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pH-induced morphological transition of
aggregates formed by miktoarm star polymers in

dilute solution: a mesoscopic simulation study
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The self-assembly of miktoarm star polymers p-A(B(D)),C, in a neutral solution and the pH-responsive behaviors
of vesicles and spherical micelles in an acidic solution have been investigated by DPD simulation. The results
show that the self-assembled morphologies can be regulated by the lengths of pH-responsive arm B and
hydrophilic arm C, leading to the formation of vesicles, discoidal micelles, and spherical micelles in a neutral

solution. The dynamic evolution pathways of vesicles and spherical micelles are categorized into three

stages: nucleation, coalescence, and growth. Subsequently, the pH-responsive behaviors of vesicles and
spherical micelles have been explored by tuning the protonation degree of pH-responsive arm B. The
vesicles evolves from nanodisks to nanosheets, then to nanoribbons, as the protonation degree increases,
corresponding to a decrease in pH value, while the spherical micelles undergoes a transition into worm-like

micelles, nanosheets, and nanoribbons. Notably, the electrostatic interaction leads the counterions to form
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a regular hexagonal pattern in nanosheets, while an alternative distribution of charged beads has been

observed in nanoribbons. Furthermore, the role of the electrostatic interaction in the morphological transition
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1 Introduction

Miktoarm star polymers have attracted great attention due to
their unique self-assembly behavior and potential applications
in fields such as drug delivery, nanoreactors for catalysis, and
biomaterials."”” Compared with linear polymers, the diversity in
chemical composition, molecular weight, and functionality of
miktoarm star polymers endows them with unique supramo-
lecular assembly capabilities.® For instance, a variety of non-
concentric multicompartment micelles such as hamburgers,
segmented worms, and polygonal bilayer sheets have been
observed in aqueous solutions of ABC miktoarm star polymers,
which can be tuned by varying the relative length of each block
and the interaction between arms.®

Stimuli-responsive miktoarm star polymer can be con-
structed by arm-first or core-first methods.** A variety of stimuli
have been exploited to control the self-assembly behavior by
alterations in their chemical or physical properties, such as
temperature,'®'* light'> and pH responsive.*'* For example,
miktoarm star polymers containing nitrogen on its constituent
monomers usually exhibit specific pH responsiveness due to the
protonation. Poly[2-(diethylamino)ethyl methacrylate] (PDEA)
has been used as an acidic pH sensitive polymer to synthesize
pH-sensitive amphiphilic A,(BC), miktoarm star polymers with
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electrostatic potential for associates.

has been elucidated through the analysis of the distribution of positive and negative charges, as well as the

different block ratios." In particular, star-[poly(ethylene glycol)-
polystyrene-poly[2-(N,N-diethylamino)ethyl methacrylate]] (u-
PEG-PS-PDEA) with a series of molecular weight (M,,) of PDEA
chains were synthesized and their assemblies changed from the
large compound vesicles into different nanostructures deter-
mined by the M, of PDEA after CO, stimulation."” Besides,
poly(t-histidine) (PHIS) have also been used as a pH-responsive
polymer due to the presence of nitrogen of imidazole ring on its
constituent monomers.'®” A pH-sensitive polymersomes
formed by miktoarm star polymer PEG-PHIS, can change to
cylindrical micelles, spherical micelles, and finally unimers
with the decrease of pH value as a result of the gradual
protonation of the imidazole groups on PHIS chains.

