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Abstract Co-assembly of different block copolymers has emerged as a versatile strategy for constructing stimuli-responsive polymer nanostruc-
tures with broad applications in biomedicine. However, the spatial distribution of functional blocks and the structural transition of mixed assem-
blies under external stimuli remain insufficiently explored, limiting the rational design of efficient delivery systems with on-demand cargo load-
ing and release. Here, we systematically investigated the self-assembly behaviors of AB/BC mixture in solution using the dissipative particle dy-
namics (DPD) method. By varying the interaction parameters between different components, several classic morphologies were obtained, in-
cluding vesicles (V), multicompartment vesicles (MCV), and large compound micelles (LCM). Most importantly, the distinct hydrophilic blocks
(A/C) underwent microphase separation during the co-assembly process, yielding aggregates with patterns having different internal A/C distri-
butions, such as mixed, Janus (J), and A- or C-dominated (A/C) vesicles. Upon applying external stimuli, we tracked the dynamic rearrangement
process of blocks A and C, focusing on the inversion of the dominant internal block. The results revealed that kinetic factors significantly influ-
ence the inversion process, either accelerating, decelerating, or even freezing the structure. A kinetic-control mechanism for the inversion was
proposed, wherein the mobility of the hydrophilic blocks and the barrier effect of the hydrophobic layer can be tuned by adjusting the interac-
tion parameters (such as agc and ags), thereby governing the occurrence and kinetics of inversion. These findings can provide valuable insights in-
to the precise modulation of block distribution and rearrangement in stimuli-responsive aggregates, offering applications in controlled drug de-
livery and release processes.
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limited structural control, and high synthesis costs, hinder their
practical application. To overcome these limitations, co-assem-
bly of block copolymer mixtures has emerged as a promising al-
ternative strategy to construct functionally integrated and hier-
archically organized polymer nanostructures.'®'"l This ap-

INTRODUCTION

The self-assembly of block copolymers (BCPs) driven by non-co-
valent interactions (e.g., hydrophobic, van der Waals, electro-
static, and hydrogen bonding) enables the formation of nanos-

tructures with diverse morphologies and complex archi-
tectures.'~¥ These materials hold significant potential across a
range of fields, such as biomedicine,"~"! energy storage and
conversion,®! and microelectronics.””) In recent years, growing
functional demands have imposed higher requirements on the
compositional and geometric complexity of self-assembled
nanostructures, exceeding the capabilities of conventional sys-
tems like AB diblock copolymers. While designing block copoly-
mers with intricate topologies and novel components presents
one solution, challenges, such as complex assembly pathways,

* Corresponding authors, E-mail: mztian@petrochina.com.cn (M.Z.T.)
E-mail: wangrong@nju.edu.cn (R.W.)

Received February 28, 2026; Accepted April 29, 2026; Published online

June 26,2026

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

proach provides a pathway to introduce a second level of hier-
archy, offering advantages such as enhanced aggregate stabili-
ty, simple synthesis, and easier integration of functional build-
ing blocks.l'? Currently, co-assembly strategies based on block
copolymer mixtures have been widely employed in fields such
as nanomedicinel'>'!l and synthetic membranes.'>~'7! Espe-
cially in biomedical applications, the mixing strategy enables
improved drug loading, tighter size control, and the incorpora-
tion of multiple functionalities (e.g., pH sensitivity, temperature
responsiveness, and targeting ligands),['®=2% facilitating target-
ed delivery and controlled release of therapeutic payloads. Vari-
ous mixed systems have been developed for use in drug thera-
py,?"! gene delivery,?? and bioimaging.l?*

By employing co-assembly strategies and systematically
adjusting factors such as block composition and solvent

WWW.Cjps.org
link.springer.com


https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
mailto:mztian@petrochina.com.cn
mailto:wangrong@nju.edu.cn
http://www.cjps.org
http://link.springer.com

