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Spontaneous onion shape vesicle formation and
fusion of comb-like block copolymers studied by
dissipative particle dynamics

Ying-Tao Liu,* Yan-Rong Li and Xin Wang

A dissipative particle dynamics (DPD) simulation is performed to investigate the spontaneous onion shape

vesicle formation and fusion of Ag(B5)s type comb-like block copolymers with a semiflexible hydrophobic

backbone. Our results show that comb-like block copolymers of Ag(B5)s type may be a good candidate for

onion shape vesicle formation. The spontaneous fusion dynamics between the onion shape vesicles is

studied, and the fusion process can be characterized as having two parts: outer and inner membrane

fusion. However, both parts have similar fusion dynamics which coincide with that observed in vesicles

formed of linear diblock copolymers. In addition, the mixed systems containing amphipathic linear and

comb-like block copolymers are investigated in dilute solution. By systemically varying the amount of

linear block copolymers and the bond angle potential of the hydrophobic blocks, we construct
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a diagram to indicate the thermodynamically stable region, in which irregular vesicles, tubular vesicles,

spherical vesicles, rod-like and toroidal micelles are observed. Nevertheless, no difference in the vesicle
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. Introduction

Vesicles are important three-dimensional assemblies. Nowa-
days, the vesicle phase has attracted more and more attention
owing to its great potential applications in biomedical sciences
and industry, such as promoting cell recognition, the commu-
nication and adhesion process, microcapsules, microreactors,
drug delivery and so on."” Therefore, it is very significant to
seek out an appropriate approach to assemble vesicles of
a desired morphology and dimension.

In the past few years, people have successfully obtained
vesicular structures by self-assembly of block copolymers. For
example, the diblock,* coil-rod-coil triblock copolymers,®
toothbrush-like block copolymer,® miktoarm star terpolymers,*°
supramolecular amphiphiles' and the comb-like block copol-
ymers,*” which are designed to form stable vesicles with specific
shapes, such as oblate shaped vesicles, prolate shaped vesicles,
tubular vesicle, spherical vesicle and so forth. Nonetheless, it is
rare for onion shape vesicle both in theoretical simulation and
experiments. Onion shape vesicle, as a new drug delivery
vehicle, is advantageous to control drug release, enhance the
activity of anti-tumor drugs and improve the long term
stability,”® will become the ideal alternative to resist some
rigorous environment in some ways, such as high pressure,
heat, strong alkali, strong sour and so on. However, the
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fusion dynamics is found. The main reason may be attributed to the molecular structures which possess
the same hydrophobic but different hydrophilic block.

morphology of self-assembled structures can be controlled by
many factors, such as molecular interactions,"*** molecular
architecture and composition,”*® temperature,”” pH,'® foreign
substance,***** polymer chain stiffness*® and volume of the
confinement.”?>** Other than the above-mentioned factors,
interaction parameter between particles is a critical factor to
control the structure of the vesicles. Ma et al. used the dissi-
pative particle dynamics (DPD) approach to research the self-
assembly of amphiphiles consisting of a hydrophilic head and
one or more hydrophobic tails, they found that the shape can
transform from vesicles to worm-like cylinders and further to
spheres due to the increase of interaction parameter.>* There-
fore, it is difficult to obtain target structures from the self-
assembly of block copolymers. In our DPD simulations, the
backbones of comb-like block copolymers are semiflexible,
controlled by adopting a bond angel potential between the
backbone beads. We find the repulsive strength between back-
bone and side chains has a major impact on vesicle shape. We
observe onion shape vesicles formation process by deliberately
varying the repulsive strength between backbone and side
chains. We then exclusively focus on the spontaneous fusion
between the onion shape vesicles formed by comb-like block
copolymers with a semiflexible hydrophobic backbone.

