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Abstract Various external stimuli, such as pH, light, and temperature, have been widely used to trigger the hydrophobic-hydrophilic transition
of a certain block in block copolymer, which has become a commonly used and effective strategy to induce the disassembly of vesicles for con-
trolled drug release. Based on this, the disassembly behavior of the ABCA tetrablock asymmetric vesicles induced by the hydrophobic-hy-
drophilic transition of block C was studied using Monte Carlo simulation. In this work, the hydrophobicity of block C was tuned to mimic the hy-
drophobic-hydrophilic transition triggered by external stimuli. As the hydrophobicity of block C decreases, the initial ABCA asymmetric vesicles
disassemble into a series of ordered aggregates such as Janus lamella, reversed asymmetric vesicle, toroid micelle, ring-like micelle and cylindri-
cal micelle. It should be noted that these aggregates disassembled from the initial vesicle state cannot be obtained through the traditional self-
assembly method from homogeneous states of the ABCA tetrablock terpolymers under the same conditions. The simulation results show that
the hydrophobicity changing rate of block C has a significant effect on the disassembly pathway from the initial asymmetric vesicle to the re-
versed asymmetric vesicle. It is found that during the disassembly from the initial to the reversed vesicles, the system will undergo an energy-
driven process first, then followed by an entropy-driven process. In addition, the simulation results further indicate that the disassembly behavior

of the initial ABCA asymmetric vesicles is irreversible.
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INTRODUCTION

Amphiphilic block copolymers can spontaneously self-assem-
ble into vesicles with unique aqueous cavities that are enclosed
by hydrophobic membranes. This unique structure endows
vesicles with great abilities to simultaneously load and deliver
hydrophilic drugs within the aqueous cavity and hydrophobic
drugs within the membrane, which is conducive to realize syn-
ergistic therapeutic effect of drugs. In the past decades, block
copolymer vesicles have gained extensive attention in the fields
of drug loading and delivery.'! Besides drug loading and de-
livery, controlled release of the drugs loaded in vesicles is also
critical for polymer vesicles in various applications such as dis-
ease diagnosis and treatment. In general, drugs can be released
from vesicles in a controlled manner through various stimuli
such as pH," light,®”) temperature,''” and so on. Under the in-
fluence of stimuli, the membrane structures of vesicles are usu-
ally altered or even destroyed by the stimuli, which results in the
disassembly of the vesicles.
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The disassembly of vesicles triggered by various stimuli has
great effects on the controllable drug release of vesicles,
hence significantly affecting the therapeutic efficacy. Great
attention has long been attracted on the disassembly of vesi-
cles triggered by the stimuli. Among various mechanisms for
vesicle disassembly, the stimuli-triggered hydrophobic- hy-
drophilic transition of the membrane-forming blocks of vesi-
cles plays a very important role in the disassembly of vesicles.
For instance, Poly(4-vinylpyridine) (P4VP) is a pH-sensitive
block that is commonly used in experiments. When pH<4, the
P4VP block is hydrophilic due to the full protonation of the
pyridine group under acidic environment, while under alka-
line condition (i.e., pH>7), the P4VP block becomes hydropho-
bic because of the deprotonation of the pyridine group.
Based on the pH-triggered hydrophobic- hydrophilic transi-
tion of the membrane-forming P4VP block, controllable mor-
phology and structural transition of various ordered aggre-
gates has been successfully achieved by many
researchers.l'’=13] Besides P4VP, Xu et al.l%] fabricated a series
of vesicles with different contents of pH-sensitive 2-(diiso-
propylamino) ethyl methacrylate (DIPEMA) in the vesicle
membranes. By decreasing the pH value from neutral condi-
tion to pH=4.0, the membrane-forming blocks can be tuned
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from hydrophobic to hydrophilic, resulting in the disassem-
bly of the vesicles either quickly into homogeneous unimers,
or slowly into small irregular nanoparticles. This behavior can
be used to tune the release rate of hydrophilic payloads, such
as Rhodamine B. The pH-sensitive DIPEMA was also used by
Chen et al' to regulate the membrane permeability of vesi-
cles and by Lomas et al.l'] to encapsulate and deliver DNA
molecules. Moreover, Ge's groupl'6'7! achieved pH-tunable
selective membrane permeability for stimuli-responsive
smart drug delivery and controllable enzymatic reaction by
incorporating 2-(piperidin-1-yl)ethyl methacrylate (PEMA) in-
to the membrane-forming blocks. PEMA endows the vesicle
membrane with pH-responsiveness, ie., the neutrally hy-
drophobic vesicle membrane at pH=7.4 will transform into
positively hydrophilic one at pH=6.5, and if the membrane
was not cross-linked, the vesicles will immediately disassem-
ble into small micellar nanoparticles. In addition to pH sensi-
tive blocks, temperature-induced disassembly of vesicles has
attracted increasing attentions of researchers in recent years
due to the better controllability of temperature. Tempera-
ture-sensitive blocks, such as poly(N-isopropylacrylamide)
(PNIPAM),['8191 poly(propylene oxide) (PPO),[2% and poly(N-
vinylcaprolactam) (PVCL),12"1 have been used in drug delivery
and controlled release of vesicles. Taking PNIPAM as an exam-
ple, when the temperature is above the lower critical solution
temperature (LCST, about 32 °C), PNIPAM is hydrophobic and
collapses in water. As the temperature is decreased lower
than the LCST, PNIPAM exhibits hydrophilic property and ex-
tends in water.[22l Utilizing this temperature-dependence of
hydrophobic-hydrophilic transition of PNIPAM, He et al.
achieved the switch of the permeability of vesicular mem-
brane toward small molecular substrates between “on” and
“off".l'8] Besides temperature, light is another convenient and
non-contact tuning method that is commonly used in experi-
ments. Light-sensitive moieties such as azobenzene and
spiropyran  usually have unique light-isomerization
features.>241 For example, the configuration of azobenzene
can be reversibly transformed between trans- and cis- under
the alternating exposure to UV and visible light, which results
in a reversible transition of azobenzene between hydropho-
bic and hydrophilic states. Accordingly, the hydrophobic- hy-
drophilic properties of the azobenzene-decorated mem-
brane-forming blocks can be reversibly regulated. By intro-
ducing light-sensitive moieties, people have realized light-
triggered disassembly of vesicles to achieve reversible vesi-
cle-to-worm transition,[2>261 as well as controlled precise re-
lease of various drugs.[26-28]