The mesoscopic theory and simulation become a very suit-
able way for the research of the self-assembly'®** and pH-
responsive behavior***? of star polymers. The dynamic density
functional theory has been applied to investigate the equilib-
rium phase patterns of star block copolymers, and some novel
ordering microstructures were observed.’® The self-assembly
behavior of symmetric star-like block copolymers (A,),(B,),C
in dilute solution was investigated by Brown dynamics simu-
lation.**** It is found that the lamellar worm-like structures can
be assembled via the aggregation of soft Janus particles and the
morphology can also be influenced by the incompatibility
between the two components and solvent conditions. With the
increase of solvophobic arms of miktoarm polymers, unique
multicompartment aggregates including nanosheets and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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vesicles composed of lateral patterns were formed by miktoarm
star terpolymers*>* and quaterpolymers,* respectively. These
simulations systematically analyzed the effect of polymer
molecular composition, arm length, and interaction strength
between arms on the self-assembled nanostructures, which
provided a strategy to control the self-assembled structure for
experimental research. Furthermore, the complicated kinetics
pathway of the multicompartment vesicles formed from mik-
toarm star terpolymers has been discussed in detail through
external potential dynamics (EPD)** and dissipative particle
dynamics(DPD)* simulations. Meanwhile, the effect of pH on
the morphological transition®-** of polymeric micelles and the
drug release®***° from drug-loaded micelles have been studied
by tuning the degree of protonation and ionization of the pH-
sensitive polymers in acidic and alkaline environments. For
example, Nie et al. found that the degree of swelling of micelles
formed by pH-sensitive four-arm star triblock polymers
increases as the pH value decrease from 7.4 to 5.*” Another
notable example is the study of drug-loaded micelles assembled
by A,(BC), miktoarm star polymers, where the authors found
that the drug release process via a swelling, demicellization,
and releasing mechanism."

The tumor's extracellular pH is lower than those of most
normal tissues and blood stream (pH 7.4) ranging of approxi-
mately 6-7, while a more pronounced decline in pH can be
found in the tumor's intracellular compartments, such as
endosomes (pH 5.5) and lysosomes (pH 4.5).** However, as an
excellent targeting drug carrier the phase behaviour of mik-
toarm star polymers in the aqueous solution at different pH
environments is rarely explored through computer simulation.
In addition, the endeavor was mostly given to the study of pH-
responsive behavior of spherical micelles, while there are few
results on vesicle”* formed by miktoarm star polymers. Finally,
the effect of the electrostatic interaction on the pH-responsive
behavior is also a fascinating issue. The pH-responsive mech-
anism of aggregates self-assembled by miktoarm star polymers
still need to be demonstrated in depth. Motivated by the context
described above, we have carried out a series of DPD simulation
to explore the mechanism of morphological transition. The
effect of the length of pH-responsive and hydrophilic arms on
the aggregates formed by miktoarm star terpolymers in
a neutral aqueous solution has been investigated, as well as
their dynamics evolutions. Next we focus on the pH-responsive
behavior for vesicle and spherical micelle by tuning the
protonation degree of pH-responsive arm. As a result the
aggregates formed in a neutral condition can transform to three
kinds of associates in an acid environment. The role of elec-
trostatic interaction in morphological transition has been dis-
cussed by the distribution of the charged beads and the
electrostatic potential for associates.

2 Method and model details
2.1 DPD theory

DPD simulation method***** has been extensively applied to
investigate the phase behavior of complex fluids, such as poly-
mer solutions, colloidal solutions, liquid crystals, and
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biological systems. In the method, one DPD bead represents
a group of atoms and the motion of all beads obey Newton's
equation of motion. The force on a bead i include conservative
forceFy, dissipative force Fi7, random force Fy. The three forces
vanish beyond a certain cutoff radius r., whose value is usually
set to one unit of length in simulations. The conservation force

for non-bonded beads is defined by soft repulsion:

where a;; is the interaction parameter between beads i and j,
which reflects the chemical characteristics of interacting beads;
w(ry)is the weight function, and 7y = F; — F, ry = |Fy, 7y = Fylry.
The dissipative force corresponding to a frictional force
depends on both the position and relative velocities of the
beads and the random force is a random interaction between
bead i and its neighbor bead j. These two forces act together as
the inherent thermostat that determines the system tempera-
ture and are expressed by

FP = —yoP(ry) @y i)y = —y(1 — rglr)* @y i)y (2)
=R

F; = o (r,-j)Ei,At’%fl-j =o(l - r,-j/rc)El-/-At’%f,-j (3)

where v"; = v~; — v7;, v and ¢ define the amplitude of the
dissipative and the random forces, w"(ry) and w"(ry) are the
weight functions, &; is a random number with zero mean and
unit variance. To satisfy the equilibrium Gibbs-Boltzmann
distribution and the fluctuation-dissipative theorem, the
following two relations are required:

WP(ry) = [R)), 0 = 2vkgT (4)

The combination with the bead-spring model makes DPD
very appropriate for simulations on structure and dynamics of
polymer system. The intramolecular interaction between
bonding monomers is given by harmonic forces. If beads i and j
are connected, the bond force is given by

F = —k(ry — ro)fy (5)

where k; is the spring constant and r, is the equilibrium bond
length.