We notice that the fusion mechanism of vesicles play an
important role in exerting their specific functions, many fusion
mechanisms have been found by scientists. For example,
Knecht and Marrink performed coarse-grained MD simulation
to investigate the fusion mechanism of the vesicle on the

This journal is © The Royal Society of Chemistry 2017
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atomistic level.”® They found two typical fusion pathways, one of
them is that, first, a stalk forms quickly in between the vesicles.
Then, a hemifusion diaphragm (HD) appears and keeps stable
for a while. At last, a pore is induced by the defect and the pore
expands quickly until the fusion is finished. The different of
another fusion pathway is that a hole appears near the HD for
facilitating the exchange of lipid molecules. However, Noguchi
and Takasu employed Brownian dynamics (BD) simulations to
study the fusion between to vesicles, and a different fusion
pathway was found at high temperature.®® Firstly, a thin stalk is
formed. Secondly, two holes appear in both vesicles near the
feet of the stalk, respectively. Finally, the stalk bends to encircle
two holes until the fusion is completed. In previous study, we
have studied the fusion dynamics of vesicles with monolayer
structures by using the DPD method. We found our fusion
dynamic is fairly similar to Takasu's. In addition, the adhesion
of the membranes can be mediated by one or two types of
receptor-ligand complexes. Weikl et al. employed simula-
tions*”* to study the adhesion of membranes with anchored
receptor and ligand molecules, and they did a good job of
explaining that how the membranes affect binding kinetics.
Meanwhile, they found a cooperative binding from receptor—
ligand smoothen out the membranes and facilitated the
formation of additional bonds, which accelerated the adhesion.
All of fusion mechanisms mentioned above is based on single
layer vesicles, while multilayer vesicle fusion mechanism has
been barely mentioned in the past. In the present DPD simu-
lation study, we focus on spontaneous fusion between the onion
shape vesicles, which are favor to investigate the dynamic
evolution of the fusion processes.

In recent years, cooperative self-assembly of different poly-
mer mixtures has been proved to be a practical method to
acquire aggregates with controllable morphologies and struc-
tures.'***?**3° For example, Ouarti et al. examined the effect of
polystyrene homopolymer on the morphology of micelles self-
assembled from polystyrene-b-polyisoprene (PS-b-PI) in a selec-
tive solvent for the PI block (heptane). They found the
morphological structure of micelles will transit from spherical
to linear cylindrical and to toroidal with the increase of PS
homopolymer.*® In another work, Xin et al. studied the forma-
tion of multicompartment micelles in the mixture systems of
star and linear triblock copolymers by applying dissipative
particle dynamics (DPD) simulations. It revealed that both
mixing ratio and copolymer chain composition played an
important role in the micelle structures.* In order to better
understand the formation and fusion of vesicles formed by
comb-like block copolymers, we investigate the self-assembly
behavior of mixture systems consisting of the comb-like and
the linear block copolymers. We discover that binary mixtures
are able to self-assemble into kinds of aggregates, such as single
layer vesicles (irregular vesicle, tubular vesicle, spherical
vesicle), rod-like micelle including linear rod-like micelle and
toroidal micelle. The morphologies of the aggregates can be
controlled by the relative concentration of the linear block
copolymer, and the bond angle potential strength k4. The cor-
responding results are summarized in a phase diagram.
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Il. Models and simulation method

The DPD method is a mesoscopic simulation technique intro-
duced by Hoogerbrugge and Koelman.*** A DPD bead repre-
sents a group of atoms or a volume of fluid.**** The force acting
on a particle contains three parts, a conservative force, a dissi-
pative force, and a random force, each of which is pairwise
additive and whose maximum interaction radius is r. = 1.

The time evolution of interacting particles is governed by
Newton's equations of motion.** A modified version of the
velocity-Verlet algorithm®® is used here to integrate the equa-
tions of motion. The time step is At = 4.0 x 10t for the
temperature control at kg7 = 1. All simulations are performed
using the GALAMOST?®® package on Nvidia GTX780 GPU cards.

