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Co-assembly behaviour of Janus nanoparticles
and amphiphilic block copolymers in dilute
solutiont

Qing Li, Liguan Wang* and Jiaping Lin (= *

Nanoparticles can co-assemble with amphiphilic block copolymers (ABPs) in solution to generate
nanoaggregates with unique properties, yet the mechanism of such a co-assembly behaviour for Janus
nanoparticles (JPs) and ABPs remains unclear. Here, the self-assembly behaviour of JP/ABP mixtures in
dilute solution was studied via theoretical simulations. Two kinds of ABPs with different volume fractions
fa of hydrophilic blocks were considered: one is symmetric copolymers with fo = 0.5, and the other is
asymmetric ABPs with f4 = 0.3. In the first case, mixtures of spheres and rods, connected networks and
vesicles were formed sequentially as the volume fraction czp of nanoparticles increases. In the second
case, vesicles were constantly formed. For both cases, at lower c;p values, the nanoparticles were located
at the core—corona interfaces. By contrast, at higher particle loadings, a large number of particles were
involved in clusters embedded in the vesicle walls. Based on the simulation results, a morphological
diagram in the space of cjp and fa was constructed to indicate the stability regions of different nano-
structures. Specifically, it was found that the vesicles formed by JPs and ABPs with short hydrophilic
blocks are stimuli-responsive. By changing the interaction parameters between hydrophobic blocks,
controllable pores in the vesicle walls could be created. Our findings not only provide insights into the
co-assembly behaviour of Janus nanoparticles and amphiphilic block copolymers in solution, but also

rsc.li/pccp

1. Introduction

Co-assembly of nanoparticles with amphiphilic block copolymers
(ABPs) in selective solvents offers a bottom-up strategy to design
and generate hybrid nanomaterials for applications in fluorescent
probes,”* magnetic resonance imaging devices,”” drug delivery
systems,® sensors and nonlinear optics,”® and theranostic
nanodevices,”'° etc. The aggregates formed by block copolymers,
such as spherical micelles, rod-like micelles and vesicles,
can serve as templates for the controllable organization of
nanoparticles. These nanoparticles can be placed within the
hydrophobic cores, within the hydrophilic coronas, or at the
core-corona interfaces. Their spatial localization plays a critical
role in determining the properties of hybrid aggregates.'!
Meanwhile, the incorporation of nanoparticles can also influence
the supramolecular structures of parent copolymers. For example,
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offer a novel strategy to prepare nanoreactors with permeable membranes.

Yang et al. investigated the co-assembly behaviour of poly-
(y-benzyl-L-glutamate)-b-poly(ethylene glycol)-b-poly(y-benzyl-i-
glutamate) (PBLG-b-PEG-b-PBLG) triblock copolymers and Au
nanoparticles in solution.”> A morphological transition from
spindle-like structures to vesicles could be observed when
the nanoparticles were incorporated. Hickey et al. studied the
morphologies of aggregates composed of magnetic nanoparticles
and poly(acrylic acid)-b-polystyrene (PAA-b-PS) copolymers."® By
tuning the solvent-nanoparticle and polymer—-nanoparticle inter-
actions, various nanostructures including hybrid vesicles, core-
shell assemblies and spherical aggregates could be obtained.
Janus nanoparticles (JPs), which possess two physically or
chemically distinct surface parts,"* are well known because of
their superior interfacial activity in comparison to homogeneous
counterparts.'® Their anisotropic nature allows for the integra-
tion of multiple functions into a single nanoparticle to produce
multifunctional nanomaterials.*®™*® In addition, when decorated
with surface patterns of specific attractive or repulsive inter-
actions, they can self-assemble in solution into many intriguing
superstructures,'® such as one-dimensional nanowires,*® two-
dimensional free-standing membranes,* and three-dimensional
Kagome lattices,”® among others. For example, Shah et al.
reported the actuation of self-limiting fibres of Janus ellipsoids
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bearing opposite metal and polymeric surface parts.”® By the
application and removal of alternating-current electric fields,
these fibrillary structures can elongate and relax reversibly, thus
mimicking the behaviour of muscle fibres. Therefore, it is
reasonable that the co-assembly of Janus nanoparticles and
amphiphilic block copolymers in solution can also lead to hybrid
aggregates that exhibit diverse morphologies and carry potential
for various applications. However, limited by the difficulties in
preparing Janus nanoparticles with defined structures on large
scales, studies in this field are still in infancy."*

Over the past few years, many studies have demonstrated
the power of theoretical simulations to reveal mechanisms
behind natural and experimental processes and to guide future
works.>*** As for the self-assembly of polymers and nano-
particles, a number of simulation techniques, including
dynamic self-consistent field theory (DSCFT),?® self-consistent
field theory/density functional theory (SCFI/DFT),>”*® Monte
Carlo,? and molecular dynamics (MD),** have been proposed.
Among these techniques, dissipative particle dynamics (DPD)
is a mesoscopic simulation method based on the molecular
dynamics (MD).*' Its highly coarse-grained nature enables
researchers to conduct simulations on much larger length
and time scales in comparison to traditional MD-based techniques.
Recently, the DPD method has been utilized to investigate the
self-assembly behaviour of Janus nanoparticle/block copolymer
mixtures in bulk.?*>* Simulation results highly consistent with
experimental observations have been obtained. For instance,
Yan et al conducted DPD simulations to study the self-
assembly of diblock copolymers and Janus nanoparticles with
different shapes (e.g., Janus spheres, Janus cylinders and Janus
discs).*? For all cases, the Janus nanoparticles were located at
the interfaces, with the opposite surface parts oriented toward
their favoured polymeric phases, respectively. In addition, they
demonstrated that the presence of Janus nanoparticles can
significantly increase the viscosity of the nanoparticle/block
copolymer composites, which implies a unique approach
to tune the materials’ processing properties. These works
provided valuable insights into the self-assembly and spatial
localization of Janus nanoparticles, and demonstrated the
reliability of the DPD method for theoretical investigations.
So far, most existing reports were concerned with the JP/block
copolymer mixtures in bulk, yet less attention has been paid to
the underlying principles governing the formation of JP/ABP
hybrid aggregates in dilute solution. However, understanding
these principles is of great significance to guide the exploration
of novel microstructures with potential nanotechnological
applications. In this regard, the DPD method could be a useful
tool to illuminate the factors influencing the morphologies and
structures of JP/ABP nanoaggregates in solution, as well as to
elaborate the underlying mechanisms.