In order to explore the phenomena of charged system at
mesoscopic level, the inclusion of the electrostatic interaction
in DPD method is essential. According to Gonzalez-Melchor,*
the electrostatic force F}j and electrostatic potential Uy are
expressed as

_E I'q;q; 6\ s
Fy= 47'cr,-,:/2 {1 [1+26ry (1 + Bry) Jexp 7 } 7 (6)
Fq;q —20r
Uf = g [1 = (1 Br)exp ] )

where I' = €’/kgTeoert, € is the elementary charge; eois the
vacuum permittivity and &, is the relative permittivity of
medium; q is the bead charge; 3 = 5r./84, Ais the decay length of
charge in the Slater smearing charge distribution which means
that bead charge spread out over a finite volume:
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p(r) = gexp(=2r/N)imTA’ (8)

In fact, the repulsive interaction parameter a; between
different DPD beads is determined by the underlying atomistic
interaction when the coarse-grained model of molecule has
been established. Groot and Warren** proposed the linear
relationship with Flory-Huggins x; parameter for p = 3.0

where a;; is repulsive parameter between the same beads and
equals to 25. Flory-Huggins parameter x; can be obtained from
molecular simulation or experimental measurements.

2.2 Model and parameters

The DPD model of miktoarm star polymers with a pH-
responsive arm in aqueous solution is described in this
section. Considering the application of miktoarm star polymer
in drug delivery, poly(caprolactone) (PCL) and poly(ethylene
glycol) (PEG) is selected as a hydrophobic and hydrophilic arm
owing to good biocompatibility.*® Referring to the coarse-
grained method by Lin et al.,"* PCL and PEG are divided into
beads A and C, respectively. PDEA is selected as pH-responsive
arm and divided into two kinds of beads, B in the main chain
and D in the side chain. As shown in Fig. 1, the miktoarm star
polymer is named as p-A{B(D)),C, where i, j, and k are the
length of the hydrophobic, pH-responsive, and hydrophilic arm,
respectively. In an acidic condition, bead D is protonated and
represented by bead DH. A hydrophobic center of miktoarm star
terpolymer is represented by a single bead O. One bead W
stands for three water molecules. To preserve charge neutrality
in the solution, counterions CI are added into solution when the
protonation of bead D takes place.

The choice of the interaction parameters a; in Table 1 in
this work is made following the calculation of a previous
publication by Lin et al.,”* who carried out molecular
dynamics simulation to obtain Flory-Huggins parameters.
Using these parameters and combining with experiments,

Protonation

T —> JEEEEES
\_T_l (

J

@ 4, hydrophobic C B, hydrophobic © G hydrophilic

© D, hydrophobic © DH, protonated D O, hydrophobic

Fig. 1 Schematic illustration of the miktoarm star polymer p-A(-
B(D));Cx with a pH-responsive arm. White, red, yellow, cyan, gray and
green represent O, A, B, C, D and DH beads, respectively. The meaning

of colors in this figure is suitable for all figures in this paper.
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their DPD simulations have been applied to investigate the
structure-property relationship of micelles formed by A,(BC),
miktoarm star polymers. The parameters a; of bead CI with
other beads are identical to those with bead W except that
bead CI carries one negative unit charge.***” The setting of
parameters a; of bead DH with other beads are same with
bead D except that bead DH carries one positive unit charge.
The relationship between pH value and protonation degree of
pH-responsive arm is built by the Henderson-Hasselbalch
formula:*"*®

1

R T T

(10)
where oy is the protonation degree and pK, = 6.9. It means that
oy depends on the pH value of the solution. At the same pH
environment, o+ remain unchanged when the system reaches
an equilibrium state. At a neutral environment (pH = 7.4), there
is no protonated bead D and the protonation degree equals to 0.
With the decrease of pH value, more beads D obtain protons
and the protonation degree reaches greatest at pH = 5.0.

