulate hydrophobic
molecules within the membrane, but unlike solid NPs, polymersomes are also capable
of encapsulating a range of hydrophilic molecules within their lumen. Recently,
Robertson et al. reported the formation of pH-sensitive tubular polymersomes from
polymer film hydration,® indicating that the tubular polymersomes can encapsulate

both hydrophobic and hydrophilic cargoes and deliver them into clinically relevant

cells. More importantly, it was found that the internalization kinetics of polymersomes



Physical Chemistry Chemical Physics

is strongly influenced by their shape.

Since the great potential of soft biocompatible nanomaterials in cellular delivery, it
becomes urgent to systematically understand their interaction with cell membranes.
For tubular polymersomes, specially, how they interact with cell membrane remains
largely unknown. On the other hand, this question is closely related to the biological
function of membrane tubes, which play an essential role in intercellular material
exchange and signal communication.®® A fundamental question regarding the
formation of membrane tube that connects two eukaryotic cells is how the membrane
tubes interact with cell membrane when they meet. To answer these questions, we
applied the Dissipative Particle Dynamics (DPD) simulation method to systematically
investigate the pathway of membrane interaction with parallel tubes. We should note
that in reality the initial contact between membrane and tube is diverse and more
likely to be different than parallel. Here we simply considered parallel tube because
the periodic boundary conditions were applied in all three directions. For long
periodic tube, the only feasible way to investigate its interaction with membrane is
placing it parallel with the membrane surface. Moreover, once tubular aggregate
approaches the membrane with any orientation, the maximization of tube-membrane
adhesion would force the tube to lie down before onset of subsequent interaction. The
rapid rotation has been confirmed for anisotropic NPs adhering on membrane

surface.'® 28

2. Models and Simulation Methods
2.1 Models

The lipid molecule is represented by the HIT3 model, where H and T denote the
hydrophilic lipid head and hydrophobic lipid tails, respectively. The H1T3 lipid model,
which was first introduced to study the dynamics of phase separation in
multi-component lipid vesicles,”’ can self assemble into planar, vesicular and tubular
membranes. In this work, the tube is constructed by arranging 12000 lipid molecules
in a defined cylindrical surface. To eliminate the effect of predefined initial

configuration and balance the pressure difference between inside and outside of the
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tube, the tube is first relaxed at a higher temperature of 2.0 for 50000 time steps, and
then annealed slowly to a lower temperature of 1.0. After an equilibrium simulation of
100000 steps, the tube with diameter of 16.8 r. and length of 70 r. is closely placed on
the surface of a pre-equilibrated membrane with lipid number of 26000. We can
convert the DPD length unit to SI unit by mapping the membrane thickness.
Specifically, the thickness of DPPC bilayer is experimentally measured to about 4 nm.
In our simulations, the membrane thickness is about 3.2 r.. Thus we can yield r. =
1.25 nm. The summary of system components used for simulations are given in

Figure 1.

2.2 DPD Simulation method

The DPD method, which is a coarse-grained simulation technique with
hydrodynamic interactions, was first introduced to simulate the hydrodynamic
behavior of complex fluids.>**° Recently, it has become one of the most commonly
used computer simulation techniques to study the biomembrane system, especially on
the interaction between membranes and NPs.*™** In DPD, the dynamics of each
elementary unit is governed by Newton’s equation of motion, dr/d=v; and dv/dt=f/m;,

similar to the molecular dynamics simulation method. Typically, beads i and j interact

with each other via a pairwise additive force consisting of a conservative force F_ , a

i
dissipative force Ff and a random force E./.R . Thus, the total force exerted on bead i

by bead j can be expressed as F, = Z(E'/C +F]+F).