2 Zhang, Z. X. et al./ Chinese J. Polym. Sci.

properties, nanoparticles with diverse morphologies and
complex internal structures can be fabricated, including disk-
spheres,24! disk-cylinders,124 pupa-like multicompartment mi-
celles,[25] complex coacervate core micelles,2] and spotted
vesicles.27! Additionally, various auxiliary techniques are also
employed to modify interactions between blocks, such as hy-
drogen bonding,?8] small-molecule/ion additives,!2#27] and
homopolymer complexation.?) The synergistic behavior of
block copolymers in mixed systems holds great promise for
generating novel structures with unique functionalities. Con-
sequently, co-assembly mechanisms have attracted consider-
able research interest.39-331 Compared to experimental meth-
ods, computational simulations provide an opportunity to ex-
plore a broad range of parameter spaces and extended time
scales.34-38] For instance, Wang et al. used dissipative particle
dynamics (DPD) to construct multi-geometry nanoparticles
via the co-assembly of diblock copolymer blends, achieving
hybrid core/shell geometries by tuning the relative chain
lengths and volume fractions.’39

In copolymer mixtures, self-assembly is typically driven by
weak interactions with blocks that often contain stimulus-
sensitive segments. As a result, aggregates may undergo
structural transitions and segment rearrangements in re-
sponse to external stimuli, exhibiting dynamic and tunable
properties.*%41 This characteristic holds significant research
value for enhancing controlled encapsulation and triggered
drug release, and has been used to develop stimulus-respon-
sive drug delivery vehicles where drug release could be trig-
gered by endogenous or exogenous activation.*243 Howev-
er, the distribution of functionalized blocks within aggre-
gates formed through co-assembly remains insufficiently ex-
plored. The factors influencing structural transitions and un-
derlying regulatory mechanisms remain unclear, limiting the
development of advanced smart polymeric assemblies for
medical and biological applications.

In this work, we employed the DPD method to investigate
the co-assembly behavior of the binary AB/BC diblock copoly-
mer mixture in solution. By systematically varying the interac-
tion parameters, we examined their influence on the mor-
phology of the mixed assemblies and obtained several struc-
tures with different internal distributions of hydrophilic
blocks A and C. Subsequently, we tracked the dynamic rear-
rangement of the hydrophilic blocks induced by changes in
the interaction conditions and investigated the mechanism
governing the inversion of the dominant internal block. This
work is expected to provide valuable insights for the design
of novel drug vehicles tailored to meet functional require-
ments and specific applications.

METHOD AND MODEL

In this work, the DPD method was used to investigate the co-as-
sembly behavior of the mixed BCP system. DPD is a mesoscopic
coarse-grained simulation method extensively applied to study
the behavior of complex fluids due to its time-space scale and
satisfactory computational efficiency."**~*%) More details about
the DPD method can be found in Part | of the electronic sup-
plemetary information (ESI).

The simulation system consists of two different diblock
copolymers (AB/BC) that possess the same hydrophobic

blocks, so there are four different types of DPD beads: hy-
drophilic beads (A/C), hydrophobic beads (B), and solvent
beads (S) in the simulation system. Each diblock copolymer
chain consists of 13 DPD beads, and the A;Bo/ByC, mixture
was chosen to yield well-formed vesicles, as indicated by the
results in Figs. S1 and S2 (in ESI). The ratio of AB to BC is fixed
at 1:1. In the DPD simulations, the interaction cutoff radius r,
the bead mass m, and the thermostat temperature kgT are se-
lected as reduced units. We carry out the simulations in a cu-
bic box (V = 303) under periodic boundary conditions with the
number density p = 3. The friction coefficient y and the noise
amplitude o are set to 4.5 and 3.0, respectively. Each simula-
tion is performed at least 2x10%At to ensure equilibration,
where the time step At is set to 0.037 (1 = (mrcz/kBT)m). The
pairwise repulsive interaction parameter between DPD beads
of the same type is set to ag; = 25, whereas the interaction pa-
rameter a; between i- and j-type beads can be estimated
from the Flory-Huggins interaction parameter x; by a; = a; +
3.27x;*! All simulations are carried out using the parallel
simulation package LAMMPS,“8! and the software OVITO" is
used for visualization.