A special property of comb-like block copolymers is that they
can bend spontaneously because of the uneven distribution of
side chains in bad solvents. Given this property, we have ob-
tained tube like vesicles by using comb-like block copolymers.*”
It is naturally expected the self-assembled flat vesicles of comb-
like block copolymers, if possible, may possess spontaneous
curvatures. Therefore, we mainly consider the comb-like block
copolymer A4(B,); as show in Fig. 1(a) and symmetric linear
block copolymer A¢Bg as shown in Fig. 1(b). The red A repre-
sents hydrophobic backbone particles and the blue B hydro-
philic side chain particles, the solvents S are denoted by single
DPD beads. The adjacent particles of copolymers are connected
by an extra harmonic spring force Fg = —kr;;, where parameter k
is the spring constant, in our model system, the k is 4. The main
chain rigidity of the backbone of the comb-like block copolymer
and linear block copolymer are controlled by a three-body
potential,®® Uy = ky(1 — cos(f — 6,)) where k, is the bond angle
potential strength, ¢ is the bond angle between the two bonds
connecting particles (i — 1, 7) and (i, i + 1), and 6, = 0 the
equilibrium bond angle. After several tests, we choose an
optimal cubic box with a side length equal to 48 at density is 3,
so the particle number is 331 776, periodic boundary conditions
are applied in all three simulated finite size effect,* we also
checked out the thermodynamic consistency of our structures
by monitoring the local temperature and pressure. The repul-
sive strength between the same type of particle is aya = agp =
agg = 25. Groot and Warren had shown that the DPD interaction
parameters between unlike species can be proportionally
mapped onto Flory-Huggins-parameters y parameters,’® and
therefore the amphiphilicity of the block copolymer can be re-
flected from DPD interaction parameters between unlike
species. It is possible to build up a DPD model by systematically
coarse-graining from experimental data, which is in accordance
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Fig.1 Schematic representation of (a) comb-like block copolymer, (b)
linear block copolymer. Hydrophobic backbone, red beads; hydro-
philic side chains, blue beads.
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with a specific block copolymer system.*® However, in present
work, we have not coarse-grained model from a specific polymer
system because we are trying to find out the general behavior of
onion shape vesicle in dilute solution.

lll.  Results and discussion
A. The onion shape vesicle formation

In order to reduce the parameter space of this system, we fix the
repulsive strength ags = 27, similar to that of the same particles,
and ass = 100. By deliberately varying the repulsive strength
between backbone and side chains, we observe a series of
morphology changes of vesicles, especially, as we expect the
onion shape vesicles arise under proper condition.

It should be noted that there is no artificial manipulation on
the onion shape vesicle formation. We always start our simu-
lations from random distributed block copolymers in dilute
solution and trace the evolution of these polymers by a snapshot
of the simulation box. The choice of polymer concentration is
an important part that we should be focusing on. The larger
polymer concentration always lead to connected structures and
the smaller one always result in micelles.*” Therefore, we
conduct the simulations with different block copolymer
concentration (here, we select 0.036, 0.05 and 0.1 to ensure
obtain stable vesicles and avert connected structures) and
comb-like block copolymers with various wights (A,,(B,), with n
= 2-5), we always observe the only spontaneous formation
mechanism of onion shape vesicles. A typical onion shape
vesicle formation process for A¢(B,); in dilute solution is illus-
trated in Fig. 2, in which the iso-density surfaces between
components A and B at different time steps are plotted. In this
simulation, the dimension of box is 48r. x 48r. x 48r., the
concentration is 0.10. In order to describe the shape of the
vesicles, we calculate the ratio of length to width and asphericity
parameter of the vesicles. We can obtain three eigenvalues via
Jacobian transformation of the matrix of the radius of gyration
tensor,**> and the ratio of length to width is defined as the
largest values of the three eigenvalues divided by the smallest