In the present work, the self-assembly behaviour of Janus nano-
particle/amphiphilic block copolymer mixtures in selective solvents
was studied using DPD simulations. The effects of the copolymer
composition and the nanoparticle loading were examined. The
spatial localizations of nanoparticles at the core-corona interfaces
were quantitatively characterized. The mechanisms behind the
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morphological transitions of aggregates and the shifted dis-
tributions of nanoparticles were discussed. In addition, it was
found that, by changing the interaction parameters between
hydrophobic blocks, controllable pores can be created in the
walls of vesicles formed by copolymers with short hydrophilic
blocks. This finding suggests a novel strategy to design intelligent
nanoreactors which can selectively permit the translocation of
agents with different sizes across the membranes.

2. Methods and models

Dissipative particle dynamics (DPD) is a particle-based, meso-
scopic simulation method.*' In DPD simulations, the momentum
is conserved and the hydrodynamics can be preserved. Details of
the DPD method and its advantages can be found in our previous
works and literature.”>"**?° Here, only a brief description is
given. In the DPD method, each bead represents a lump of atomic
or molecular matter, which interacts with one another via a soft
repulsive potential. The movement of each bead is governed by
the equations of motion:

% =V, m,-% =f; ®
where t is the time; m; is the mass of the ith beads; r; and v; are
the position and velocity of the ith bead, respectively; and f; is
the force applied on it. In the present study, the masses of
beads were set to be identical. f; consists of four parts, i.e., a
conservative force F§, a dissipative force Fy;, a random force Fj,
and a spring bond force Fj:

f,-:;(F§+F?+Ff}+FiSj> @)
J#Fl

The conservative force Fy; is a soft repulsive interaction vanishing
at a critical distance r:

Fj = ay\J o (ry)t; (3)

where g;; is the maximum repulsion between the ith and jth
beads; r; = 1; — 1;; 1y = |tg]; £ = 1/ and w(ry) is a weighting
function, reading as:

1— Tij/Te 2, rij re
o (ry) = (T=rg/re)"s (rg<re) "
0, (ry > rc)

In this study, r. is used as the unit of distance. The dissipative
force Fj} is dependent on the relative velocities of beads, given by:

Fjj = —o"(ry) Ry vy)ty (5)
and the random force Fj is defined by:
F; = ,Lle(rl‘j)Fl‘jAtil/zf',‘j (6)

where y and u are the friction coefficient and the noise
amplitude, respectively; v; = v; - v;; ®°(ry) and w"(ry) are two
weighting functions vanishing at r = r;; and I'; is a randomly
fluctuating variable obeying the Gaussian statistics:

(Ty®) =0, (FyOTu(t')) = Oudj + dadp)olt —¢)  (7)
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Groot and Warren argued that the following relation must be
satisfied:*'

o = [0 ()" = o(ry) (8)
and the values of y and p should be coupled by:
W = 2pkgTAL 9)

where kg is the Boltzmann constant and T is the absolute
temperature. By this means, equilibrium states corresponding
to the canonical ensemble (NVT) can be achieved. Additionally,
the spring force Fj; should be considered for the DPD beads
within the block copolymers.®” It takes the following form:

F = C(1 — rylreq)ty (10)

where C is the spring constant and r.q is the equilibrium
distance. Here we chose C = 30kgT/r. and r.q = 0.86r, based
on our previous works.">*® The reduced units were adopted for
all physical quantities. The units of time, length, mass and
energy are defined by 1, r., m and kg7, respectively. The time
unit 7 can be obtained by t = (mr.2/ksT)". The y and u values are
set to be 4.5ksTt/r.> and 3.0k Tr/r., respectively.>’*° The equations
of motion (eqn (1)) were integrated by a modified velocity-Verlet
algorithm, and the time step At was set to be 0.021.**

The coarse-grained model of the Janus nanoparticles stu-
died in the present work is shown in Fig. 1a. Each model
particle involves six hydrophilic beads (denoted by J,) and six
hydrophobic beads (denoted by Jg) restricted to move together
as an intact rigid body. The radius Rjp of model particles was
set to be 0.57.. Such a close packing is sufficient to avoid the
possible penetration of solvent and copolymer beads into the
nanoparticles (for evidence, see Fig. S2, ESIf). It should be
noted that the surface roughness of Janus nanoparticles could
influence the self-assembly structures. The smoother surfaces