i#j
The conservative force, which is soft and repulsive, is determined by

E./,C =a,r; max{l—r;/r,,0} , where g, is the maximum repulsive force constant

between beads i and j, 1, =r,—r, (r, and r; are their positions), 7, =7, |/r;, and

r, 1is the cut off radius. The value of @, is mainly determined according to the

hydrophobicity of two interacting beads. For any two beads of the same type, we take

the repulsive parameter a,= 25, and for any two beads of different types, we set the
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interaction parameter to denote the hydrophilic/hydrophobic property of the beads as
follows: a; = 25 if the two beads are both hydrophilic or hydrophobic, while a;; = 200

if one is hydrophilic and the other is hydrophobic. In order to model the
tube-membrane adhesion, we set the interaction parameter a, , < 25 and vary its
value to regulate the tube-membrane adhesion strength. In most of our simulations,
we set the interaction parameter a,, = 200 to prevent the tube-membrane fusion.
Although some atomic details are sacrificed in the coarse-grained DPD method, the

essential features of the system are reproduced by the simulation model and the

parameter set.”®
The dissipative force has the form EIP =—y(-r;/ rc)z(ﬁ.j-vﬁ)ﬁ.i, where yis the
friction coefficient, v, =v,—v, (v, and v, are their velocities). This expression is

chosen to conserve the momentum of each pair of beads, and thus the total

momentum of the system is conserved.

The random force between beads i and j is calculated by E./.R =—o(l-r,/ rc)z%@ ,
where ¢ represents the noise amplitude, and 6, is an uncorrelated random variable

with zero mean and unit variance.
In the model of lipid molecules, the interaction between neighboring beads within

the same molecule is described by a harmonic spring force, which is given by
Fy=K(r,—r,)F,, where K and r, are the spring constant and the equilibrium
bond length, respectively. The numerical values of K and 7, used for our

simulations are 128 and 0.7, respectively.

In order to maintain the bending rigidity of the lipids, the force constraining the
variation of the bond angle is given by F, =-VU, and U, =K (1-cos(¢p—9,)),
where K, =10.0 and ¢, = are the bond bending force constant and equilibrium

bond angle, respectively.

In DPD simulations, we apply the Velocity Verlet integration algorithm and the
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integration time step is A¢ = 0.02t. The cutoff radius 7., bead mass m and energy

kpT are chosen as the simulation units. The periodic boundary conditions are adopted

in all three directions. The simulation box size is 707, X70r, X607, with a number

density of 3.

2.3 N-varied DPD Method

In this work, all simulations are performed in N-varied VT ensembles, in which
the targeted membrane tension can be controlled by monitoring the lipid number per
area (LNPA) in a boundary membrane region.”® The boundary region, which locates
on both sides of the tube, thus plays a role as the lipid reservoir (Fig. 1). By adding or

deleting lipids, the value of LNPA in the boundary region is kept within a defined

min

range (0 vps < Prvea < Pinp4)- In an addition move, a number of lipid molecules are

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

Conversely, if the average area density of lipids in the boundary region exceeds oy,

a corresponding number of lipids are deleted randomly from the boundary region. In
order to keep the whole density of the beads in the simulation box constant, a
corresponding number of water beads are randomly added or deleted simultaneously.
In practice, the addition or deletion move is performed every 1000 time steps in order

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

3. Results and Discussion

Recent experimental observation suggested that tubular polymersomes display
different cellular internalization kinetics compared to spherical ones.”> One typical
reason is that tubular polymersomes have anisotropic shapes. For soft spherical NPs,

1547 and  thus

the membrane wrapping is generally accompanied by NP deformation,
depends on the bending rigidity ratio between NPs and membranes.'"* For soft
cylindrical tubes, pearling was observed under external interventions, such as polymer

anchorage and electric field.*® When soft tubes and membranes meet, the question
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would become much more complicated. Unlike spherical elastic aggregates, the
symmetry breaking of cylindrical tubes may cause heterogeneous deformation as they
are wrapped by membranes. The heterogeneous deformation may make the cylindrical
tubes unstable and lead to tube pearling. Motivated by above facts and consideration,
in this work we performed extensive simulations, aiming to systematically understand

the interaction pathway between cylindrical tubes and membranes.