Fig.2 Time evolution of the formation of onion shape vesicle, formed
by comb-like block copolymer Ag(B5)s with repulsive strength aag = 50
and polymer concentration ¢ = 0.1. The snapshots are taken at (a)
6000; (b) 6500; (c) 8000; (d) 18 000; (e) 20 000; (f) 21 000; (g) 25 000,
and (h) shows the internal structure of (g). In the figure, we show the
iso-density surface between components A and B, the side chain
structures and the solvent beads are not shown for clarity.
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one. The asphericity parameter can well describe the shape of
vesicles, when the value is close to 0, the shape is closed to
a sphere, whereas it denotes a tube when the value is close to 1.
At the beginning of the simulation, these block polymers start
to self-assemble into small micelles and then to small vesicles
under the impetus of the hydrophobic interaction force (see the
iso-density surface in Fig. 2(a), at ¢ = 6000). When two small
vesicles contact each other closely, they fuse and become larger
tubular vesicle with the value of the ratio of length to width is
about 3.625 (see the iso-density surface in Fig. 2(b) and (c), at t =
6500 and ¢ = 8000 separately) and the potential energy reduces
by 670kgT during the process in Fig. 2(a)—(c). After a 10 000 time
steps simulation, these vesicles fuse to an oblate shape vesicle
(see the iso-density surface in Fig. 2(d), at ¢ = 18 000) and the
potential energy reduces by 151kg7 in this process. As time goes
by, when the undulation of the oblate shape vesicle is strong
enough, the structure starts to bend quickly and finally forms
a stable onion shape vesicle with diameter about 28 DPD units
(see the iso-density surface in Fig. 2(e)-(g), at ¢ = 20 000, t =
21 000 and ¢ = 25 000 separately), and the potential energy
reduces by 230kgT. The asphericity parameter of the onion
shape vesicle we calculate is 0.044, which denotes the vesicle
possesses spherical shape. From Fig. 2(h), we can observe the
typical double molecular layers structure of the onion shape
vesicle clearly. In conclusion, the onion shape vesicle formation
process can be roughly divided into four stages: first, the
random distributed comb-like block copolymers self-assemble
into small vesicles in a short time; second, these small vesi-
cles fuse to a oblate shape vesicle; third, the oblate shape vesicle
starts to bend and finally close to form a stable onion shape
vesicle. There are two mechanism for vesicle formation,*® one is
due to the solvents diffuse into the center of micelles, and the
other is the membrane bending and closing to form a vesicle.
However, our simulation results are similar to the second
vesicle formation mechanism, the difference is the membrane
is replaced by oblate shape vesicle which is obtained by spon-
taneous fusion between small vesicles. There is no the first
mechanism appears in our simulations, the reason is the
solvents diffuse into the bilayer-micelle need to overcome very
big free energy barrier, it is nearly impossible for dynamic
simulations. In addition, the value of asp and a,s are key factors
in onion shape vesicle formation. After a series of simulations,
we note that large a,p will lead to form stable tube like vesicles,
because it increases the surface tension of the membrane. The
aas should be selected large enough in order to overcome the
surface tension of oblate shape vesicle. We find that, while axp
= 50, the aps = 90-120 is needed to ensure the onion shape
vesicle formation. Other factors influencing the vesicle shape
will be discussed in section B.

B. The fusion process of onion shape vesicle

Understanding vesicle fusion process is essential for discov-
ering its application value. In our previous study, we have
studied the fusion of vesicle with single molecular layer formed
of comb-like block copolymers.*” Here, we focus on the spon-
taneous onion shape vesicle fusion.

This journal is © The Royal Society of Chemistry 2017
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All the parameters are unchanged except aas = 120 for
accelerating simulation. It should be noted that the initial states
are always setup by the self-assemble of randomly distribute
comb-like block copolymers in dilute solution. We ensure
obtain two onion shape vesicles by introducing a repulsive
strength which like a paddle divides the comb-like block
copolymers in half, and it will vanish when the stable onion
shape vesicle is observed. Similar results of onion shape vesicle
fusion are obtained for comb-like block copolymers A,,(B,),
with n varying from 2 to 5 with 1 as step. Therefore, we will take
comb-like block copolymer A¢(B,); as an example to expand the
fusion dynamics.