(a) Hydrophilic JA

{ \ Rigid body @
‘ ) S ———

Hydrophobic JB

Fig. 1 (a) Coarse-grained model of the Janus nanoparticles (JPs). Each
model particle contains equally-sized hydrophilic (Jx) and hydrophobic
(Jg) parts. (b and c) Coarse grained model of amphiphilic block copolymers
(ABPs) with composition (b) fa = 0.3 and (c) fa = 0.5. Each model
copolymer contains a hydrophilic block (A) and a hydrophobic block (B).
Aggregates formed by corresponding copolymers are also shown. Hydro-
phobic cores of aggregates are coloured in red. Solvents and hydrophilic
coronas are not shown for clarity.
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can be achieved by packing the twelve DPD beads closer, while
the rougher surfaces can be obtained by packing the twelve
DPD beads looser. However, our model can only be constructed
by closely packing the twelve DPD beads together to prevent the
penetration of solvent and copolymer beads. Therefore, it is
hard to examine the effect of surface roughness in the present
work. The coarse-grained model of amphiphilic block copolymers
contains I, hydrophilic beads (denoted by A) and /3 hydrophobic
beads (denoted by B). The harmonic spring potential was used to
connect adjacent beads (see eqn (10)). The number of beads
within each model copolymer was fixed to be 10 (I + /g = 10).
The composition f, of copolymers is defined as the volume
fraction of hydrophilic blocks: fx = Ix/(I5 + ). We have calculated
the radius R, of gyration for model copolymers (for method, see
the ESIt). The result (R, ~ 2.05r.) suggests that the size of
Janus nanoparticles is very small as compared to the block
copolymers. If we consider a typical block copolymer with
Ry ~ 20 nm, the Janus nanoparticles studied in the present
work would be around 10 nm in diameter. Over the past few
years, only a small number of research studies were reported on the
synthesis of small Janus nanoparticles with a diameter of around
10 nm.”® On the other hand, if the studied block copolymers are
considered to be with a high molecular weight, the size of Janus
nanoparticles in the present work can be as large as 30-40 nm,
which is comparable to the size of the Janus nanoparticles synthe-
sized by Miiller et al*' Therefore, the present models can be
regarded as either the case of small Janus nanoparticles or the
case of high-molecular-weight copolymers and large Janus nano-
particles, which can be found in the experiments. The solvents
(denoted by S) are modelled as individual DPD beads. They are
favoured by the J, and A beads. The volume fractions of JPs, ABPs
and solvents were denoted by cjp, capp and cy1, respectively.

The simulations were all conducted in cubic boxes with the
periodic boundary conditions imposed on three directions
(x, y and z). Usually, the box size was set as L = 30r.. We have
checked the influence of the box size on the self-assembly
structures to remove the finite size effect and unphysical
results. When a large number of aggregates are formed in the
simulation box, the box size has a less marked effect on the self-
assembly structures. However, for boxes with only a small
number of aggregates included, the box size could have a
pronounced effect on the self-assembly structures. For exam-
ple, in large boxes (L = 30r. and L = 40r,.), the block copolymers
and nanoparticles tend to form vesicles as the composition of
copolymers is f, = 0.5 and the volume fraction of nanoparticles
is ¢p = 0.6 (see Fig. 2e). However, such vesicles cannot be
obtained if the simulation box is too small, e.g., L = 20r..
Instead, membranes spanning the entire box can be observed.
Therefore, we have paid special attention to the above cases,
and have varied the box size to obtain the physical results.
The total number of DPD beads was fixed to be 81 000 usually.
The NVT ensemble was adopted, and the kzT was fixed to be
constant (kg7 = 1.0). The interaction parameters between
different DPD beads are listed in Table 1. They are defined so
as to reproduce the segregation between the solvophobic parts
(/s and B) and the solvophilic parts (Jx and A). The following
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Fig. 2 (a—j) Snapshots of JP/ABP aggregates formed at various cp: (a and f) czp = 0.005; (b and g) czp = 0.02; (c and h) cgp = 0.035; (d and i) c¢zp = 0.04;

(e and j) cgp = 0.06. Composition fa of copolymers was fixed to be 0.5. JPs are schemed into spheres with two equally-sized Ja (yellow) and Jg (blue)
hemispheres. Structures of B blocks are coloured in red and displayed at the second row. Blocks A and solvents are omitted for clarity. (k—m) One-
dimensional density profiles along the r-arrows for (k) a spherical micelle formed at c;p = 0.005, (1) a rod-like micelle formed at cjp = 0.02, and (m) a
vesicle formed at cjp = 0.06. Insets at the upper right corners show the density profiles of Jx and Jg beads. Cross-sections of aggregates are displayed at
the upper left corners. Ja, Jg, A and B beads are coloured in yellow, cyan, blue and red, respectively.

simulation procedures were adopted. At the beginning, all of the
components (JPs, ABPs and solvents) were randomly placed in the
box. The interaction parameters were all set to be 25, and a
preliminary simulation was conducted for 10" time steps to fully
homogenize the system. Then, the unfavourable interactions
between dislike components were turned on (see Table 1), and
the simulation was conducted for another 8 x 10° time steps. This
duration is sufficient for the equilibrium state to be achieved.*”*>
The vesicles with controllable pores were obtained by first choosing
several hybrid vesicles formed at ¢jp = 0.3 and f, = 0.3 as the initial
structures, followed by resetting the interaction parameter agp from
25 to 25 — Aa, where Aa is a positive value whose magnitude can be
related to the attractive interactions among hydrophobic blocks.
The simulation was conducted for at least 3 x 10> time steps.