3.1 Wrapping Pathway of Tubes by Membranes

Partial Wrapping. First, we considered the situation of weak tube-membrane

adhesion. The interaction parameter a, , that represents the tube-membrane

adhesion strength was set to 10.0. Our simulation suggests that under the condition of

zero membrane tension ( p,,,,=1.4), the tube is only slightly wrapped by the

membrane (Fig. 2A). In order to quantify the extent of tube deformation due to
membrane adhesion, we calculated the tube ellipsoidal ratio, which is defined as E =
a/b, with a and b being the height and width of the tube cross section, respectively
(Fig. 2B). It is the adhesion that maximizes the tube-membrane contact area and
induces the deformation of tube morphology. In particular, sharp local curvature
change for the tube was observed near the three phase contact line between
solvent-membrane interface and solvent-tube interface. Energetically, the final
wrapping state is determined by competition of tube-membrane adhesion energy and
membrane bending energy.” % Therefore, the increase of curvature energy hinders

further membrane wrapping (Fig. 2C).

Full Wrapping. We then gradually decreased the interaction parameter a, , from

10.0 to 0.0 at p,,,, = 1.4. Note that decreasing a,, , ~ corresponds to the increase

of tube-membrane adhesion strength. The time evolutions of wrapping percentage

under different values of a, , ~are shown in Fig. 3A, which demonstrates that the
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membrane wrapping efficiency is significantly promoted by increasing

tube-membrane adhesion strength. When a,, , > 4.0, the wrapping percentage

achieved low values rapidly and kept nearly unchanged in the rest simulation time.

Final configurations show that the tubes were only partially wrapped by the

membranes (Fig. 3B). When a, , < 4.0, however, the wrapping dynamics is

different. After a rapid increase of wrapping percentage, the wrapping proceeded until
the tube was fully wrapped. Here, we should note that the wrapping percentage was
calculated by dividing the lipid number contacting with membrane by that of the
whole tube. Considering that the inner lipid molecules never contact with the
membrane, the calculated percentage for full wrapping is thus not equal to 1.0 but

approximately the ratio of outer to whole lipid number.

Now we give the detailed pathway of full wrapping under the condition of a, ,

= 0.0. According to the time evolution of wrapping percentage (Fig. 3), the whole
wrapping process can be divided into three stages. The first stage is featured by a
rapid increase of the wrapping percentage (0 <t < 50000). The rapid wrapping is due
to the membrane bending as a normal endocytic pathway (Fig. 4A). At the same time,
the cylindrical tube was deformed into an oblate shape, as reflected by evolution of
the ellipsoidal ratio (Fig. 4B). The tube deformation further increases the
tube-membrane adhesion area but also induces simultaneously the increases of the
local curvature nearby the contact line. For weak tube-membrane adhesion, the higher
extent of wrapping is hindered by the increase of local curvature (Fig. 2). For rigid
NPs, the high membrane bending energy can be overcome by passive NP rotation™ *°
or NP clustering.** *> *° For soft cylindrical tubes under strong tube-membrane
adhesion, however, the subsequent wrapping still proceeded via following responses
(50000 < t < 300000). Firstly, the deformed tube gradually changed its shape and the
high local curvature was accordingly reduced (Fig. 4B). Secondly, the upper leaflet of
the membrane around the wrapping front started to protrude and wrapped the tube

from the top side (Fig. 4A). To illustrate the detailed structure of protrusion, we

provide the sectional view in Figure S1. It clearly shows that after initiation from
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upper leaflet, the protrusion quickly forms bilayer and grows along the tube surface.
Once the protrusion is initiated the wrapping process does not terminate until the full
wrapping is reached. Therefore, the late tube wrapping by membrane is mainly
accomplished via membrane monolayer protrusion. Here, we should distinguish
monolayer protrusion from bilayer protrusion. Specifically, bilayer protrusion is to
describe the severe membrane deformation, which can play role in the coupled cell
adhesion.”’ Besides, cell entry of viruses was found to be accomplished via bilayer
protrusion, the growth of which finally develops to the macropinocytosis.*”
Comparatively, the monolayer protrusion is much more localized and usually initiates

from the upper membrane leaflet.

Heterogeneous Wrapping Dynamics. Although cylindrical tubes are finally wrapped
by membranes homogeneously, the wrapping dynamics is apparently heterogeneous
along the tube axial direction (Fig. 4A, Video S1). To analyze the wrapping dynamics,

the whole tube was divided into four short segments. The evolutions of both local

tube radius and local wrapping percentage for each segment were then calculated (Fig.