Five independent simulations are conducted for better
statistics, the spontaneous fusion mechanism of which is highly
reproducible. In a typical simulation, after about 5.0 x 10* DPD
time steps, we can observe two well-formed onion shape vesicles
from the comb-like block copolymer Ag(B,)s;, the diameter of
which are about 20 DPD units and the asphericity parameter we
calculate is 0.023 (see the iso-density surface at Fig. 3(a), here,
we take as the initial state). The spontaneous fusion process of
outer membrane can be depicted as follows: firstly, the two
onion shape vesicles close to each other and a thin stalk is
formed between them (see the iso-density surface at Fig. 3(b));
secondly, the second thin stalk is formed and a hole appears
near the foot of one onion shape vesicle (see Fig. 3(c)). Then, the
two thin stalks gradually expand together, and another hole
merges in the other onion shape vesicle quickly, meanwhile, the
third stalk appears (see the iso-density surface at Fig. 3(d)).
Finally, the two onion shape vesicles complete their outer
membrane fusion by stalks circling the two holes (see the iso-

T '(b)--
ef i1

(a)
(c), ’

®

Fig. 3 Spontaneous fusion process for comb-like block polymer
A6(B>)s, in (a)—(f). The snapshots are selected at (b) 6500; (c) 7000; (d)
7250; (e) 7500; (f) 12 500; and (a) is the initiate state. The two onion
shape vesicles in (a) are spontaneous formed by comb-like block
copolymer Ag(B5)s, respectively. The iso-density surfaces between
components A and B are shown here, the chain structures and solvents
are omitted for clarity.
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Fig. 4 The inner membrane fusion process of comb-like block
polymer Ag(B,)s, the iso-density surfaces between components A and
B of profile are shown here. This figure is the continuation of Fig. 3, and
part (a) (Fig. 3(f)), (b), (c), and (d) correspond to t = 22 000, 22 500, and
23 000 DPD time steps, respectively.

density surface at Fig. 3(e)), and a peanut-like hemifusion
shape is formed (see the iso-density surface at Fig. 3(e) or profile
at Fig. 4(a)). The potential energy reduces by 51ksT during the
fusion process of outer membrane. Further evolution of the
outer membrane triggers the spontaneous fusion between the
two vesicles in the peanut-like structure. It should be noted that
Fig. 4(a) shows the internal structure of Fig. 3(f). With the
deepening fusion of the outer membrane, the two inner vesicles
close to each other and a stalk forms slowly, meanwhile, two
holes appear near the root of the stalk respectively (see the iso-
density surface at Fig. 4(b)). We can observe a brief contact of
the outer and inner membranes from this process (see the iso-
density surface at Fig. 4(b) and (c)). This may be conducive to
reordering chain structures of comb-like block copolymer.
Then, the inner membranes fuse together by stalk bending and
circling the two vesicles. Finally, the stalk closes and a tubular
vesicle with bilayer shape appears. The ratio of length to width
of the tubular vesicle is about 2.16. The potential energy reduces
by 47kgT. Regardless, this fusion mechanism is favor to
membrane fusion dynamics found by using Brownian
dynamics,*® dynamic SCFT,* and Monte Carlo,* roughly, in
which the linear diblock copolymer were considered.

We then investigate the self-assembly progress of mixture
systems containing amphipathic linear and comb-like block
copolymers in dilute solution. The initiate states are always set
by randomly distributed copolymers. The concentration of the
block copolymers ¢ = 0.036, and @jinear is the relative concen-
tration of linear block copolymer which is defined as the
percentage of linear block copolymers occupy all mixed block
copolymers. At least five independent simulations are con-
ducted for better statistics. All the repulsive strengths and
simulation details are coincide with the values we select in
onion shape vesicle formation.