3. Results and discussion

It is well-known that the morphologies of amphiphilic
block copolymer (ABP) aggregates are determined by the

Table 1 Interaction parameters aj (in DPD units) used in the present work
Ja Je A B S
Ja 25 75 25 75 25
Js 25 75 25 75
A 25 75 25
B 25-20 75
S 25

24138 | Phys. Chem. Chem. Phys., 2017, 19, 24135-24145

composition of copolymers.*® “Star-like” aggregates (e.g:, spherical
and rod-like micelles) can be formed when the length of hydro-
philic blocks is comparable to or slightly larger than that of
hydrophobic blocks, while block copolymers whose hydrophilic
blocks are much shorter than the hydrophobic blocks tend to form
“crew-cut” structures (such as vesicles and large compound
micelles). Considering this, we decided to focus on two repre-
sentatives, i.e., symmetric ABPs with equally-sized hydrophilic
and hydrophobic blocks (fy = 0.5) and asymmetric ABPs with
shorter hydrophilic blocks (f, = 0.3). In order to elucidate the
co-assembly behaviour of JPs and ABPs in dilute solution, we
fixed the volume fraction c, of solvents to be 0.9, and varied
the volume fraction cjp of nanoparticles in the range from
0 to 0.06.

3.1 Symmetric ABPs with f, = 0.5

Aggregate morphologies and structures. In this subsection,
the co-assembly behaviour of Janus nanoparticles and amphi-
philic block copolymers with f, = 0.5 is elaborated. As shown in
Fig. 1b, these copolymers tend to form dispersed spherical and
rod-like aggregates when the nanoparticles are absent. This
is consistent with the morphologies of micelles obtained in
experiments.*® Fig. 2a-j show the morphologies of JP/ABP
hybrid aggregates formed at various cjp. At lower ¢jp values
(Fig. 2a and b), mixtures of spheres and rods were formed. The
particles are exclusively located at the surface of B domains, with
their J5 and J, parts oriented toward the aggregate cores and coronas,
respectively. As cp increases from 0.005 to 0.04 (Fig. 2a-d), the

This journal is © the Owner Societies 2017
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rod-like micelles become elongated and interconnected into
networks while the spherical micelles gradually disappear. The
skeletons of networks are composed of the hydrophobic blocks
(see Fig. 2f-i), with the nanoparticles distributed at the core-
corona interfaces. When ¢jp is further increased, a dramatic
morphological change from networks to vesicles can be observed
(Fig. 2e and j). The B domains coexist with the nanoparticle
aggregates, with only a small portion of particles located at the
interfaces.

We further analysed the structures of aggregates by plotting
the density profiles of respective components (Fig. 2k-m). The
density ¢, of component « is defined as the number of beads in
a unit volume.?” Fig. 2k shows the density distributions of JP
beads (¢;p), hydrophilic blocks (@) and hydrophobic blocks
(¢pg) within a spherical micelle formed at ¢;p = 0.005. It can be
viewed that the aggregate cores and coronas are rich in the
hydrophobic and hydrophilic blocks, respectively. The peak
of ¢gp is located between the peaks of ¢, (r = 2.4r.) and
¢g (r = 0r.), which is consistent with the interfacial distribution
of nanoparticles. We also plotted the profiles of ¢; and ¢,
in the inset of Fig. 2k. The peaks of ¢; and ¢; are proximate
to the peaks of ¢, and ¢g, respectively, which confirms the
orientation of J, and jgz hemispheres toward their favoured
blocks. The density profiles for the rod-like micelle formed at
cp = 0.02 (Fig. 21) are analogous to those shown in Fig. 2Kk,
which suggests similar structures of spherical and rod-like
micelles.

Fig. 2m shows the density profiles of a hybrid vesicle formed
at ¢p = 0.06. The profiles of ¢, and ¢p exhibit bimodal and
unimodal features, respectively, which are a typical character of
vesicles. The remarkable peak of ¢;p overlapped with the peak
of g and sandwiched by the peaks of ¢, confirms the
coexistence of copolymer and nanoparticle domains within
the vesicle walls. It is worth noting that the profiles of ¢;
and ¢, exhibit bimodal and unimodal features, respectively
(see the inset of Fig. 2m), which implies the bilayer-like
structure of JP clusters.

Particle position. In order to obtain detailed knowledge
on the spatial localization of Janus nanoparticles at the core—
corona interfaces, we calculated the fraction fy(core) Of the
nanoparticle surface wrapped by the hydrophobic blocks for
particles within the spherical and rod-like micelles. This para-
meter has been utilized by Yan et al to characterize the
localization of Janus particles within block copolymer scaffolds.**
As illustrated in Fig. 3a-c¢, fu(corey = 0.5 indicates that the
nanoparticle is exactly anchored at the interface, whereas
Jw(core) < 0.5 and fy(core) > 0.5 indicate that the nanoparticle
is shifted toward the corona and the core, respectively. Fig. 3d-g
show the distributions of fi(core) and the best-fitted Gaussians at
various particle loadings. The number-average wrapping fraction
fw(mre) and the variance ¢* which is related to the width of
distributions are also shown. It can be viewed that for all cjp
values, fi(core) Of the most nanoparticles are smaller than 0.5,
which signifies a prevalent shift toward the coronas and
solvents. This shifted distribution can be explained in terms
of the dimensionless interfacial energy g(6), where 0 is the
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Fig. 3 (a—c) Schematic illustrations of JPs with different f,core) lOcated at
core—corona interfaces: (a) fucore) < 0.5, (b) fucore) = 0.5, (C) fiy(core) > 0.5.
Radii of the particle and the aggregate are denoted by Rjp and Rcore
respectively. Contact angle 6 corresponding to the “anchoring” position
(fucorey = 0.5) is denoted by 0,,. Ja and Jg hemispheres are coloured in
yellow and cyan, respectively. Core—corona interfaces are coloured in red.
(d—g) Volume fractions ps, of JPs with various fucore) at increasing cap:
(d) cyp = 0.01, (e) cgp = 0.02, (f) cp = 0.03, and (g) cyp = 0.04. Composition
of ABPs was fixed to be f4 = 0.5. Solid lines show the best-fitted Gaussians.
Number-average wrapping fraction fcore) and variance o2 are displayed.

contact angle, for a symmetrical Janus sphere located at the
core-corona interface of a spherical micelle, which is given by:*®

l—-cos’mw e 3
T—gpcos(@—w) —cos* (0 —w)]

(11)

g8(0) = yp[cos(0 — )] -

for0 < 6 < 6,,, and
1 — cos?