5). Clearly, the tube underwent a heterogeneous deformation as the wrapping
proceeds (Fig. 5A, B). After a short initial increase of the tube radius (t < 40000), two
tube segments started to shrink (Fig. 5A, 40000 < t < 125000), while the other
segments continued to expand (Fig. 5B, t < 125000). According to the typical
snapshot and evolution of local wrapping percentage, the wrapping of four tube
segments is apparently asynchronous (Fig. 5C). In other words, the wrapping of two
shrinking tube segments first completes, while that of the other two expanding
segment lags behind. Once the local wrapping completes via monolayer protrusion,
the local tube radius turns to increase while the other two segments start to shrink and
accordingly complete the local wrapping (Fig. 5, t > 125000).

In fact, we have performed five more independent simulations starting from the
same initial configuration but with different initial velocity distributions. Interestingly,
all five simulations show heterogeneous wrapping dynamics (Fig. S2). We ascribe the

heterogeneous wrapping dynamics to the cooperation between tube deformation and
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monolayer protrusion. Besides membrane bending, the first increase of
tube-membrane contact area is mainly accomplished via tube deformation. As a
consequent, the local tube curvature increases and thus hinders the membrane bending
to wrap tube in a higher extent. The other effect is to increase the tube surface
tension.*’ The increased tube tension is then released by a slight local tube shrinkage,
which is marked by arrows in Figure 4A at t = 50000. Once the shrinkage is initiated,
the upper lipid monolayer starts to protrude and wraps the local tube from the top side
(arrows in Fig. 4A, t = 80000). After the local wrapping completes, the shrinking tube
segments turn to expand to initiate the wrapping of other tube segments (Fig. 5C).
Finally, the tube turns back to be cylindrical and be wrapped by the membrane
homogeneously (Fig. 4A, t = 500000).

3.2 Tube-membrane Adhesion Affects Tube Pearling

Our simulations show that the tube-membrane adhesion may result in tube
pearling. Thus for designing tubular polymersomes for drug delivery, the tube
pearling should be taken into account because it affects the internalization kinetics
and even alters the subsequent fate. In vitro, the tube pearling can be somewhat
modulated by altering lipid components.> For example, cholesterol increases the
membrane bending rigidity and thus prevents their pearling transition.” Nevertheless,
under external interventions, like polymer anchorage and electric field, the high
bending energy can be overcome and thus leads to the tube pearling.*® >* Here, we
want to answer the following question: How does tube-membrane adhesion affect

tube pearling?

Weak Tube-membrane Adhesion Drives Tube Pearling. First, we fixed a; , =

10.0 and p,,,, = 1.2, which represent weak tube-membrane adhesion strength and

highly positive membrane tension, respectively. Our simulations show that under such
conditions, a finite extent of tube pearling could take place on the membrane surface

(Fig. S3A). In more detail, the tube first underwent a finite deformation to increase
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the tube-membrane contact area. The tube deformation can be reflected by a striking
increase of the tube surface area (Fig. S3B). As the number of lipids forming the tube
was fixed, the increased tube surface area thus corresponds to an increase of the tube
surface tension. To release the tension, a finite tube pearling was initiated (Fig. S3A, t
= 75000). Meanwhile, the tube surface area gradually decreased as the pearling
proceeds (Fig. S3B, t > 75000).

Strong Tube-membrane Adhesion Restrains Tube Pearling. Different from that
weak tube-membrane adhesion drives tube pearling, our simulations clearly show that
in the case of strong tube-membrane adhesion, tubes significantly wrapped by the
membrane could not undergo pearling (Figs. 2-4). In this part, in order to accelerate

tube pearling we artificially transferred a number of water beads from outside to

inside.*’ Then the tube-membrane interaction parameter a u,un, Was varied to explore

its effect on tube pearling.

First, for the situation of p,\,, = 1.5 and a, , = 12.0, our simulation shows

that the tube undergoes a thorough pearling on the membrane surface (Fig. 6 and
Video S2). Namely, the cylindrical tube is gradually divided into two vesicles, which
are connected by a short cylindrical micelle (Fig. 6A). The pearling dynamics is well
reflected by the evolution of the local tube radius, which show that two adjacent
segments undergo shrinking and expanding, respectively (Fig. 6B). Besides, we
calculated the local wrapping percentages of the two segments (Fig. 6C). Clearly, the
local tube shrinkage is accompanied by a striking increase of the local wrapping
percentage. Comparatively, the wrapping extent of the expanding tube segment keeps

nearly unchanged.