A simulation box of 40 x 40 x 40 r. with periodic
boundary condition is sufficient to avoid the finite size effects,
containing 1.92 x 10° beads at p = 3. The integration of the
equation of motion was carried out using the velocity-Verlet
algorithm with a time step A¢ = 0.05. We select the cutoff
radius, the bead mass, and the temperature as the units of the
simulation system, i.e., r. = m = kgT = 1.0. The friction
coefficient v and the noise amplitude o were set to be 4.5 and
3.0, respectively. For the harmonic spring potential, the spring
constant k; = 4 and the equilibrium distance r, = 0.* The
decay length A = 0.67 and the smearing coefficient § = 0.929 is
commonly used, which represents a large part of the smeared
charge outside the DPD bead.*” The permittivity coupling
constant I' is set as 13.87, which corresponds to an aqueous
environment. In the Ewald sum approach, the electrostatic
force was truncated at rcele = 3.0, real-space convergence
parameter « = 0.975, and reciprocal vector range n,,.x = (5, 5,
5),’° which are chosen empirically for computational effi-
ciency.*>** The choice of the electrostatic parameters in our
simulations is based on significant theoretical and simulation
results, and the simulation results are not a consequence of
this selection. The simulations were performed in a canonical
ensemble and carried out with DL_MESO mesoscopic simu-
lation package®® and the images were made with VMD>
software.

Table 1 The interaction parameters aj in this work (unit: kgT)

a A B C D DH o w c1
A 25

B 27 25

C 37 28 25

D 26 30 46 25

DH 26 30 46 25 25

o 28 35 53 26 26 25

w 53 35 26 37 37 82 25

c1 53 35 26 37 37 82 25 25

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion

In this section, we fix all the interaction parameters in Table 1 and
firstly study the effect of the length of pH-responsive and hydro-
philic arm (by varying j and & from 5 to 20) on the morphologies
and their dynamics evolution of miktoarm star polymer p-Af-
B(D)),C; in the neutral(ayy = 0) dilute solution. To simplify the
parameter space, the length i of hydrophobic arm A is fixed at 10
and the volume fraction of polymers is set as @, = 0.1. Secondly,
we further discuss the pH-responsive behavior for vesicles and
spherical micelles by tuning the protonation degree a4y from 0 to
100%, corresponding to the decline in pH from 7.4 to 5.0. The role
of the electrostatic interaction in the morphology transition has
been demonstrated by the radial distribution function of positive
and negative charges and the electrostatic potential for associates.

3.1 Morphological phase diagram of miktoarm star
polymers in a neutral solution

Huo et al. found that when the length of pH-responsive arm
PDEA in amphiphilic star polymers p-PEG-PS-PDEA changes,
polymers self-assembled into vesicles or spherical micelles with
different sizes.” On the other hand, the aggregate geometry of
polymers in solution can be regulated by the hydrophilic mass
fraction.”” In view of the above two factors, we firstly explore the
effect of the length of pH-responsive and hydrophilic arms on
the morphologies and their dynamics evolution. Fig. 2 gives the
morphological phase diagram of p-A{B(D)),C, in the neutral
solution as a function of two lengths j and k. As shown in Fig. 2,
vesicle, discoidal and spherical micelles are observed in our
simulation and the phase diagram is mainly occupied by
spherical micelles. As the length k of the hydrophilic arm C
decreases from 20 to 5 at j = 20, the self-assembled structure
changes from spherical micelles to discoidal micelles and then
to vesicles. However, there is no too much effect of the length j
of pH-responsive arm changes on the morphologies in the
phase diagram. The distributions of hydrophobic and hydro-
philic arms in three kinds of aggregates are shown by the