3¢2

ga(0) = 7alcos(0 — )] — e
(12)

— %[3c0s(9 — ) —cos*(0 — )]

for 0,y < 0 < m, where ¢ = Rjp/Reore is the curvature of the
interface; Rjp and R are the radii of the nanoparticle and the
aggregate core, respectively; 0,, = /2 + arcsin¢ is the contact
angle corresponding to the anchoring position (see Fig. 3b);
o = arctan[esin 0/(1 + ecos 0)] is the central angle (see Fig. 3a);
7a = (0a7, — 0wy )/oa; and yg = (0s;, — 0On)/0an (0up is the
interfacial tension between the components o and f). The sub-
scripts A and B stand for the cases where the particle is shifted
toward the core (Fig. 3c) and the corona (Fig. 3a), respectively.
We plotted the dependence of g(0) on the contact angle 0 at
various values of ¢, which is shown in the ESIt (see Fig. S1). It can

Phys. Chem. Chem. Phys., 2017, 19, 24135-24145 | 24139


https://doi.org/10.1039/c7cp04501h

Published on 11 August 2017. Downloaded by Shanghal University on 10/23/2020 8:32:12 AM.

Paper

be viewed that, for highly curved interfaces (¢ > 0.2), the contact
angle 0,, corresponding to the minimal interfacial energy is
always smaller than the anchoring angle 6,,. In order to
minimize the interfacial energy, the nanoparticles have to adopt
a shifted distribution with 0 < 0,, and fi(core) < 0.5 toward the
solvent (see Fig. 3a). In the present work, Ryp is 0.57¢, and the
radius of spherical micelles at very small ¢jp values is around
2.4r. (¢jp = 0.05; see Fig. 2Kk). This leads to ¢ = 0.21. As ¢jp rises, the
volume fraction capp decreases (the volume fraction cg, of the
solvent is fixed to be 0.9 in the present work), and the radius of
spherical and cylindrical micelles is reduced. As a result, the
curvature ¢ of aggregate cores becomes larger than 0.2, and the
shifted distribution toward the coronas is energetically favoured.
(For details, see the ESL.t)

It can also be viewed from Fig. 3d-g that an increase in
cp results in broader distributions of fi(core) and smaller values
of fw(core). On one hand, the increase in ¢jp is accompanied
by the decrease in cagp, since the volume fraction of the solvent
is fixed in our simulations. Therefore, the contact probability
of neighbour nanoparticles rises, which leaves behind many
nanoparticles with small fi(core)- This effect results in smaller
fw(core) and broader distributions of fi(core)- On the other hand,
the drop in cagp leads to the formation of spherical and rod-like
aggregates with a smaller core radius and hence a larger
curvature of interfaces. As shown in Fig. Sie (ESIt), this enlarges
the absolute value of the difference between 0,, and 0,,.
Consequently, the shift of nanoparticles becomes stronger
and the value of fw(core) is reduced.

Morphological transition. As stated above, a morphological
transition from dispersed spherical and rod-like micelles to
interconnected networks and to vesicles can be triggered by an
increase in the volume fraction c¢jp of nanoparticles. In order
to characterize this morphological change, we calculated the
volume distributions of aggregates at various cjp with the
periodic boundary conditions taken into account. In the present
work, every simulation system actually involves an infinite
number of identical boxes called images. For each system, we
constructed an ‘“enlarged”” box composed of N images (see the
insets of Fig. 4a-c), and calculated the volume of each aggregate
within it (for method, see the literature®®). Fig. 4a—c shows the
volume distributions of spheres and rods formed at ¢;p = 0.01,
networks formed at ¢;p = 0.035, and vesicles formed at ¢;p = 0.06,
respectively. The number of images in each enlarged box is set to
be N = 8. It can be found from Fig. 4a and b that the volumes of
dispersed aggregates are at least an order of magnitude smaller
than those of networks (10>°~*V, vs. 10"V, where V, is the
volume occupied by a single DPD bead), which is consistent with
the dispersive nature of spheres/rods and the continuous nature
of networks. The volumes of vesicles (10°**Vy; Fig. 4c) are less
than the volumes of networks and comparable to those of
dispersed rod-like micelles. The narrow distribution can be
attributed to the fact that, for each system, only one vesicle
can be formed. Based on the volume distributions of aggregates,
we calculated the number-average volume V of aggregates at
various ¢pp. The results are shown in Fig. 4d. The values of V
exhibit little change at small ¢jp values and increase dramatically
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Fig. 4 (a—c) Volume distributions py of aggregates formed at different
cp: (@) cgp = 0.01, (b) cgp = 0.035, (c) cyp = 0.06. Vj is the volume occupied
by a single DPD bead. Insets show the snapshots of typical aggregates.