The above experimental investigations indicate that the ex-
ternal stimuli-triggered hydrophobic-hydrophilic (or vice ver-
sa) transition of the membrane-forming block in an am-
phiphilic block copolymer has profound effects on the disas-
sembly behavior of vesicles. To further reveal the disassem-
bly behavior of polymer vesicles, computer simulations have
also been employed to investigate the effects of vesicle disas-
sembly on drug release since they can reveal microscopic
processes at the molecular scale that cannot be discerned di-
rectly by experiments only, which is beneficial for deep un-
derstanding of the mechanisms for controlled drug loading
and release of vesicles.[229-33] In computer simulations, the

hydrophobic-hydrophilic (or vice versa) transition of the
membrane-forming blocks or drug molecules can be easily
achieved by tuning interaction parameters between corre-
sponding blocks (or drug molecules) with solvents, which
provides great convenience for deep study of external-stim-
uli triggered disassembly and drug release behavior of block
copolymer vesicles through computer simulations. Using dis-
sipative particle dynamics (DPD) simulations, Wang’s group
studied the effects of external stimuli-triggered hydrophobic-
hydrophilic transition of drugs and membrane-forming
blocks on the kinetics of drug release from vesicles.[*34 Luo et
al. has carried out multiscale simulation studies to investi-
gate the loading and release of anti-cancer drugs as well as
the disassembly of pH-sensitive vesicles by synergizing
molecular dynamics and DPD simulations.3>36] In addition,
Ma et al. once studied the spontaneous vesicle formation of
ABABA type amphiphilic multiblock copolymers bearing ther-
mosensitive hydrophilic A-block in a selective solvent by DPD
simulations.37]

Up to now, almost all the experimental and simulation
studies about the disassembly of amphiphilic block copoly-
mer vesicles were concentrated on vesicles with homoge-
neous hydrophobic membranes, i.e., the membrane-forming
block consists of a single component.[26:38-411 Vesicles with in-
homogeneous hydrophobic membranes were seldom con-
sidered in the studies of vesicle disassembly. The inhomoge-
neous hydrophobic membranes can be constructed by mem-
brane-forming blocks that consist of two different compo-
nents. For instance, Brannan and Bates once reported an AB-
CA-type of vesicles with the inhomogeneous hydrophobic
membrane formed experimentally by poly(ethylene oxide)-
poly(styrene)-poly(butadiene)-poly (ethylene oxide) (PEO-PS-
PB-PEO) tetrablock terpolymers, in which the membrane-
forming block is composed of PS-PB blocks.*?! The vesicles
self-assembled by the PEO-PS-PB-PEO tetrablock terpolymers
possess an interesting asymmetric characteristic, that is the
inner layer of the inhomogeneous hydrophobic membrane is
always occupied by the PB block under a certain condition.
Such asymmetric characteristic endows those vesicles with
unique application values in the field of drug delivery. For ex-
ample, many potential technical applications of reconstitu-
tions of cell membranes inserted with proteins depend on the
correct orientation of the protein, and the correct orientation
of the inserted protein further depends on the asymmetric
property of the vesicle membrane.[3! However, to our knowl-
edge, the disassembly behavior of this kind of asymmetric
vesicles has not been reported before. The external stimuli-
triggered disassembly behavior of such vesicles is therefore
unclear so far. In this work, we implemented the Monte Carlo
simulation method to study the disassembly behavior of
asymmetric vesicles formed by the ABCA tetrablock copoly-
mers in solvents selective for block A. The hydrophobicity of
block C was tuned to mimic the hydrophobic-hydrophilic
transition triggered by external stimuli (such as pH, tempera-
ture, light, etc.). In this way, the disassembly behavior of the
initial asymmetric ABCA tetrablock terpolymer vesicle as well
as the reversibility of the disassembly processes were studied
systemically.
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MODEL AND METHODS