RESULTS AND DISCUSSION

In general, the co-assembly of AB/BC diblock copolymers is in-
fluenced by a large parameter space, such as the chain lengths
of the hydrophilic blocks, mixing ratio of the two BCPs, and in-
teraction between the solution and BCPs.F2°%°" |n this work, we
primarily focus on the effects of interaction parameters (a;) on
the morphology and internal structure of the mixed aggregates.
Subsequently, we simulate the change in block properties trig-
gered by external stimuli through dynamic adjustments of a;
and investigate the mechanism governing the structural transi-
tion of the aggregates.

By varying the interaction parameters between different
components, several classic morphologies are obtained, in-
cluding vesicles (V), multicompartment vesicles (MCV), and
large compound micelles (LCM). Microphase separation oc-
curs both on the outer surface and within the aggregates due
to the incompatibility between the two different hydrophilic
blocks. The contact between the surface A and C blocks in-
creases the repulsion outside the vesicle, which contributes
to maintaining the vesicle curvature.52 The confined internal
space of the aggregates further promotes microphase separa-
tion. Therefore, based on the spatial distribution of the two
types of hydrophilic blocks within the aggregates, the above
morphologies can be subdivided into several types of pat-
terned vesicles: mixed, Janus (J), and A- or C-dominated (A/C),
as shown in Fig. 1(a). The distribution and microphase separa-
tion of hydrophilic blocks within the aggregates can be fur-
ther identified by the radial distribution of blocks A and C and
the corresponding snapshots of A-V and C-V morphologies,
as shown in Figs. 1(b) and 1(c). The typical process of vesicle
formation in the AB/BC mixture follows the bilayer mem-
brane closure mechanism (Fig. S3 in ESI).

Effect of Interaction Parameters on Co-assembly
Morphology of Patterned Vesicles

Here, we simulate the effect of interactions between different
components on the co-assembly morphology by tuning the in-
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teraction parameters. Fig. 2(a) shows the morphological phase
diagram of the aggregates formed by the A;Bs/ByC, diblock
copolymer mixture by systematically varying a,c and acs. As the
repulsive interaction between block C and the solvent increases,
the aggregates generally transition from vesicles to multi-com-
partment vesicles. Moreover, block C gradually dominates the
inner region, indicating that the enhanced incompatibility be-
tween the hydrophilic block and solvent promotes its preferen-
tial distribution inside the aggregates. This is because more hy-
drophilic blocks are more extensively stretched in the selective
solvent, tending to accumulate on the outer layer of the aggre-
gates, where the spatial volume is larger. This increases contact
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with the solvent, thereby facilitating a reduction in the system’s
energy. duc reflects the incompatibility between blocks A and C,
and as ayc increases, progressively stronger repulsive interac-
tions between A and C blocks drive the microphase separation.
When a,c reaches a sufficiently high value (axc > 70), the interi-
or of the aggregate is almost entirely composed of either A or C
blocks, resulting in A-V and C-V morphologies. It is observed
that when properties of blocks A and C are set to be identical
(aag = agc = 50, axs = dcs = 26) and the repulsive interaction be-
tween A and C is sufficiently strong (anc = 100), vesicles with an
inner surface composed of either A or C blocks form with equal
probability, corresponding to the A/C-V region of the phase dia-
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Fig. 1 (a) Schematic model of the two co-assembled block copolymers AB/BC and cross-sectional slices of different patterned structures formed
by the mixture: mixed/Janus/A-dominated/C-dominated vesicles (mixed-V/J-V/A-V/C-V), mixed/Janus/C-dominated multicompartment vesicles
(mixed-MCV/J-MCV/C-MCV), and C-dominated large compound micelles (C-LCM). The red and blue beads represent hydrophilic blocks A and C,

respectively, while the hydrophobic blocks B are shown in yellow. The normalized radial distribution functions (411/ d)(r)rzdr = 1) of hydrophilic A

beads @,(r), hydrophilic C beads @(r), and hydrophobic B beads ®g(r) as a function of the distance r from the geometric center of the vesicles: (b) A-
V (apg=0pc=0aac=70, dps=30, dcs=26, ags=80) and (c) C-V (axg=0pc=50, dac=100, aps=26, acs=27, dgs=80), with polymer concentration ¢=0.10. The
insets show the corresponding snapshots and cross-sectional slices of the vesicles.
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Fig. 2 (a) Morphological phase diagram of the co-assembled aggregates formed by A,By/BoC, diblock copolymer mixture in terms of the