(d) Number-average volume V of aggregates as the function of cyp.
Snapshots of aggregates at corresponding cjp are displayed. Stability
regions of different structures are separated by dashed lines.

for ¢jp > 0.02. This behaviour is in accordance with the inter-
connection of aggregates into networks. The value of V quickly
falls to ~10>°V, when the particle volume fraction ¢;p is further
increased beyond 0.04, which is consistent with the appearance
of vesicles. Therefore, the stability regions of different structures
can be separated, and the boundaries are shown in Fig. 4d.
The transition from dispersed micelles to networks can be
related to the following effects. In the absence of nanoparticles,
the symmetric block copolymers within the spherical and
rod-like micelles adopt a cone-like shape to minimize the
interfacial area, and the coalescence of aggregates is prevented
by the steric effect of hydrophilic blocks. The introduction of
nanoparticles leads to (1) reduced interfacial tension which
favours the formation of aggregates with a larger surface area,
and (2) weakened repulsive interaction of hydrophilic blocks
due to the decreased cagp and the steric effect of Janus nano-
particles located at the interfaces. These effects facilitate the
formation of networks instead of dispersive spheres and rods.
As for the transition from networks to vesicles, the under-
lying mechanism can be explained as follows. It has been
demonstrated that the spatial distribution of nanoparticles in
block copolymer scaffolds is determined by their relative sizes.
When the radius of particles is smaller than the radius of
gyration R, of copolymers, the random distribution is favoured.
In this circumstance, the particles can be fully wrapped by the
polymer chains, and the behaviour of the system is governed by
the translational entropy of nanoparticles.”” In contrast, nano-
particles whose radius is much larger than R, of copolymers are
expelled from the matrix to maximize the conformational
entropy of copolymers.”® In the present study, Rjp (0.5r.) is
smaller than R, (~ 2.057.) of model copolymers, and the sizes of
Ja and Jg hemispheres are also smaller than R, of hydrophilic
blocks (~1.11r.) and hydrophobic blocks (~1.09r.), respec-
tively. (For details on the calculation of R,, see the ESL{) All
of these effects favour the random distribution of nanoparticles
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at the core-corona interfaces at lower ¢jp values. However, at
higher particle loadings, the space for each block to move
within is highly limited if such a random distribution is still
adopted. As a result, the nanoparticles and copolymers tend to
microphase-separate to lower the conformational entropy of
copolymer chains. The amphiphilic nature of Janus nano-
particles leads to the formation of bilayer-like structures, which
are combined with copolymer domains to form vesicles.

3.2 Asymmetric ABPs with f, = 0.3

In this subsection, we turn to study the co-assembly behaviour
of Janus nanoparticles (JPs) and amphiphilic block copolymers
(ABPs) whose hydrophilic blocks are shorter than the hydro-
phobic blocks. These copolymers can form ‘“crew-cut” aggre-
gates (such as vesicles and large compound micelles) in
solution. Here, the self-assembly behaviour of copolymers with
fa = 0.3 are elaborated in detail, while the behaviours of
copolymers with other compositions are briefly described. As
shown in Fig. 1c, the ABPs with f, = 0.3 can aggregate into
vesicles, which is consistent with experimental observations.*?
The volume fraction c,; of solvents was fixed to be 0.9, and the
volume fraction ¢jp of Janus nanoparticles was increased from
0 to 0.06.

Aggregate morphologies and structures. Fig. 5 shows the
morphologies of aggregates formed by the mixtures of JPs and
ABPs with increasing cjp. It can be observed that vesicles are
constantly formed. However, these vesicles exhibit diverse struc-
tures. As shown in Fig. 5a (cjp = 0.01) and Fig. 5b (¢jp = 0.02), the
vesicle cores are composed of hydrophobic blocks with the

(@) c;p=0.01  (b)cy=0.02

(e) ®

=
=
=
=
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nanoparticles distributed at the surfaces of B domains. The B
structures are free of rips or holes (see Fig. 5e and f). As ¢p
increases to 0.04 (Fig. 5¢ and g), aggregates of nanoparticles
embedded in the B domains can be observed. Meanwhile,
a large number of particles are still located at the interfaces.
At even higher particle loadings (Fig. 5d, ¢jp = 0.06), separated B
domains and nanoparticle aggregates within the vesicle walls
were formed. Only a small portion of particles is still located at
the core-corona interfaces.

The structures of vesicles formed at various particle loadings
(¢;p) were further characterized by using the density profiles of
components. Fig. 5i displays the profiles for a hybrid vesicle
formed at ¢jp = 0.02. The curve of ¢}p exhibits two peaks, each of
which is sandwiched by the ¢y peak and a ¢, peak. This is
consistent with the interfacial distribution of nanoparticles.
The curves of ¢; and @;_ both exhibit bimodal features (see the
inset), and the peaks of ¢, are closer to the centre of the vesicle
wall than those of ¢; . This confirms the ordered orientation
of nanoparticles. With ¢jp increasing from 0.02 to 0.04, the
two peaks of ¢;p become stronger and interfere with each other
(see Fig. 5j). At the same time, the two peaks of ¢, are also
interfered, and only one ¢, peak remains. These observations
are consistent with the formation of bilayer-like structures of
nanoparticles within the vesicle walls.

Further increasing ¢jp to 0.06 leads to much weaker ¢, and
¢@p peaks (see Fig. 5k) than those shown in Fig. 5i and j.
Meanwhile, a distinctive peak of ¢;p overlapped with the peak
of ¢ and sandwiched by the peaks of ¢, appears. This is
consistent with the coexistence of JP aggregates and B domains
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(d) c,p = 0.06
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Fig. 5

(a—h) Snapshots of JP/ABP aggregates formed at various cgp: (@ and e) czp = 0.01; (b and f) cp = 0.02; (c and g) czp = 0.04; (d and h) csp = 0.06.