Simulation Model

The Lattice Monte Carlo simulation method was employed in
this paper. The system is embedded in a simple cubic lattice of
volume V =L x L x L with L=50. Periodic boundary conditions
are imposed in all three directions. The polymer concentration
in the simulation box is fixed at cp =7%, and the rest lattice sites
are occupied by solvent molecules. Each monomer occupies
one lattice site, and the monomers are self-avoiding. The single-
site bond fluctuation model™* is used, and the permitted
bond length is 1 and /2. The chain conformation evolution is
achieved through monomer motions. Each step of the
monomer motion is generated through a microrelaxation mod-
el, which is highly efficient in relaxing local chain conformation
on the lattice*”! and is suitable for dynamic process studies.[*34%]
The microrelaxation model is defined as follows: a monomer is
randomly chosen to exchange with one of its 18 nearest neigh-
bors. If the neighbor is a solvent molecule, then the exchange is
attempted. If the exchange does not violate the bond length re-
striction, the exchange is allowed. This process constitutes a sin-
gle movement. If the exchange would break two chain connec-
tions, it is disallowed. If the exchange creates a single break in
the chain, the solvent will continue to exchange with subse-
guent monomers along the chain until reconnection of the links
occurs. The acceptance or rejection of a monomer motion is fur-
ther governed by the Metropolis rule*” if the energy change
AE is negative, the exchange is accepted. Otherwise, the ex-
change is accepted with a probability of p = exp[-AE/(kgT)],
where AE = Zu ANjg; is the energy change caused by the at-
tempted move; AN; is the number difference of the nearest
neighbor pairs between components i and j before and after the
movement, where i, j = A, B, Cand S (solvent), respectively; g; is
the reduced interaction energy between components i and j;
and kg is the Boltzmann constant and assumed to be 1 in the
whole simulation. The parameter T is the reduced temperature.

Construction of the Initial ABCA Tetrablock
Terpolymer Vesicle

The asymmetric vesicle formed by ABCA tetrablock terpolymers
is the main focus in the current study. The formation conditions
of such asymmetric vesicles have been systematically studied in
our previous simulation works.>'*? Based on our previous
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works, the reduced interaction energies between different com-
ponents in the system are set as follows: the interaction ener-
gies among different blocks in the terpolymers are set as posi-
tive to mimic the incompatibilities between different species,
ie, exp=eac=1.0, and epc=2.0. The interaction energy be-
tween hydrophilic block A and solvent S is set as g5 =—1.0, the
interaction energy between hydrophobic block B and solvent S
is set at egs = 2.6, while the interaction energy between block C
and solvent S is set as £cs =3.5, according to the amphiphilic na-
ture of the terpolymer concerned in this study. All other self-in-
teraction energies between the same components, i.e., €aa, €gp,
&cc, and &g, are set as 0. To ensure the formation of a regular
and stable vesicle, the annealing method is implemented, and
the detailed information on the annealing process can be found
in our previous work."? The simulation time is measured by
Monte Carlo step (MCS), and in one MCS, on average, each
monomer has attempted one exchange move. For the conve-
nience of statistics, a larger simulation time unit (ts) has been in-
troduced, i.e., 1 ts=7000 MCS.

Based on the aforementioned parameter settings, the
A,B,CsA, tetrablock terpolymer system started to self-assem-
ble from a homogenous state (Fig. 1a), and finally formed a
spherical aggregate (Fig. 1b) when the whole annealing pro-
cess was done. The cross-section shown in Fig. 1(b1) demon-
strates the hollow structure in the aggregate, which proves
that the aggregate shown in Fig. 1(b) is a vesicle. The snap-
shots of hydrophobic parts shown in Figs. 1(b2)-1(b4) indi-
cate that the outer and inner layers of the vesicle membrane
are occupied by blocks B and C respectively, which clearly
shows the asymmetric characteristic of the vesicle mem-
brane. In order to further confirm the structure of this asym-
metric vesicle, the variations of densities of different compo-
nents in the vesicle with the radii around the mass center of
the vesicle were calculated and shown in Fig. 1(c). From the
peak positions on each variation curve, it can be seen that the
center of the vesicle is filled with solvent molecules, the short-
er hydrophobic blocks C distribute in the inner layer, the
longer hydrophobic blocks B distribute in the outer layer, and
the hydrophilic blocks A distribute in the innermost and the
outermost layers of the vesicle, respectively. Fig. 1(c) further
proves that the vesicle formed by A,B,;CsA, tetrablock ter-
polymers is a well-defined asymmetric vesicle, and therefore

1.0

0.8

0.6

0.4

Fig. 1 (a) Homogeneous state of the A,B,CsA, tetrablock terpolymers; (b) Overall morphology of the vesicle self-assembled by the A,B,CsA,
tetrablock terpolymers from the homogeneous state shown in (a); (c) Variations of densities of components A, B, C and solvents (S) with the radii (r)
around the mass center of the vesicle shown in (b). (b1-b4) are the cross-section, the whole hydrophobic parts, and the hydrophobic parts formed

by blocks B and Cin the vesicle shown in (b).
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in this paper, the asymmetric vesicle shown in Fig. 1(b) was
selected as the initial state to investigate its disassembly be-
havior induced by the external stimuli-triggered hydropho-
bic-hydrophilic transition of block C.