interaction parameters aac and acs with fixed parameters: ayg=ap=50, dxs=26, ags=80, and ¢=0.10. (b) Time evolution of the contact numbers, Nac
and Ngs, with acs=26 and a,=25/70/100. (c) Number of A clusters plus C clusters as a function of axc when acs=26. The insets represent the
snapshots of the patterned vesicles rendered by projection on spherical surface.
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gram.

To quantitatively characterize the microphase separation
process between blocks A and C, we first analyzed the time
evolution of the contact numbers (N) between block B and
solvent S (Ngs), and between blocks A and C (Ny(). As shown
in Fig. 2(b), Ngs drops rapidly at the beginning, indicating the
fast aggregation of the hydrophobic B blocks in the solvent,
which reduces the unfavorable interaction enthalpy with the
solvent and leads to the formation of the hydrophobic mem-
brane, and then Ny remains mostly unchanged until the end
of the simulation. A similar Ngs evolution trend is observed at
different values of a,c (= 25, 70, and 100), suggesting that the
overall aggregation degree is comparable. Meanwhile, N in-
creases significantly with time and reaches a steady plateau
after approximately 1.5x10%, indicating that the system has
reached equilibrium. Notably, a higher a,c results in a lower
Ny, reflecting the enhanced microphase separation. To fur-
ther quantify this effect, we also calculated the number of A
and C clusters at different values of a,c, as shown in Fig. 2(c).
With increasing repulsive interactions between blocks A and
C, the total number of A and C clusters decreases, indicating
an increase in the average cluster size and a higher degree of
segregation between the two blocks. The insets in Fig. 2(c)
display snapshots of the vesicle rendered by projection onto
a spherical surface, providing direct visual evidence of en-
hanced microphase separation. Based on these results, ayc=
70 was chosen for subsequent simulations to maintain mod-
erate, yet well-defined repulsive interaction between blocks A
and C.

Next, we investigated the effects of agc and ags on the co-
assembled morphologies, as shown in Fig. 3. When the repul-
sive interaction between blocks B and C is weak, multicom-
partment assemblies (e.g., C-MCV and C-LCM) are observed.
This behavior is closely related to the dynamic process of ag-
gregate formation. During the early stage collision and fusion
of small micelles, the weak repulsion between blocks B and C
facilitates the incorporation of C blocks into the interior of the
fused micelles. Continued fusion of these micelles ultimately
leads to the formation of multi-compartment structures with
internal C blocks. Increasing agc promotes the formation of
vesicular structures. With increasing ag, the repulsive interac-
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Fig. 3 Morphological phase diagram of the co-assembled

aggregates in terms of the interaction parameters ags and agc when
dpc =70, apg =50, dps =26, dcs = 26 and ¢ = 0.10.

tion favors the formation of disk-like micelles, which subse-
quently bend and close to form vesicles. It is observed that as
agc further increases, the fraction of C blocks distributed on
the inner surface decreases, resulting in a morphology transi-
tion from J-V to A-V. This trend can be attributed to the con-
fined interior of the vesicles, where spatial restriction en-
hances unfavorable contacts between the hydrophilic and
hydrophobic blocks. To minimize the system'’s energy, blocks
that are more incompatible with block B are disfavored on
the inner surface. As a result, C blocks show a preferential dis-
tribution on the outer surface of the vesicles at higher agc.
The parameter ags mainly affects the compactness of the hy-
drophobic membrane. Weaker repulsion between the hy-
drophobic block and the solvent (ags=50) produces a loosely
packed vesicle structure, accompanied by incomplete mi-
crophase separation and the formation of mixed-V structures.