Next, we fixed p;,,,=1.5 and gradually increased a,, ,, . Our simulations show

that thorough tube pearling takes place for the weak tube-membrane adhesion (Fig. 6).

As we decreased a , from 12.0 to 10.0, the wrapping efficiency increased as

expected, but only partial tube pearling was found (Fig. S4A). When a,, , = 8.0, no

Page 12 of 27



Page 13 of 27

Physical Chemistry Chemical Physics

obvious tube pearling was observed, although the tube was wrapped partially by the

membrane (Fig. S4B). As we further decreased a,, , ~to 0.0, the tube was finally

wrapped by the membrane completely. Meanwhile, no pearling takes place during the
wrapping process (Fig. S4C).

For individual tubes, it has been demonstrated both experimentally and
theoretically that tube pearling could be induced by increasing tension of membrane
tubes.” For tubes being wrapped by membranes, however, our simulations here show
a different pearling mechanism. This is because the pearling of a tube being wrapped
by a flat membrane certainly causes the bending of the membrane with the same
curvature. In other words, during the pearling process the increase of tube tension
must compete with the increase of the curvature energy for both the tube and the
curved membrane. Therefore, once a tube is highly wrapped by a membrane the tube
pearling will be effectively restrained since it would cause a sharp increase of the
membrane bending energy.

Besides the tube-membrane adhesion strength, the wrapping efficiency and
pearling instability are also affected by the membrane surface tension. Our extensive

simulations indicate that four different equilibrium configurations are observed

through varying both p,,,, and a, , (see the phase diagram in Fig. 7). They are

thorough tube pearling with partial membrane wrapping, partial tube pearling with
partial membrane wrapping, partial membrane wrapping without tube pearling, and
full membrane wrapping without tube pearling , respectively.

As discussed above, the final tube pearling instability is restrained by significant
membrane wrapping. Dynamically, whether tube pearling occurs or not is determined

by comparing the pearling time with the membrane wrapping time. When the
membrane tension is highly positive (for example, p,,,, = 1.2), the membrane
wrapping is strongly restrained and thus tube pearling takes place under both strong
and weak tube-membrane adhesions. Under intermediate membrane tension (for

example, p,,,, = 1.5), the wrapping efficiency can be either high or low, depending
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on the tube-membrane adhesion strength. Once a certain part of tube is wrapped by

membrane before the onset of pearling, the subsequent tube pearling will be prevented.

Therefore, partial pearling or even no pearling can take place. When the membrane
tension is highly negative, the membrane wrapping can proceed without a high
membrane bending penalty to overcome. In this situation, the tube pearling is

restrained by membrane wrapping.

3.3 Membrane Wrapping of Pearled Tubes

In the above section, we explored how tube-membrane adhesion affects tube
pearling. Here, we concentrated on the opposite case, namely, how pearled tubes
interact with membranes. For individual tubes, different levels of pearling might take
place under external interventions, like polymer anchorage and electric field.** >*

Therefore, it is equally important to understand how the pearled tubes interact with

membranes. To this end, we extracted the final configuration of tube pearling under

Pives = l4and a, , =12.0 (Fig. 6) as the initial structure for further wrapping. In

the subsequent simulations, we fixed the membrane tension but artificially increased

the tube-membrane adhesion strength by decreasing a, , from 12.0 to 0.0. In

reality, the increase of NP-membrane adhesion strength can be realized by quick
adsorption of certain molecules on the NP surface that forms protein corona.>

The membrane wrapping process of one pearled tube is given in Figure S5 and
Video S3. With the increase of the tube-membrane adhesion strength, the pearled tube
was found to be wrapped by membrane more efficiently. On one hand, the membrane
undergoes a strong deformation to wrap the tube as in an endocytic pathway. On the
other hand, the monolayer protrusion is initiated at the wrapping front and
preferentially wraps the vesicle region rather than the micelle region. As the wrapping
proceeds, more lipid molecules diffuse from the tube to contact with membrane,
which further increase the local tube tension. As a result, the pearled tube further
undergoes the pearling division, and finally, the pearled tube is completely wrapped

by the membrane.
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3.4 Membrane Fusion Promotes Tube Pearling