RESULTS AND DISCUSSION

In this section, the hydrophobicity of block B remains un-
changed (ggs =2.6), while the hydrophobicity of block C (gcs)
decreases from egs =3.5 (the initial hydrophobicity of block C) to
a series of smaller values & (which varies in the range of 3.0 to
0.0) to mimic the hydrophobicity changes of block C triggered
by the external stimuli. The purpose is to investigate the effect
of the hydrophobic-hydrophilic transition of block C on the dis-
assembly behavior of the asymmetric A,B,CsA, tetrablock ter-
polymer vesicles.

Disassembly Behavior of the Asymmetric Vesicle
Triggered by the Hydrophobic-Hydrophilic Transition
of Block C

Fig. 2 shows the aggregate morphologies evolved from the
A,B,CsA, tetrablock terpolymer asymmetric vesicles (Fig. 2a)
when the hydrophobicity of block C was changed to different
values of e after a sufficiently long simulation time
(t>3000ts). From Fig. 2, it can be seen that when the hy-
drophobicity of block C is decreased to e-=3.0, the initial
asymmetric vesicle structure cannot be maintained anymore
and disassembles into Janus lamella (Fig. 2b), in which blocks B
and C are located on the two sides of the lamella, respectively. It
is found that the Janus lamella shown in Fig. 2(b) always, to
some extent, slightly bends towards the side formed by block C,
which can be seen from the cross-section of the lamella shown
in Fig. 2(b1). This is mainly because at this moment, the hy-
drophobicity of block C (etCS =3.0) is stronger than that of block
B (which is fixed at g5 =2.6). The stronger hydrophobicity caus-
es blocks C to stack more tightly in the Janus lamella, forming a
slightly smaller inner surface of the curved lamella. When e is
decreased to 2.5, which is close to that of block B, an almost pla-
nar Janus lamella (Fig. 2c1) is formed. Further decreasing the hy-
drophobicity of block C to &5 =2.0 will make the hydrophobici-
ty of block C becomes weaker than that of block B, which makes

block B aggregates more tightly than block C. Therefore, Janus
lamella that always bends towards the side formed by block B is
observed in this case (Fig. 2d1). In addition to the observation of
the Janus lamella with different bending mode, another inter-
esting phenomenon was observed, that is, when ecg is de-
creased to 1.5, another kind of asymmetric vesicle (Fig. 2e) was
formed. It is worth noting that compared to the original asym-
metric vesicle shown in Fig. 2(a), this asymmetric vesicle has a
reversed membrane structure. In order to clearly demonstrate
the asymmetric vesicle structure shown in Fig. 2(e), the hy-
drophobic parts formed by blocks B and C are drawn separately
and shown in Figs. 3(a) and 3(b). It can be seen that due to the
hydrophobicity difference between blocks B and C, the blocks B
with stronger hydrophobicity form a closed membrane located
on the inner side, while the blocks C with weaker hydrophobici-
ty form a cage-like membrane located on the outer surface of
the vesicle. The variations of the component densities
(Pcomponent) With the radii (r) around the mass center of the vesi-
cle can further prove this asymmetric structure (Fig. 3c). This
simulation result indicates that the reverse of the asymmetric
vesicle membrane structure can be achieved by the external
stimuli-triggered hydrophobicity changes. Besides those aggre-
gates with novel asymmetric structures, toroid micelle (Fig. 2f)
can be obtained when further decrease £ to 1.0. The core of
the toroid is composed of blocks B (Fig. 2f1), while the blocks C
with weaker hydrophobicity form irregular structures covering
its surface. Further decreasing e, blocks C cannot form dense
structures anymore, and some conventional micelles, i.e., ring-
like micelle (Fig. 2g) and cylindrical micelle (Fig. 2h) can be ob-
tained by the disassembly of the initial asymmetric vesicles
formed by the A,B,C;sA, tetrablock terpolymers.

Fig. 2 indicates that various novel aggregates can be ob-
tained through the disassembly of the initial ordered asym-
metric A,B,CsA, tetrablock terpolymer vesicle (i.e., Fig. 2a). An
interesting issue is whether those ordered aggregates shown
in Fig. 2 can be obtained through the traditional self-assem-
bly process from homogeneous states of A,B,CsA, tetrablock
terpolymers under the same parameter conditions. For this
purpose, a homogeneous state of the A,B,CsA, tetrablock ter-
polymers (Fig. 4a) was selected as the initial state. Starting
from this homogeneous state, a series of simulations with the

Initial A,B,CsA, vesicle

C c1\

g 30 25 2.0

1.0

Fig. 2 (a) The initial asymmetric A,B,CsA, tetrablock terpolymer vesicle. (b—h) Morphologies of the aggregates evolved from the asymmetric
vesicle shown in (a) with different hydrophobicities of block C (stcs). (a1-e1) are cross-sections of (a—e). (f1-h1) are the hydrophobic parts formed by
blocks B in (f-h). For clarity, only hydrophobic parts formed by blocks B and C are drawn in this figure.

https://doi.org/10.1007/510118-026-3778-3


https://doi.org/10.1007/s10118-026-3778-3
https://doi.org/10.1007/s10118-026-3778-3
https://doi.org/10.1007/s10118-026-3778-3
https://doi.org/10.1007/s10118-026-3778-3
https://doi.org/10.1007/s10118-026-3778-3
https://doi.org/10.1007/s10118-026-3778-3
https://doi.org/10.1007/s10118-026-3778-3