Composition fa of copolymers was fixed to be 0.3. JPs are schemed into spheres with two equally-sized Ja (yellow) and Jg (blue) hemispheres. Structures
of B blocks are coloured in red. Blocks A and solvents are omitted for clarity. (i—k) One-dimensional density profiles along the r-arrows for vesicles
formed at (i) cp = 0.02, (j) cgp = 0.04 and (k) czp = 0.06. Insets at the upper right corners show the density profiles of Jx and Jg beads. Cross-sections of
aggregates are displayed at the upper left corners. Ja, Jg, A and B beads are coloured in yellow, cyan, blue and red, respectively.
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within the vesicle walls. The profile of ¢, shows an individual
peak sandwiched by two ¢, peaks, which confirms the bilayer-
like feature of JP aggregates (see the inset of Fig. 5k). The
formation of separated particle aggregates and B domains can
be ascribed to the conformational entropy of copolymer chains
which has been discussed in the last subsection. The structure
of the present vesicle is similar to that shown in Fig. 2m except
for a larger radius (~8.2r. vs. ~7.0r).

Particle position. We further used the fraction fi(core) of the
particle surface wrapped by the hydrophobic blocks to char-
acterize the spatial localization of Janus nanoparticles at the
core-corona interfaces of hybrid vesicles (for the relation
between the value of fi(core) and the position of nanoparticles,
see Fig. 3a-c). Fig. 6 shows the distributions of the wrapping
fraction fy(core) for nanoparticles within the vesicles formed at
lower particle loadings. The solid curves represent the best-
fitted Gaussians. The number-average wrapping fraction fy(core)
and the variance ¢” are also displayed. For all particle loadings,
the wrapping fraction fycore) Of the most particles are smaller
than 0.5, which implies a prevalent shift toward the coronas.
Comparing the distributions shown here with those displayed
in Fig. 3, one can find that the increase in ¢jp from 0.01 to 0.03
barely influences the values of fw(cme) but only leads to a
broadening in the distributions of fi(core) (See Fig. 6a—-c). The
insensitivity of fw[core) to ¢jp can be attributed to the smaller
curvature of the vesicle interfaces compared with those of
spherical and rod-like micelles. The wider distributions of
Jfw(core) are due to the increased contact probability of neigh-
bouring nanoparticles with decreasing c,pp (for detail, see the
last subsection). At even higher particle loadings, the phase
separation of nanoparticles and copolymers leads to an obvious
decrease in fw(core) and a further broader distribution of fu(core),
which can be viewed from Fig. 6d.

Controllable pores. As stated above, we observed a special
kind of aggregates formed by Janus nanoparticles and amphi-
philic block copolymers, ie., the vesicles with defective B
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Fig. 6 Volume fractions pay(core) Of JPs with various fiycore) Within hybrid
vesicles formed at different cjp: (a) c3p = 0.01; (b) c3p = 0.02; (c) c3p = 0.03;
(d) cgp = 0.04. Composition of ABPs was fixed to be fy = 0.3. Solid lines
represent the best-fitted Gaussians. Number-average wrapping fraction
Fuicore) and variance o2 are displayed.
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structures and embedded nanoparticle clusters (see Fig. 5c¢
and g). Moreover, we found that the structures of these vesicles
can be responsive for external stimulations, such as changes in
temperature or pH. This feature can be utilized to construct
“smart” nanoreactors for applications in enzyme catalysis, poly-
merization, nanoparticle synthesis, and artificial organelles.*®
In experiments, such responsive vesicles can be produced by
introducing stimuli-responsive components, such as temperature-
responsive poly(N-isopropyl acrylamide) (PNIPAAm) or pH-
responsive poly(styrene boronic acid) (PSBA), into the vesicles.*®
In DPD simulations, changes in the environmental conditions can
be realized by varying the interaction parameters between polymer
chains.”® Here, we chose a vesicle formed at p=0.03 and fy=0.3 as
the initial state, and reduced the interaction parameter agp between
hydrophobic blocks (denoted by B) from 25 to 25 — Aa, where Aa is
a positive value. This change may correspond to an increase in
temperature for PNIPAAm, which can swell at lower temperatures
and shrink at higher temperatures.*®

Fig. 7a shows some representative snapshots taken at
various simulation times ¢ for vesicles formed at Aag = 2.5 and
Aa = 5.0, respectively. For both systems, pores in the vesicle
walls were observed and could exist during the full course of
simulations (note that such pores do not appear at Aa = 0).
These pores are thermodynamically stable due to the arrange-
ment of Janus nanoparticles at the edges (see the insets of
Fig. 7b and c), which prevents the hydrophobic blocks from
contacting with the solvents. The size of pores formed at
Aa = 5.0 is around four times larger than those formed at
Aa = 2.5, and can accommodate more solvents within it (see the
density profiles shown in Fig. 7b and c). Furthermore, we can
both start from an intact vesicle to achieve perforated ones by
changing agg from 25 to 25 — Aa, and reversely start from a
perforated one to achieve an intact vesicle by resetting agg to 25.
All these observations suggest the controllability of these pores
and indicate a novel method to produce polymersomes with
“breathable” membranes.