The above results systematically present the effects of the
interaction parameters on the aggregation morphology
formed by the A,By/ByC, mixture. To introduce distinct prop-
erties between blocks A and C, in the following simulation
cases, we set the interaction parameters a,s=30 to endow
block A with weak hydrophilicity to facilitate subsequent ad-
justment of acs while maintaining the stability of the aggre-
gates, and axg=70 and ag=50 to introduce property differ-
ences between blocks A and C. Moreover, ags=80 was set to
endow block B with strong hydrophobicity.

Morphology Inversion Induced by External Stimuli
External stimuli (e.g., pH and temperature) can alter the physic-
ochemical properties of the stimuli-sensitive blocks, thereby in-
ducing structural transitions in the aggregates. By exploiting
this responsiveness, various stimuli-responsive block copoly-
mer assemblies have been developed as drug carriers, enabling
precise spatiotemporal control over drug delivery.”®! From the
investigations presented above, aggregates exhibiting distinct
internal distributions of hydrophilic blocks were observed.
These observations raise a key question: can external stimuli in-
duce inversion of the dominant internal block? To address this
question, we investigate the inversion process and the underly-
ing mechanisms governing the arrangement of the hydrophilic
blocks.

To investigate the effect of polymer concentration (p) and
the hydrophilicity of block C (ac) on the aggregation mor-
phology, we constructed a morphological phase diagram
shown in Fig. 4(a). Based on the phase diagram, ¢=0.06 was
selected for subsequent studies to enhance intra-aggregate
phase separation. The hydrophilicity of block C was tuned by
varying the interaction parameter acs from 26 to 36, which
mimicked the response of the block copolymer mixture to ex-
ternal stimuli. According to the phase diagram, representa-
tive morphologies with distinct internal distributions of the
hydrophilic blocks were identified. When acs=26, A blocks
predominantly occupy the inner surface of the vesicles (A-V).
With increasing acs, the enthalpy penalty of interaction be-
tween the hydrophilic C blocks and the solvent rises, driving
block C to preferentially localize within the aggregates (C-
LCM). It should be noted that, strictly speaking, the aggre-
gates formed at higher a5 do not correspond to the genuine
C-LCM structure. At the low polymer concentration of ¢=0.06,
the C blocks assemble into a single cluster within the aggre-

https://doi.org/10.1007/510118-026-3732-4


https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4
https://doi.org/10.1007/s10118-026-3732-4

Zhang, Z. X. et al./ Chinese J. Polym. Sci. 5

a ®JV ®AV vJMCV - C-MCV & C-LCM
014+ @ [ ] ¢ L 2
012 @ e o o
010 © o ¢ o o

S

008- © o 2 2 2 2

006 © ° * * * 2

004 @ L 2 L 2 L 2 2 2

o
dc
w
[e)}
T T T

C channel

A channel

d 36k
d 31*%‘1&\%
26

A-1 o A-2 o A3

S 31 Mode |
26 | . ! ) !
300 0 A1 O A20A3 AT AC2aC3

oS N
e

o

200

35
©
[J]
o)
o
c
[
£
O s
L 100 (&
o)
g 1004
2
0-I 1 1 1 1
6 9 12 15 18
t(x10%7)

Mode Il

CG1aCG2aC3

3 s
100 -3

Number of inner beads

6 9 12 15 18
t(x10%7)

Fig. 4 (a) Morphological phase diagram of the co-assembled aggregates formed in terms of the interaction parameter acs and polymer
concentration ¢ with a,c=70, axp=70, agc=50, dns=30, ags=80, and @ag=¢gc. Time evolution of the numbers of A and C beads located inside the
aggregates under (b) mode | and (d) mode Il from three parallel simulations. Mode I: initially, acs=26, after 6x10%, acs was increased by 1 every
3x103t until it reached 36, then maintained for 9x10%*. Mode I: initially, acs=36, after 6x10%, dcs was decreased by 1 every 3x103 T until it reached
26, then maintained for 9x10%r. The insets represent the cross-sectional snapshots of initial state (6x10*1), ramp-completed state (9x10%), and
equilibrated state (18x10%7), illustrating the transformation of internal composition of the aggregates during the process. All other parameters were
set as follows: ac=70, ang=70, apc=50, ans=30, ags=80, and pag=¢p=0.03. (c) A/C channel formed during the rearrangement process under mode .
The hydrophobic block B is rendered translucent for clarity and the arrows point to the channels.

gates, forming a central domain rather than distinct compart-
ments. Nevertheless, for convenience and clarity, the struc-
ture is still referred to as C-LCM.