We construct a phase diagram by varying ¢jinear and the bond
angle potential to indicate the thermodynamically stable
structures. As shown in Fig. 5(a), ¢jinear changes from 0.1 to 0.5
with 0.1 as the step, and the bond angle potential k, ranges from
0 to 25 with 5 as the step. In order to obtain stable structures, all
the snapshots are captured at 80 000 DPD time steps. We
observe the morphological transitions of aggregate from irreg-
ular vesicle to tubular vesicle further to spherical vesicle final to
rod-like or toroidal micelle with the increase of linear block
copolymer, and the larger k, will accelerate the morphological
transition. Among all of the structure, toroidal micelle is
surprising discovery which is similar to Ouarti's study.”® The
morphologies may have relations with potential energy and

RSC Adv., 2017, 7, 5130-5135 | 5133
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(a) Morphological phase diagram of aggregates formed by the comb-like block copolymers and linear block copolymer as a function of

the different relative concentration of the linear block copolymer and the bond angle potential strength k, Characteristic morphological
snapshots illustrate for various structures, such as irregular vesicle, tubular vesicle, spherical vesicle, micelle including rod-like micelle and
toroidal micelle. (b) The potential energy change with the different relative concentration of the linear block copolymer.

(a) (b) (c) (d (e)

Fig. 6 Spontaneous vesicles fusion process with @inear = 0.2.
Hydrophobic chains, red beads; hydrophilic chains, blue beads. Water
beads are not shown for clarity. The parts (a), (b), (c). (d) and (e)
correspond to t = 22 800, 23 400, 23 600, 23 800 and 28 000 (DPD
time steps), respectively.

molecular structures. The potential energy of aggregates tends
to decrease when more linear block polymers are added (see
Fig. 5(b)), and long hydrophilic chains of linear block copolymer
will affect the self-assembling process. There is no onion shape
vesicle appears in our simulations, the reason may be attributed
to the introduction of long hydrophilic chains of linear block
copolymer. This change may prevent the formation of oblate
shape vesicle which is a vital part of onion shape vesicle
formation. Therefore, we can control the structures by adjusting
the ratio of amphipathic linear and comb-like block copoly-
mers. We also check the fusion dynamics of two vesicles formed
of a mixture of comb-like A¢(B,); and linear block copolymer
A¢Bg, but no different fusion mechanisms is found. An example
is shown in Fig. 6. The main reason may be attributed to the
molecular structures which possess the same hydrophobic but

5134 | RSC Adv., 2017, 7, 5130-5135

different hydrophilic block, especially, the rigidity of the
hydrophobic chains may yield higher membrane tension which
is a key factor to determine the vesicle fusion dynamic. We
conclude that the adding of linear block copolymers will lead to
the morphological transition and not lead to the change of
fusion dynamics. Toward the goal of obtaining vesicles, it is
necessary to introduce asymmetry which causes the membrane
bending in dilute solution. In most simulations, block copol-
ymer with asymmetry two components is always considered.
However, in our simulations, we use a comb-like block copol-
ymer with two equal components, asymmetry is introduced by
the uneven distribution of side chains. This specific molecular
structure may open a new way for the design of vesicles for
specific usages.

IV. Conclusions

DPD simulation is carried out to investigate the onion shape
vesicle formation and fusion dynamics. We show that comb-like
block copolymers with Ag(B,); type may be a good candidate for
onion shape vesicle formation. The spontaneous fusion
dynamics between the onion shape vesicles is studied, whose
mechanism is similar to that observed in vesicles formed of
linear diblock copolymers. The mixture systems containing
amphipathic linear and comb-like block copolymers are inves-
tigated in dilute solution. We found that the adding of linear
block copolymers lead to the structure transition but has no

This journal is © The Royal Society of Chemistry 2017
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effect on fusion dynamics. The asymmetry of the molecules is
a key factor for vesicle formation. Therefore, how the asymmetry
affects the organization of the molecules will be the focus of our
continuative study. Further studies are ongoing.
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