(a) Vesicle

0680000

stosooo o

0l @ #0000

Jj, length of hydrophobic arm B

5 7 10 12 15 20
k, length of hydrophilicarm C

© Vesicle ) Disk O Sphere Yy Disk+Sphere

(c) Sphere

Fig. 2 Left, morphological phase diagram of p-A(B(D)),C in a neutral
solution and corresponding morphologies represented by the
symbols. Right, the morphologies and sectional images for three kinds
of aggregates. (a)—(c) refer to the vesicle, disk, and sphere structures,
respectively.
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sectional view in Fig. 2(a)-(c). Due to the repulsive interaction
between hydrophobic arms is weak (a,g = 26 and a,p = 27),
multicompartment structure does not appear in our results and
the hydrophobic domains of aggregates are composed by the
mixture of arms A, B and D in the three kinds of aggregates.
When the length j of the pH-responsive arm increases from 5
to 20 at k = 5 in Fig. 2, only vesicles can be formed by star
polymers in solution. In order to understand the influence of
the length j on vesicles, the density profiles of four kinds of
beads A, B, C and D with the radii around the mass center of
vesicle were calculated and shown in Fig. 3(a). According to the
density profiles, the inner and outer parts are hydrophilic layers
formed by arm C, and the middle part is hydrophobic domain
composed by arm A and arm B grafted by D. With the increase of
length j, the left peak position in density profile of bead C
translocates from 4 to 2, indicating that the cavity size in vesicle
decreases obviously. Additionally, there are significant differ-
ence in the density profiles of hydrophobic domain when the
length j changes. Atj = 5 in Fig. 3(a), the center of hydrophobic
domain is occupied by bead A and the double peaks in density
profiles of beads B and D show that arm B grafted by D is closer
to the edge of the hydrophobic domain. Interestingly, the
reversal of density profiles in hydrophobic domain of vesicles
takes place when the mass fraction of pH-responsive arm
increases. At j = 15 and 20 in Fig. 3(b) and (c), the center of
hydrophobic domain is occupied by arm B grafted by D, and the
double peaks in density profiles of bead A show that arm A is
squeezed to the edge of the hydrophobic domain. The vesicle
size is characterized by the gyration radius R, of aggregate:>

(11)

where N is the total number of beads in the aggregate; r; and 7oy,
are the position vector of a bead and the center of mass of the
aggregate, respectively. In our simulation, polymer chains are
considered as a part of aggregate if the smallest distance between
their two hydrophobic beads is less than 1.5. Fig. 3(d) shows that
the R, of vesicle decreases from 9.24 to 9.05 with the increase of ;.
We notice that as the arm length increases from 5 to 15 there is
a sharp decrease in the R, value. However, when the arm length
increases from 15 to 20, the decrease in R, is comparatively much
smaller. The physical reason behind this behavior is closely related
to the composition ratio ¢ of hydrophobic beads in miktoarm
polymer, which can be calculated by the following formula:
po iTUF]

= = 12
i+2j+k+1 (12)

where i, j, and k are the length of the hydrophobic arm, pH-
responsive arm, and hydrophilic arm respectively. According to
eqn (12) at =10 and k=5, we plot the curve of ¢ with the arm
length j in Fig. 3(d). It can be seen that with the increase of j, ¢
changes nonlinearly. From 5 to 15, ¢ increases rapidly, and the
corresponding R, decreases rapidly. From 15 to 20, ¢ increases
slowly, corresponding to a slow decrease in Rg. It follows that
the nonlinear increase of the composition ratio ¢ of hydro-
phobic beads leads to the nonlinear decrease of R,.

RSC Adv, 2024, 14, 24240-24249 | 24243
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Fig.3 The density profiles of four kinds of beads A, B, C and D with the radii around the mass center of vesicle at arm lengths k =5: (a) j = 5; (b) j =
10; (c) j = 15. (d) The variation of Ry and the composition ratio ¢ of hydrophobic beads in miktoarm polymer with the arm length j.