To probe the response of the aggregates to external stim-
uli, two modes of parameter modification were designed:
mode | (initial acs=26) and mode Il (initial acs=36). After equi-
libration for 6x10%t to obtain the initial morphologies (A-V or
C-LCM), acs was varied stepwise over 3x104t to reach the fi-
nal values (36 for mode | and 26 for mode Il). The systems
were subsequently equilibrated for an additional 9x10% 1.

As discussed above, the increase in acs facilitates the mi-
gration of block C toward the interior of the aggregates. To
quantify this process, we analyzed the temporal variation in
the numbers of internally distributed A and C beads under
mode | and mode II, respectively, as shown in Figs. 4(b) and
4(d). The results show that, under mode |, the dominant block
within the aggregates undergoes an inversion, transitioning
from block A to predominant block C. In contrast, under
mode Il, the aggregate interior is consistently dominated by

block C. Under mode |, the inward migration of block C is gov-
erned by the coupled thermodynamic and kinetic effects. Rel-
ative to block A, the higher acs in combination with the lower
agc provides a thermodynamic driving force for the reloca-
tion of block C toward the aggregate interior. The lower ag¢
also corresponds to a lower free-energy barrier for transmem-
brane transport and higher mobility of block C. As a result, C
blocks traverse the hydrophobic membrane, leading to an in-
version of the dominant hydrophilic block within the aggre-
gate. Video S1 (in ESI) displays the dynamic rearrangement of
hydrophilic blocks observed in the simulation. Representa-
tive snapshots are shown in Fig. 4(c), corresponding to the
state in Fig. 4(b), where the number of hydrophilic beads ap-
proaches zero, indicating connectivity between the inner and
outer regions of the aggregate. For mode I, the “freezing” of
the aggregate structure can be attributed to analogous ther-
modynamic and kinetic factors acting in the opposite direc-
tion. In the initial C-LCM, the absence of encapsulated sol-
vent prevents the interior C blocks from interacting with the

https://doi.org/10.1007/510118-026-3732-4
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solvent, hindering their migration. At the same time, the low-
er agc thermodynamically favors the retention of block C
within the aggregate. Moreover, due to the higher aug, the
large unfavorable enthalpy of interaction with the hydropho-
bic layer formed by block B leads to the presence of kinetic
traps, which restrict the inward migration of A blocks. Overall,
the structural transition of the aggregates in response to ex-
ternal stimuli exhibits strong kinetic control over morpholo-
gy inversion.

Control of the Inversion Process

The structural asymmetry of aggregates with a dominant single-
block internal composition offers distinct advantages for
biomedical applications, including precise drug loading, target-
ing, and efficient release.*>*! The controlled inversion of the
dominant block triggered by external stimuli enables precise
tuning of the drug release process, allowing for either rapid or
sustained release to meet specific therapeutic needs and en-
hance treatment efficacy. To elucidate the regulatory mecha-
nisms underlying the rearrangement of hydrophilic blocks, we
conducted an exploration by varying the initial interaction pa-
rameters.

Specifically, while keeping other interaction parameters
constant, we either decreased the repulsion between blocks
A and B (apg) or increased the repulsion between blocks C and
B (agc), as shown in Fig. 5. The results show that when a,g de-
creases from 70 to 40, the dominant internal block under-
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goes an inversion in both modes and equilibrium is reached
more rapidly, as shown in Figs. 5(a) and 5(b). Under mode I,
the lower aug reduces the energy barrier for block A to tra-
verse the hydrophobic layer, enabling the stimulus-driven in-
ward migration of A blocks. The reduced resistance encoun-
tered by block A when traversing the hydrophobic layer also
enhances its mobility, which in turn accelerates the inversion
process. In contrast, when agc increases from 50 to 80, the
dominant internal block remains unchanged over the simula-
tion time, as shown in Figs. 5(c) and 5(d). In this case, block C
has difficulty in crossing the hydrophobic layer under both
modes. These results further confirm the energy barrier effect
of the hydrophobic layer on the inversion of the aggregates.
The interactions between the hydrophilic and hydrophobic
blocks regulate the response of the aggregate to external
stimuli.