Zong, Y.Q.etal./ Chinese J. Polym. Sci. 5

HAERBEC

10+€
0.8}
06

04r

Pcomponent

Fig. 3 (a, b) The hydrophobic parts formed by blocks B and C in
the vesicle shown in Fig. 2(e); (c) Variations of densities of
components A, B, C and solvents (S) with the radii (r) around the
mass center of the vesicle shown in Fig. 2(e).

same &cs settings as those in Fig. 2 were performed, and the
simulation results obtained after a sufficiently long simula-
tion time (i.e., t>3000ts) are shown in Fig. 4. From Figs.
4(b)-4(f), it can be seen that the tetrablock terpolymer sys-
tems with various ecs mainly self-assemble into many small
hamburger-like spheres in which the layer formed by block B
located in between the layers formed by block C. When
£cs < 0.5, traditional spherical micelles (where the cores are
formed by blocks B) with smaller sizes are observed (Figs. 4g
and 4h). Compared with Fig. 2, it can be seen that for the
same &cs, the morphologies and structures of the aggregates
obtained through the self-assembly starting from the homo-
geneous states are significantly different from those ob-
tained through the disassembly starting from the initial or-
dered vesicles. The above results indicate that for the same
block copolymer system, the novel microphase separation
structures formed from the vesicle state through disassembly
processes shown in Fig. 2 cannot be obtained through the
traditional self-assembly method. This means that the forma-
tion of ordered aggregates of the tetrablock terpolymers in

selective solvents has a strong initial state dependence. It is
worth noting that recently, the disassembly of block copoly-
mer vesicles induced by the hydrophobic-hydrophilic transi-
tion of one constituent block in a diblock copolymer has been
successfully achieved by Yu et al.l?%., Via the introduction of 4-
hydroxyazobenzene (Azo—OH) onto the P4VP block of the PS-
P4VP diblock copolymer, the hydrophilicity of P4VP block can
be tuned in a controllable manner by UV irradiation. The orig-
inally stable polymeric vesicles formed by PS-P4VP(Azo—OH)
can transform into various micelles, including toroid and
cylinder, under UV irradiation. Interestingly, the strong initial
state dependence was also found in their experiments. That
is, the toroid micelles obtained from the UV triggered mor-
phological transformation pathway cannot be obtained
through the traditional self-assembly pathway.

Dynamic Pathways of the Morphological
Transformation from the Initial Asymmetric Vesicle to
the Reversed Asymmetric Vesicle

It is important to investigate the dynamic pathways of the disas-
sembly processes of vesicles because it is crucial for realizing ap-
plications of vesicles such as drug delivery, controlled release,
fabrication of novel ordered aggregates, and so on. Therefore, in
this subsection, the disassembly process from the initial asym-
metric vesicle (Fig. 2a) to the interesting reversed asymmetric
vesicle (Fig. 2e) was studied in details.

Fig. 5 shows the morphologies of the aggregates observed
at different simulation times after changing the hydrophobic-
ity of block C in the initial vesicle from g25=3.5 to ecg=1.5.
From the morphological changes of the hydrophobic parts
formed by block C, it can be seen that due to the sudden de-
crease in the hydrophobicity of block C, the originally closed
bumpy inner layer (Fig. 5a1) suddenly breaks, and migrates
towards the outer surface of the vesicle (Figs. 5b and 5b1). As
the simulation time increases, the broken layer further disas-
sembles into multiple strips wrapping outside the area
formed by blocks B (Figs. 5¢-5g, 5c1-5g1). As for the hy-
drophobic parts formed by blocks B, the pores in the original-
ly perforated layer gradually merged with increasing simula-
tion time, which leads to the formation of a series of novel
structures, such as the perforated tube (Fig. 5¢c2), normal tube
(Fig. 5d2), and bowl-shaped membrane (Fig. 5e2). Further in-

Initial homogenous state

e,

¢

&t 3.0 2.5 2.0

1.0 0.5 0

Fig. 4 (a) The initial homogenous solution of A,B,;CsA, tetrablock terpolymers. (b-h) Morphologies of the aggregates evolved from the
homogenous state shown in (a) with different hydrophobicities of block C (e¢s). For clarity, only hydrophobic parts formed by blocks B and C are

drawn in this figure.
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Fig.5 (a-g) Snapshots at different simulation times showing the pathway of the transformation from the initial asymmetric vesicle to the reversed
asymmetric vesicle. (a1-g1) and (a2-g2) are the morphologies of the hydrophobic parts formed by blocks B and C in (a—g), respectively.

creasing the simulation time, the perforated layer finally
transformed into a closed spherical membrane (Fig. 5f2),
forming the inner layer of the newly formed reversed asym-
metric vesicle (Fig. 5f). This transformation process is very fast,
i.e., the reversed vesicle is formed at about t = 250 ts (Fig. 5f),
and the structure of the vesicle remains almost unchanged
with further increasing simulation time (Fig. 5g), which indi-
cates that the newly formed reversed asymmetric vesicle is
stable. From the morphological changes of the hydrophobic
parts formed by blocks B and C, it can be concluded that the
morphological transformation from the initial asymmetric
vesicle (Fig. 5a) to the finally formed reversed asymmetric
vesicle (Fig. 5g) mainly involves two processes, i.e., the migra-
tion of the hydrophobic block C from the inner layer to the
outer layer of the vesicle (Figs. 5b-5g), and the fusion of the
pores in the perforated layer formed by block B into a closed
spherical membrane (Figs. 5b2-5g2).