In order to give in-depth understanding on aggregates
formed by miktoarm star polymers u-A,(B(D))/Ck, the dynamic
evolutions of vesicles and spherical micelles, have been inves-
tigated by calculating mean gyration radius (R,) and number of
aggregates at different stages. Firstly, Fig. 4(a) gives the varia-
tions of (Ry) and number of aggregates with simulation steps for
vesicles formed at arm lengths j = 15 and k = 5. Throughout the
dynamic process, (Ry) increases while number of aggregates
decreases in a stepwise way. The nucleation stage takes place in
a very short period from the disorder initial state to 2.0 x 10*
steps in Fig. 4(al), and polymers in solution form many small
spherical micelles and (R,) is about 3. The following stage is
from 2.0 x 10* to 1.4 x 10> steps and small spherical micelles
begin to coalesce into lamella which can be seen in Fig. 4(al)
and then fold into small vesicle in Fig. 4(a2). Ultimately from 1.4
x 10° to 2.0 x 10° steps, small vesicle grows into the stable
vesicle in Fig. 4(a3) by fusing the residual spherical micelles.
After 2.0 x 10° steps the value of (R,) and the number of
aggregates almost keep constants, which clearly shows that the
system reaches equilibrium. These results indicate that the
formation of vesicles follow three stages, which are of nucle-
ation, coalescence, and growth. Secondly, Fig. 4(b) gives the
variations of (R,) and number of aggregates with simulation
steps for spherical micelles formed at arm lengths j = 20 and &
= 15. The dynamic evolution of spherical micelles also
undergoes nucleation, coalescence, and growth according to
Fig. 4(b1)-(b3). At 2.0 x 10 steps in Fig. 4(b1), it can be seen
that small spherical micelles begin to coalesce into worm-like
micelle. After the coalescence of small spherical micelles,
a longer stable period can be seen from 1.0 x 10° to 3.2 x 10°
steps, because a longer hydrophilic arm C can better screen the
influence of solvents on hydrophobic domain and make the

micelles more stable. At 3.2 x 10° steps, (R,) increases from

24244 | RSC Adv, 2024, 14, 24240-24249

about 5.3 to 6.1 due to the fusion of spherical micelles. In
a word, the different evolution stages of vesicle and spherical
micelle are accurately divided according to the variations of (R,)
and number of aggregates with simulation steps and they both
obey the same formation mechanism, that is, nucleation, coa-
lescence and growth.

3.2 Effect of pH values on vesicles and spherical micelles

The vesicles formed at arm lengths j = 15 and k = 5 in Fig. 4(a3)
are selected to study the mechanism of morphological transi-
tion at different pH values, and five values of «y+ (i.e. 20%, 40%,
60%, 80%, and 100%) are simulated, corresponding to the
decline in pH value from 7.4 to 5.0. The initial and equilibrium
snapshots for systems with oy = 20%, 60%, and 100% are
presented in Fig. 5(a)-(c), respectively. When ay+ = 20% in
Fig. 5(al), green protonated beads DH can be seen in the
hydrophobic wall of vesicles. The electrostatic interaction
makes the counterions CI with negative charge in solution enter
the vesicle, resulting in the collapse of vesicles and trans-
forming to a nanodisks as shown in Fig. 5(a2). In order to
explicitly show the microstructure of nanodisks, the hydro-
phobic beads A, B, and D are given in Fig. 5(a3), and the charged
beads DH and CI are shown in Fig. 5(a4), respectively. It is worth
mentioning that beads CI in nanodisks gather into a few small
negative charge domains surrounding by protonated beads DH.
With the increase of oy to 60% in Fig. 5(b1), the number of
beads DH is more than beads D in arm B of polymers and more
beads CI exists in solution, which means that the electrostatic
interaction becomes stronger in the system. As shown in
Fig. 5(b2)-(b4), when ay: = 60% vesicles changes into nano-
sheets and the negative charge domains formed by beads CI
embedded in nanosheets in a regular hexagonal arrangement.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The variations of number of aggregates and mean gyration radius (Ry) with simulation step and the corresponding dynamic evolution: (a)
vesicle formed at arm lengths at j = 15 and k = 5; (b) spherical micelle formed at arm lengths at j = 20 and k = 15. Solvents and beads O are

omitted for clarity.

When ag+ = 100% in Fig. 5(c1), a full protonation takes place in
the pH-responsive arm B of polymers and the number of beads
CI in solution reaches at maximum. Under the strong electro-
static interaction, vesicles transform to the nanoribbons as
shown in Fig. 5(c2)-(c4). Meanwhile, some small droplets
formed by polymers have also been observed in Fig. 5(c2), which
are a part of products of dissociation. According to Fig. 5(c4),
beads CI and DH are alternatively distributed in nanoribbons,
and the hydrophobic domains are connected by beads CI.
Interestingly, a similar morphological transition has been
observed in experiments.”> By purging CO,, the PDEA proton-
ation of miktoarm star polymers u-PEG-PS-PDEA makes vesicles
or spherical micelles change into nanosheets, nanoribbons and
nanodisks with the increase of M,, of PDEA. The similar results
in experiment and simulation originate from the same physical
mechanism, ie. the introduction of the electrostatic interac-
tion. We think that with the increase of «y+, the electrostatic
interaction gradually overcomes the hydrophobic interaction to
dissociate vesicle, and the ordered arrangement of protonation
beads DH and counterions CI builds up a basic frame of the
association in equilibrium.