The intrinsic hydrophobicity of the hydrophobic layer also
contributes to the energy barrier that blocks A and C must
overcome during rearrangement.[*!) To examine its influence
on the dynamic process, the initial interaction parameter be-
tween the hydrophobic block B and the solvent (ags) was var-
ied, as shown in Fig. 6. Figs. 6(a) and 6(b) demonstrate that,
under mode |, decreasing ags accelerates the inversion pro-
cess. At ags=50, equilibrium is reached at an earlier stage,
with the dominant internal block transitioning from A to C.
This behavior can be attributed to the reduced repulsion be-
tween block B and the solvent, which loosens the packing of
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Fig. 5 Variations of the number of A, C, and S beads located inside the aggregates with time under (a) mode | or (b) mode Il when a,z=40 and
agc=50. Variations of the number of A, C, and S beads located inside the aggregates with time under (c) mode | or (d) mode Il when a,z=70 and

agc=80. Parameters were set: a,=70, dys=30, ags=80, and ¢ag=pp=0.03.
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Parameters were set: ayc=70, app=70, dgc=50, dps=30, and ¢ pg=@g=0.03.

the hydrophobic layer, lowers the energy barrier for hy-
drophilic blocks to traverse the membrane, and facilitates
their migration. In addition, as shown in Fig. 6(c), the number
of solvent beads located inside the aggregate exhibits only
minimal variation during the inversion process. Under mode
I, when ags ranges from 60 to 90, the dominant internal block
remains almost unchanged, as shown in Figs. 6(d) and 6(e). In
contrast, a clear inversion phenomenon is observed at dgs=
50. This indicates that a sufficiently low ags significantly weak-
ens the barrier effect of the hydrophobic layer, thereby in-
creasing membrane permeability and enabling migration of
hydrophilic blocks. Another interesting finding is that, as
shown in Fig. 6(f), as ags decreases, more solvent beads pene-
trate the aggregate, enhancing solvent contact with internal-
ly distributed C blocks, which alleviates the energetic strain
caused by kinetic traps.

CONCLUSIONS

In conclusion, this study systematically investigates the co-as-
sembly behavior and structural transitions of a binary mixture of
AB/BC block copolymers in dilute solution. By modulating the
interaction parameters, we elucidate their effects on aggregate
morphology and characterize the phase separation of hy-
drophilic blocks A and C. We observed a variety of structures, in-
cluding vesicles, multicompartment vesicles, and large com-
pound micelles, with different patterns of internal distributions
of blocks A and C. Furthermore, treating variations in the repul-
sion between the hydrophilic block C and the solvent (acs) as an
external stimulus, two distinct dynamic modes (mode | and
mode ll) are established to examine the reversibility of the dom-
inant block within the aggregates. The results indicate that the

barrier effect of the hydrophobic layer restricts the rearrange-
ment of the hydrophilic blocks, leading to kinetic traps and
structural “freezing”. By tuning the interaction parameters be-
tween the hydrophilic and hydrophobic blocks as well as be-
tween the hydrophobic block and the solvent, the mobility of
the hydrophilic blocks and the barrier effect of the hydrophobic
layer can be effectively regulated, thereby controlling the occur-
rence and kinetics of inversion. This mechanistic framework en-
ables deliberate acceleration or deceleration of the inversion
process and provides a means to “unfreeze” otherwise kineti-
cally trapped aggregate structures. The controllable inversion of
asymmetric aggregates revealed here establishes a theoretical
foundation for the design of stimuli-responsive drug delivery
systems, offering a pathway toward the advancement of con-
trolled drug delivery and release technologies.
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Using DPD simulations, we revealed a kinetic-control
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uli. The occurrence and kinetics of inversion are con-
trolled by adjusting key interaction parameters that influ-
ence the mobility of the hydrophilic blocks and the barri-
er effect of the hydrophobic layer.
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