In addition, according to experimental results in the litera-
ture, the external stimuli-triggered hydrophobic-hydrophilic
transition rate of a certain block generally have a significant
impact on the disassembly behavior of ordered
aggregates.[16:2653-551 Based on this, in addition to the case
shown in Fig. 5 that the hydrophobicity of block C (gc5) was
directly changed from the initial value (525 =3.5) to the target
value (stcsz 1.5), two different hydrophobicity changing rates
were employed, i.e., r=0.05/ts and 0.001/ts. In the case of
res=0.05/1ts, it takes 40 ts for -5 to change from 3.5 to 1.5,
which corresponds to a relatively fast hydrophobicity chang-
ing rate. In the case of r,=0.001/ts, it takes 2000 ts for s to
change from 3.5 to 1.5, which corresponds to a relatively slow
hydrophobicity changing rate. Figs. 6(a) and 6(b) show the
morphological transformation processes of the initial asym-
metric vesicle under this two different hydrophobicity chang-
ing rates. It can be seen that in both cases, the initial asym-
metric vesicles will eventually transform into the reversed
asymmetric vesicles (Figs. 6a6 and 6b6) similar to the vesicle
shown in Fig. 5(g), while the morphological transformation
pathways in these two cases are different. In the case of the
fast hydrophobicity changing rate (Fig. 6a), the morphologi-
cal transformation pathway is quite similar to that shown in
Fig. 5, i.e., the hydrophobic block C migrates from the inner

layer to the outer layer of the vesicle (Figs. 6a1-6a6), while
the perforated layer formed by block B fuses into a closed
spherical membrane (Figs. 6a1'-6a6’). However, in the case of
the slow hydrophobicity changing rate (Fig. 6b), the morpho-
logical transformation pathway is totally different. From Fig.
6(b), it can be seen that a small pore in the vesicle membrane
is formed at first when the simulation time is t=500 ts (Fig.
6b1). As the simulation time increases, the small pore be-
comes larger, and a bowl-shaped lamella with its inner side
formed by block C is formed (Figs. 6b2 and 6b2’). As the simu-
lation time increases to t=1000 ts, the bowl-shaped lamella
becomes flat and transforms into a plane Janus lamella (Figs.
6b3 and 6b3’). It should be noted that at this simulation time,
the value of gcs decreases to 2.5, which is approximately
equal to the value of g5 (€g5=2.6). This is why a very flat
Janus lamella with blocks B and C located on either side can
be observed. As the simulation time increases to t=2000 ts,
£cs further decreases to the value that is smaller than g, and
due to the stronger hydrophobicity of block B, the plane
Janus lamella tend to bend toward the side formed by block B
(Figs. 6b4 and 6b4’). Further increasing the simulation time, a
reversed bowl-shaped lamella with its inner side formed by
block B (Figs. 6b5 and 6b5’) is formed, and this reversed bowl-
shaped lamella eventually bends and closes into the reversed
asymmetric vesicle (Figs. 6b6 and 6b6’) at t=8000 ts. This
simulation results indicate that the hydrophobicity changing
rate of the responsive block C does have a significant effect
on the disassembly pathway from the initial asymmetric vesi-
cle to the reversed asymmetric vesicle.

To further reveal the difference in the morphological trans-
formation pathways shown in Fig. 6 at a microscopic level,
the simulation results showing the variation of the mean-
square end-to-end distance of the hydrophobic blocks con-
structed by blocks B and C ((Réc)) and the interaction energy
of the system (E) with simulation time (t) under the fast and
slow hydrophobicity changing rates are given in Fig. 7. In the
case of fast-changing rate with r.,=0.05, when the hydropho-
bicity of block C decreases rapidly from 3.5 to 1.5, an expect-
ed rapid decrease in the interaction energy of the system was
observed within 300 ts. The initial asymmetric vesicle (Fig.
7a1) transformed into the tube (Fig. 7a2) in this time period.

https://doi.org/10.1007/510118-026-3778-3
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Fig. 6 The transformation pathways from the initial asymmetric vesicle to the reversed asymmetric vesicle when the hydrophobicity changing
rates (r.) are r=0.05/ts (a) and r,=0.001/ts (b), respectively; (a1-a6) and (b1-b6) are the overall morphologies of the hydrophobic parts at
different simulation times; (a1'-a6’), (b1’) and (b6’) are the morphologies of the hydrophobic parts formed by block B; (b2'-b5’) are the overall
morphologies of the hydrophobic parts from different view angles. The red arrow in (b1) shows the location of the pore on the vesicle membrane.