For further discussion on the associations in an acidic
condition in Fig. 5, the radial distribution function g(r) is used
to analyze the distribution of polymer beads and charged beads
for characterization of the compatibility of different compo-
nents. The function g(r) gives the probability of finding a pair of
beads with a distance r apart. The r corresponding to peak of
RDF curve reflects the distance between two kinds of beads.
Fig. 6(a) shows the radial distribution function g(r) between
hydrophobic beads A and B at different values of ay-. In the

© 2024 The Author(s). Published by the Royal Society of Chemistry

systems with oy = 20% to 60%, the first pronounced peak at r =
0.95 and the secondary peak at r = 1.75 in RDF curves show that
most of beads B appears very close to beads A, which implies
that the miscibility between beads A and B is not affected by the
electrostatic interaction at the relative weak acid condition.
However, in the systems with o+ = 80% and 100%, the first
peak follows by a broad and slowly decaying shoulder in the
region from 2 to 8, which means that the microscopic phase
separation between beads A and B occurs with the enhance-
ment of the electrostatic interaction. From Fig. 6(a), we also find
that the RDF curve for ay+ = 20% decays more sharply
compared to other ay+ values. ay+ = 20% represents weak
protonation of pH-responsive arm and weak -electrostatic
interaction, and vesicles transforms into nanodisks. Because
the miktoarm polymers of nanodisk still very concentrated in
solution, beads A and B distribute in a small space, and the
peak value of gap(r) is high and decreases rapidly with the
increase of coordinate r. As the degree of protonation increases,
the electrostatic effect becomes stronger, vesicles change into
nanosheets or nanoribbons, the distribution range of beads A
and B in solution becomes larger, so the peak value of gg(7)
shifts to the right and decays slowly with the increase of coor-
dinate r. From this observation, we think that the weak elec-
trostatic interaction (high pH value) leads to the formation of
nanodisks, while the strong electrostatic interaction (low pH
value) make vesicles transform into nanosheets or nano-
ribbons. The g(r) at long distance in Fig. 3(a) does not
approaches 1, which reflects that the distribution of the mik-
toarm polymers of nanodisks, nanosheets, and nanoribbons in
solution is nonuniform in the simulation box. The function g(r)
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between charged beads CI and DH is shown in Fig. 6(b). The
shape of RDF curves in Fig. 6(b) present an oscillating pattern
and the highest peak appears at about r = 4.0. The oscillating
pattern is closely associated with the ordered arrangement of
charged beads CI and DH in Fig. 5(a4)—(c4). At o+ = 20%, the
RDF curve is slightly shifted to left side, and the peak at about r
= 4 is highest in all curves, which indicates that the charged
beads arrange more compactly in nanodisks in Fig. 5(a4). The
rest of RDF curves are almost same, demonstrating that the

10

distance between beads CI and DH is same both in nanosheets
and in nanoribbons.

The morphological transition of spherical micelles depicted
in Fig. 4(b3) has been investigated at different o+ values, as
shown in Fig. 7(a)-(c). At agyr = 20%, spherical micelles trans-
form into a worm-like micelles in Fig. 7(a2), and several
spherical negative charge domains are observed in Fig. 7(a4).
When a4+ is increased to 60%, spherical micelles turn into
nanosheets, as shown in Fig. 7(b2), with a similar arrangement

— o, =20 %

(a) -—aN'= 20 % (b) aN' ’