Besides membrane wrapping, the other interaction pathway is the tube-membrane
fusion. For vesicles, it has been known that membrane fusion could alter the tension
of vesicles.* Similarly, for cylindrical tubes we speculated that tube pearling, which
is driven by tension, is also affected by the tube-membrane fusion. In reality,
membrane fusion can be promoted by introduction of specific proteins, like SNARE
proteins.”” Contrarily, by anchoring other proteins, like o-synuclein and p-amyloid, on

the vesicle surface, the membrane fusion can be effectively blocked.”® Here, for

simplicity we artificially altered the interaction parameter a;, from 200.0 to 25.0 to
permit tube-membrane fusion, while a,, , ~ was fixed to 2.0. Three different values

of p,\»s» including 1.2, 1.3 and 1.4, were applied to consider the effect of membrane
tension.
First, we set the lipid density to p,,,, = 1.2, which represents highly positive

membrane tension. After a short tube-membrane adhesion, the onset of
tube-membrane fusion first takes places at the place of the contact line with a high
curvature (Fig. 8A, t = 20000). This is because the membrane fusion is initiated by
lipid tail protrusion, which is enhanced for highly curved system, consistent with
previous studies.” For example, both MD and DPD simulations suggested that the
vesicle fusion occurs initially at the places of high curvature.®” ®" Our simulation
results indicate that once the fusion is initiated, more lipid molecules gradually diffuse
from tube to mix with the membrane. In contrast, the opposite lipid diffusion from
membrane to tube is less pronounced because of the highly positive membrane
tension. The one-way (asymmetric) lipid diffusion between tube and membrane

increases the tube tension and thus leads to the subsequent pearling transition.

Next, we decreased the membrane tension by increasing p,,,, from 1.2to 1.3. As

a consequent, the membrane wrapping efficiency increased (Fig. 8B). Besides, no

membrane fusion at the early stage was observed until the membrane monolayer
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protrusion was initiated (Fig. 8B, t = 250000). As the edge of membrane protrusion

has a much higher curvature, lipid molecules first diffused from the protrusion to mix

with the tube. Similar to the case of p,,,, = 1.2, the directed lipid diffusion from

tube to membrane was observed again but restrained by the decrease of membrane
tension. As a result, the increase of tube tension is less obvious and only partial

pearling finally takes place.

At last, we fixed the lipid density p,,,, to 1.4, which represents near zero

membrane surface tension. As expected, the early membrane wrapping was highly
promoted. Besides, the tube-membrane fusion was also initiated via lipid diffusion
from the monolayer protrusion to the tube (Fig. 8C, t = 150000). Nevertheless, under
near zero membrane tension, the lipid diffusion between tube and membrane is almost
symmetric, i.e., a two-way diffusion. Therefore, the tube surface tension keeps nearly
unchanged. Finally, the lipids of tube and membrane were completely mixed and no

pearling takes place (Fig. 8D).

4. Conclusions

Compared with traditional rigid NPs, soft elastic NPs, like vesicles and
polymersomes, offer particular advantages in biomedical applications, such as high
solubility, high environmental sensitivity, biocompatibility and low toxicity.
Interestingly, recent experimental studies found that tubular polymersomes display
different cellular internalization kinetics compared with spherical ones, underlying the
molecular mechanism that is not fully understood.” On the other hand, a fundamental
question regarding the formation of the membrane tube bridging two eukaryotic cells
for intercellular material exchange and signal communication, namely how a
membrane tube initiated from a cell interacts with the membrane of another cell,
remains unsolved. To illustrate the questions, in this work, we have applied the DPD
simulation method to systematically investigate the interaction between cylindrical
tubes and biomembranes. Depending on the tube-membrane adhesion strength and

membrane surface tension, three different interaction pathways have been identified.
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They are membrane wrapping, tube-membrane fusion and tube pearling, respectively.