At the same time, it can be seen that (REC) undergoes a rapid
increase from 36 to 40. It should be noted that the (Rj:) val-
ue of the unperturbed A,B,CsA, tetrablock terpolymer chains
is about 29. An increase of (Ra) from 36 to 40 indicates that a
rapid stretching of the polymer chains occurs, which leads to
an increase in the penalty of the conformational entropy of
the polymer chains. It is worth mentioning that the penalty of
the conformational entropy of the polymer chains does not
increase spontaneously, it is caused by the decrease in the in-
teraction energy of the system, which means that the mor-
phological transformation from the initial asymmetric vesicle
(Fig. 7a1) to the tube (Fig. 7a2) is an energy-driven process
when t < 300 ts. To relax the chain stretching, hence to re-
lieve the entropic penalty, the tube (Fig. 7a2) gradually trans-
forms into the reversed asymmetric vesicle (Fig. 7a3) with the
decrease in (Rac) during the time period of 300 ts<t < 600 ts.
It should be noted that during this time period, when (Réc)
decreases, the interaction energy of the system is almost un-
changed, meaning that the morphological transformation
from the tube (Fig. 7a2) to the reversed asymmetric vesicle
(Fig. 7a3) is an entropy-driven process. Thereafter, (Réc) and
E, as well as the aggregate structure (i.e., the reversed asym-
metric vesicle) (Fig. 7a4) remain unchanged with further in-
creasing simulation time. In the case of slow-changing rate
with r.=0.001 shown in Fig. 7(b), it is seen that the interac-
tion energy of the system decreases, while (Réc) increases
within 1200 ts. During this time period, the initial asymmetric
vesicle (Fig. 7b1) transforms into the plane Janus lamella (Fig.
7b2). The same as the case of fast-changing rate, this process
is also an energy-driven process. Subsequently, to relieve the
entropic penalty caused by the chain stretching, the system
undergoes an entropy-driven process, during which the
plane Janus lamella changes slowly with time firstly to the
bow-shaped lamella (Figs. 7b3 and 7b4), and then to the final
reversed asymmetric vesicle (Figs. 7b5 and 7b6). In general,

no matter the hydrophobicity changing rate of the systems is
fast or slow, both systems will undergo an energy-driven pro-
cess first, then followed by an entropy-driven process during
the structure transformation from the initial asymmetric vesi-
cle to the reversed asymmetric vesicle. However, comparing
Figs. 7(a) and 7(b), we notice that when the hydrophobicity of
block C is changed rapidly, the chain stretching relaxes only
once, i.e., the relaxation of the chain stretching occurs when
300 ts<t < 600 ts, and the interaction energy of the system
remain unchanged in this chain relaxation process (Fig. 7a).
While when the hydrophobicity of block C is changed very
slowly, the polymer chains will become much more stretched
at the end of the energy-driven process (which can be de-
duced from the high value of (R3) at t=1200 ts shown in Fig.
7b), and the more stretched polymer chains exhibit two relax-
ation processes, which appears at 1200 ts<t < 3600 ts and
7000 ts<t < 8000 ts, respectively.

Reversibility of the Disassembly of the Initial
Asymmetric Vesicles

Whether the disassembly of the initial vesicles is reversible is al-
so an important issue concerned in experiments.>>?% Therefore,
in this subsection, in order to test the reversibility of the disas-
sembly, i.e., to test whether the A,B,CsA, tetrablock terpolymer
aggregates formed at different £, shown in Fig. 2 can be trans-
formed back to the initial asymmetric vesicles via changing the
hydrophobicity of block C back to egs =3.5, three typical
A,B,CsA, tetrablock terpolymer aggregates (Figs. 2b, 2e and 2h)
were selected, and two hydrophobicity changing rates, i.e., the
direct-changing rate (the hydrophobicity of block C is directly
changed from 525 back to 3.5), and the slow-changing rate with
r.s=0.001 are implemented. Fig. 8 shows the morphologies ob-
tained when the hydrophobicity of block C is changed from typ-
ical -5 (Figs. 8a-8¢) back to £25=3.5 after a sufficiently long
simulation time (t>10" ts). For the Janus lamella (Fig. 8a) and
the reversed asymmetric vesicle (Fig. 8b), it can be seen that the

https://doi.org/10.1007/510118-026-3778-3
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(a—c) Three typical aggregates with different s'cs obtained from the disassembly of the initial asymmetric vesicle. (a1-c1) and (a2-c2)

Morphologies of the aggregates evolved from (a—c) when the hydrophobicity of block C is changed from e‘cs back to 3.5 with direct- and slow-
changing rate (r,,=0.001), respectively. For clarity, only hydrophobic parts formed by blocks B and C are drawn in this figure.

aggregate morphologies remain unchanged (Figs. 8a1, 8a2, 8b1
and 8b2) when & is changed back to the initial value 525 =35,
no matter the changing rate is fast or slow. For the cylindrical
micelle (Fig. 8c), the Janus lamella (Figs. 8c1 and 8c2) was ob-
tained in the current simulations after ¢ is changed back to
the value of 3.5. In general, the simulation results shown in Fig.
8 indicates that the obtained morphologies disassembled from
the initial asymmetric vesicles by decreasing the hydrophobici-
ty of block C cannot be transformed back to the initial vesicles
by increasing the hydrophobicity of block C, which means that
the disassembly of the initial asymmetric vesicles is irreversible.
This phenomenon can be explained from the angle of energy.
When the interaction between block C and solvent S (i.e., the
hydrophobicity of block C) is decreased from the initial €25 =3.5
to a certain lower value stcs, the free energy of the system will
decrease consequently. Taking the reversed asymmetric vesicle
as an example, it can be seen from Fig. 7 that when the hy-
drophobicity of block C is decreased from the initial value
525:3.5 to the lower value - = 1.5, the interaction energy of
the system (E) apparently decreases from about 4.6x10* to
40x10* in both cases, whereas the mean-square end-to-end