8F —a= 40% 6l — o, =40%

P —a,= 60% ™ — o, =60%
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r

r

Fig. 6 Radial distribution functions at different protonation degrees when arm lengths j = 15 and k = 5: (a) ga—g(r), pairs of beads A and B; (b) gc|-

pw(r), pairs of beads Cl and DH.
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of the negative charge domains as in Fig. 5(b4). Upon further
increase in oy to 100%, the full protonation of beads D results
in the formation of a long nanoribbon alongside small droplets
in Fig. 7(c2)—(c4). It can be clearly seen that the long nanoribbon
exhibits an alternative arrangement of beads CI and DH.
Furthermore, the RDF curves at different values of oy are pre-
sented in Fig. 8. Comparing to Fig. 6(a), the peak position
remains unchanged for all curves in Fig. 8(a), which means the
miscibility between beads A and B is not changed after the

protonation. However, the gradually decreasing peak height in
all curves in Fig. 8(a) implies the association size at equilibrium
becomes larger with the increase of ay+. In addition, the
distribution of charged beads has been analyzed by the curves
gor-pu(r) in Fig. 8(b). The first peak position is consistently at r =
4 for all curves, suggesting that the distance between beads CI
and DH is not related to oy~ However, the secondary peak is
clearly seen when oy is larger than 60%, corresponding to the
ordered arrangement of charged beads, i.e. the hexagonal

(a)

o, =20%

0 1
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r

(b)
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6 8 10 12 14 16 18
r

N
»

0
0

Fig. 8 Radial distribution functions at different protonation degrees when arm lengths j = 20 and k = 15: (a) ga—g(r). pairs of beads A and B; (b)

Jci-pn(h, pairs of beads Cl and DH.
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arrangement in nanosheets and the alternative arrangement in
nanoribbons.

Finally, the effect of the electrostatic interaction on the
morphological transition is analyzed by examining by the
electrostatic potential U(r) for associates as a function of
distance from their center of mass. The U(r) for associates in
Fig. 5 and 7 is calculated based on the electrostatic interaction
between two point charges (as described in eqn (7)), and given
in Fig. 9. The electrostatic potential curves for oy = 20% and
40% in Fig. 9(a) and (b) are depicted above the zero axis, sug-
gesting that a small amount of counterions is not enough to
disassemble the aggregate. However, as oy exceeds 40%, the
oscillation of electrostatic potential curves intensifies, indi-
cating more counterions into the hydrophobic domain driven
by electrostatic forces. Consequently, the hydrophobic domains
in vesicles or spherical micelles are divided into smaller
segments, leading to the formation of nanosheets and nano-
ribbons. These analyses are helpful to illustrate the significant
role of the electrostatic interaction in the dissociation of vesi-
cles and spherical micelles in acidic environments.

4 Conclusions

In summary, the self-assembly of miktoarm star polymers p-
A{(B(D)),C¢ in a neutral solution and the pH-responsive behavior
of vesicles and spherical micelles in an acidic solution have
been investigated by a series of DPD simulations. In a neutral
condition, vesicles, discoidal, and spherical micelles have been
observed by changing the length of pH-responsive and hydro-
philic arms. The length of pH-responsive arm B has a distinct
effect on the microstructure of vesicles. With the increase of the
length of pH-responsive arm B, the hydrophobic arm A is
squeezed from the center to the edge of the wall of vesicles, and
the nonlinear increase of the composition ratio of hydrophobic
beads leads to the nonlinear decrease of the size of vesicles.
Additionally, the dynamic evolution pathways of vesicles and
spherical micelles both undergo three stages of nucleation,
coalescence, and growth. On the othe hand, the pH-responsive
behaviors of vesicles and spherical micelles have been investi-
gated by tuning the protonation degree of pH-responsive arm B
in an acidic environment. With the increase in protonation

24248 | RSC Adv, 2024, 14, 24240-24249

degree corresponding to the decrease in pH value, vesicles
transform into nanodisks, nanosheets, and nanoribbons, while
spherical micelles turn into worm-like micelles, nanosheets,
and nanoribbons. The morphological transitions can be
attributed to the enhancement of the electrostatic interaction,
which brings more counterions into the hydrophobic domain to
dissociate the self-assembled aggregates. Consequently,
a regular hexagonal arrangement of counterions appears in
nanosheets, while an alternative distribution of charged beads
has been observed in nanoribbons. These results are helpful in
understanding the mechanism of the morphological transition
of aggregates self-assembled by miktoarm star polymers in an
acidic environment.
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