First, our extensive simulations indicate that soft tubes can be wrapped by
membranes. Unlike spherical vesicles, the wrapping of cylindrical tubes is
accomplished via membrane monolayer protrusion, which wraps the tube from the top
side. Besides, the monolayer protrusion and tube deformation cooperatively make the
wrapping dynamics heterogeneous along tube axial direction. This observation may
explain the experimental observation that tubular polymersomes have different
cellular internalization kinetics compared with spherical ones. Our simulations also
suggest that cylindrical tubes undergo different pearling transitions on the membrane
surface, depending on the tube-membrane adhesion. The weak tube-membrane
adhesion is found to promote tube pearling, while the strong tube-membrane adhesion
induces significant membrane wrapping that contrarily prevents the pearling.

Besides membrane wrapping, cylindrical tubes can fuse with membranes.
Depending on the membrane surface tension, the lipid diffusion between tubes and
membranes can be symmetric or asymmetric. Especially, under highly positive
membrane tension, more lipid molecules diffuse from tubes to membranes, which

leads to the increase of tube tension and promotes tube pearling.
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2

Boundary region
V...

Fig. 1 Schematic representation of the interaction between tube and membrane. Lipid
head and tail of the tube are shown in red and yellow, while those of the membrane
are shown in green and iceblue. The water beads inside the tube are shown in blue,
while those outside the tube are not shown for clarity. Two boundary regions in which
lipids are added or deleted according to the membrane tension are marked in both

sides of the tube.
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Fig. 2 Slight partial wrapping of tube by membrane under weak tube-membrane
adhesion strength (a, , = 10.0). A shows the typical snapshots, B shows the time
evolution of ellipsoidal ratio of tube during wrapping process, and C shows the
evolution of wrapping percentage of tube by membrane. The value of p,,,, is set to

1.4, which represents near zero membrane surface tension. The inset shows the

definition of ellipsoidal ratio of the tube.
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Fig. 3 Effect of tube-membrane adhesions strength on membrane wrapping dynamics.
A shows the time evolution of wrapping percentage under different tube-membrane

adhesion strength. B shows the final configurations under different tube-membrane

interaction parameters (a, , = 8.0, 4.0 and 0.0, from bottom to top). The value of

Pves Tepresenting the membrane tension is fixed to 1.4.
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Fig. 4 Full wrapping dynamics of tube by membrane under strong tube-membrane

adhesion strength (a,, , = 0.0). The tube deformation is illustrated in the evolution

of tube ellipsoidal ratio during the wrapping process. The inset gives the typical

snapshots showing the transient tube morphology. The defined lipid density is set to

Py = 1.4. The black arrows highlight the local slight tube shrinkage, which

initiates the subsequent monolayer protrusion.
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Fig. 5 Heterogeneous wrapping dynamics along tube axial direction. A and B show
the time evolutions of local tube radius, C shows the evolution of local wrapping
percentage. The inset shows the snapshot of instantaneous wrapping state at t =

125000 steps.
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Fig. 6 Thorough tube pearling on the membrane surface. A shows the typical

snapshots, B shows the evolution of local tube radius, C shows the evolution of local

wrapping percentage. The tube-membrane interaction parameter is setto a, , =12,

the lipid density is setto p,,,, = 1.4.
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Fig. 7 Phase diagram as a function of tube-membrane interaction parameter (ay, , )

and lipid density ( p,,,,) showing different extent of membrane wrapping and tube

pearling. V represents no tube pearling combined with full membrane wrapping; A
represents no tube pearling combined with partial membrane wrapping; o represents
partial tube pearling combined with partial membrane wrapping; and © represents

thorough tube pearling combined with partial membrane wrapping.
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Fig. 8 Tube-membrane fusion under different membrane tension. The tube-membrane

interaction parameter is set to a, , = 2.0. Three values of lipid density are applied,

including p,,,,=1.2 (A), pp, = 1.4 (B), and p,,,, = 1.5 (C), respectively. D

shows the cross section of tube-membrane system under each tension. The initiation
of tube-membrane fusion is labeled by three black arrows. The final pearling outline

is strengthened by dashed curves.