distance values of the initial asymmetric vesicle and the re-
versed vesicle are almost the same (i.e., (Réc) = 36). Therefore,
the transformation from the initial asymmetric vesicle to the re-
versed asymmetric vesicle is a process that decreases the free
energy of the system. This means that the reverse process of the
disassembly (i.e., the transformation from the reversed asym-
metric vesicle to the initial asymmetric vesicle) will be a process
accompanied by an increase in the free energy of the system. It
should be noted that Ye and Yu et al.>?9 reported a light-trig-
gered reversible transformation from AB diblock copolymer
vesicle to cylindrical micelle in experiments, which is different
from our simulation results shown in Fig. 8. Besides the differ-
ent types of block copolymers adopted in their experiments and
in our simulations, this inconsistency between the experiments
and the current work can also be explained from the angle of
energy. It is known that the assembly/disassembly of a polymer
system is mainly a thermodynamically driven process, during
which some energy barriers have to be overcome. In experi-
ments, the morphological evolution generally occurs under a
stirring condition.l>>?? The imposed stirring in experiments can
provide an extra, other than the thermodynamic, driving force

https://doi.org/10.1007/510118-026-3778-3
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to help the aggregates overcome energy barriers to achieve the
transformation between different morphologies, especially in a
transformation process that leads to an increase in energy. As
mentioned above, the transformation from the reversed asym-
metric vesicle to the initial asymmetric vesicle is a process ac-
companied by an increase in the free energy of the system,
which needs to overcome some energy barriers to achieve.
However, in our simulations, except for the thermodynamic
driving force, no extra driving force was introduced in our simu-
lations to overcome the energy barriers during the morphologi-
cal transition. Therefore, the reverse process can hardly be
achieved spontaneously without any external disturbance. This
may be a reason why the disassembly of the asymmetric vesicle
studied in this work is irreversible.

Universality of the Current Study

In the current work, we have taken a tetrablock terpolymer
chain with a fixed chain length and composition as an example
to investigate the disassembly behavior of the asymmetric vesi-
cles formed by A,B,CsA, tetrablock terpolymers. The selection
and optimization of the total chain length and the length of
each block A are based on the experimental work reported by
Brannan et al*? More details for the length selection were pro-
vided in our previous simulation work.*? The influence of differ-
ent total chain lengths and block ratios (e.g., B/C length ratio) on
the disassembly behavior has not been explored. However, for
the effect of B/C length ratio, it can be seen from our previous
simulation works®'? that as the B/C length ratio increases from
7:5 to 8:4, the variations of self-assembly morphologies with the
change in g are quite similar. Analogously, at different B/C
length ratios, the disassembly morphologies of the vesicles with
the change in €. should also be similar on the whole. For the ef-
fect of the total chain length, Discher and Eisenberg have point-
ed out that the molecular weight (equivalent to the chain
length) of polymer chains mainly affects the fluidity of molecu-
lar chains.*® For example, a higher molecular weight may slow
down the rearrangement of polymers within aggregates and
delay the formation of the final morphology and structure of
aggregates. Therefore, in our simulation works, the total chain
length will mainly affect the time required for the system to
evolve from one morphology to another. In conclusion, as far as
the current ABCA terpolymer system is concerned, our simula-
tion results have a certain degree of universality.

CONCLUSIONS

The disassembly behavior of the ABCA tetrablock asymmetric
vesicles induced by the hydrophobic-hydrophilic transition of
block C was systematically studied using Monte Carlo simula-
tion. By gradually decreasing the hydrophobicity of block C, the
initial ABCA asymmetric vesicles were disassembled in the or-
der of Janus lamella, reversed asymmetric vesicle, toroid micelle,
ring-like micelle and cylindrical micelle. These aggregates disas-
sembled from the initial asymmetric vesicle state cannot be ob-
tained through the traditional self-assembly method from ho-
mogeneous states of the ABCA tetrablock terpolymers under
the same conditions. The simulation results show that although
the formation of the reversed asymmetric vesicles is indepen-
dent of the hydrophobicity changing rate of block C, the hy-
drophobicity changing rate has a significant effect on the disas-

sembly pathway of the initial asymmetric vesicle. It is also found
that the system will undergo an energy-driven process first,
then followed by an entropy-driven process during the disas-
sembly from the initial asymmetric to the reversed asymmetric
vesicles. Furthermore, the simulation results indicate that be-
cause the reverse process of the disassembly of the initial asym-
metric vesicles is a process of increasing the free energy of the
system, the disassembly behavior of the initial ABCA asymmet-
ric vesicles is irreversible. The present work not only deepens
the understanding about the disassembly behavior of the inho-
mogeneous vesicles formed by the ABCA tetrablock terpoly-
mers, but also provides new clues for fabrications of structure-
controlled polymer aggregates.
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