Stability region diagram. As stated in the last two sub-
sections, the incorporation of Janus nanoparticles into the
“star-like” aggregates formed by copolymers with f, = 0.5 and
the “crew-cut” aggregates formed by copolymers with f, = 0.3
resulted in different morphological changes. In order to sys-
tematically elucidate the stability regions of nanostructures, we
constructed a two-dimensional diagram in the space of the
copolymer composition (f,) and the particle volume fraction
(¢jp), which is shown in Fig. 8. In this figure, four regions are
identified, which correspond to the spherical micelles (denoted
by S), the rod-like micelles (denoted by R), the vesicles (denoted
by V), and the mixtures of spherical and rod-like micelles
(denoted by S + R), respectively. Note that the R region is
actually corresponding to the interconnected networks. For
the ABPs with f, < 0.2, the hydrophilic blocks are too short
to shield the hydrophobic blocks from the solvents. As a result,
large compound micelles are formed (not shown in this figure).
For the ABPs with 0.3 < f, < 0.4, vesicles are constantly
formed. For the symmetric copolymers with f, = 0.5, a mor-
phological transition of S+ R — R — V with increasing ¢;p can
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Fig. 7 (a) Morphologies of vesicles formed at different Aa (top: Aa = 2.5;
down: Aa = 5.0). Initial structure of both systems is shown at the left side.
Volume fraction cjp of nanoparticles is equal to 0.03. Snapshots were
taken sequentially at different time t (denoted above each column). 7 is the
time unit in DPD simulations. (b and c) Density profiles of respective
components along the r-arrows for vesicles formed at (b) Aa = 2.5 and
(c) Aa = 5.0. Inset of each panel shows the magnification of a representa-
tive pore within the vesicle wall. Density profiles of hydrophilic blocks are
omitted for clarity.
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Fig. 8 Stability regions of JP/ABP nanostructures in dilute solutions as the
functions of fa and cyp. Notations S, R, V and S + R correspond to the
spherical micelles, rod-like micelles, vesicles and the mixtures of spherical
and rod-like micelles, respectively. Regions are denoted by different
colours.

be observed. For f, = 0.6, a morphological transition from
S + R — V can be triggered by the increase in ¢jp. The absence
of networks is due to the steric effect of the longer hydrophilic
blocks. For the ABPs with f, = 0.7, the size of hydrophilic blocks
is so large that only spheres can exist. For f, > 0.7, the systems
are in disorder states.

Moreover, the influence of the composition of copolymers
on the morphologies of aggregates can also be viewed from this
diagram. At both low and high ¢jp regions, increasing the length
of hydrophilic blocks induces morphological transitions from
“crew-cut” to ‘star-like” aggregates. These changes can be
attributed to the decreased repulsive interaction of hydrophilic
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blocks as well as the transition of the shape of copolymers
(from cylindrical shape to cone-like shape).** Specifically, we
observed the formation of interconnected networks at the
middle c¢jp region, which can be explained in terms of
the reduced repulsion among hydrophilic blocks, as well as
the decreased surface tension which favours the formation of
aggregates with a large interface area (see Section 3.1). The
appearance of networks at intermediate fj and ¢jp regions implies
a possible strategy to produce nanoparticle/block copolymer
hybrid gels.

Finally, we wish to highlight the significance of our simula-
tion results. Currently, the co-assembly of nanoparticles and
block copolymers in solution has been recognized as a promis-
ing strategy for the design and preparation of novel
nanomaterials.”®> The resulted aggregates have found applica-
tions in many fields, such as drug delivery systems and magnetic
resonance imaging."" In the present work, we studied the self-
assembly behaviour of Janus nanoparticle/amphiphilic block
copolymer mixtures in selective solvents, and found that the
morphologies and structures of hybrid aggregates can be well
controlled by tuning the composition of block copolymers and
the nanoparticle loadings. These findings could deepen our
understanding on the self-assembly of Janus nanoparticles and
amphiphilic block copolymers in solution, and offer strategies to
produce JP/ABP hybrid nanostructures in selective solvents.

Furthermore, in the present study, the possibility of prepar-
ing “breathable” nanoreactors based on JP/ABP hybrid vesicles
was also exploited. During the past few years, nanoreactors
based on the polymersomes have become an attractive research
field. Compared to liposomes, the polymersomes exhibit better
stability, flexibility and functionality.*® By integrating proteins
(e.g., channel proteins,®® receptors®' and pumping proteins>?)
or incorporating environmentally responsive polymers (such as
temperature-sensitive PNIPAAm®>® and pH-sensitive PSBA®?)
into the vesicle walls, these nanoreactors can be engineered
to allow for the translocation of agents across the membranes.
However, the transmembrane traffic of agents with a large size,
such as nanoparticles, polymers with high molecular weight,
proteins and DNA double-helix chains, remains a challenge. In
the present work, we found that controllable pores in the
JP/ABP vesicle walls could be created by changing the inter-
action parameters between the hydrophobic blocks, which can
be related to applying external stimuli in experiments. These
pores were thermodynamically stable due to the arrangement
of Janus nanoparticles at the edges. In addition, we found that
the creation of pores is a reversible process, and their size can
be adjusted by tuning the magnitude of the change in inter-
action parameters. Therefore, we expect that our method is also
suitable for real nanoreactors. By incorporating cross-linked
PNIPAAm or other stimuli-responsive copolymers into the
vesicle walls and changing the temperature or other parameters
to induce an internal stress, controllable pores with different
areas can be created in the vesicle walls. These pores may allow
for the translocation of agents with different sizes (such as
nanoparticles, DNA strands, or drug molecules) across the
membranes of nanoreactors.
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4. Conclusions

DPD simulations were conducted to study the self-assembly
behaviour of JP/ABP mixtures in dilute solution. For symmetric
ABPs with comparable hydrophilic and hydrophobic block
lengths, the mixtures can experience a morphological transi-
tion from the dispersed spheres and rods to the networks and
to the vesicles as the volume fraction cjp of JPs increases. The
particles are distributed at the core-corona interfaces at low ¢jp,
and are shifted towards the coronas to minimize the interfacial
energy. The shift becomes stronger as cpp rises, due to the
increased contact probability of nanoparticles and the larger
curvature of interfaces at higher cjp. The volumes of dispersed
micelles and connected networks are in different ranges, and
the stability regions of different morphologies can be identified
based on the number-average volume of aggregates. On the
other hand, the JPs and asymmetric ABPs with shorter hydro-
philic blocks constantly form vesicles. At low c¢jp, the particles
are distributed at the core-corona interfaces. The shift of
particles within the vesicles is weaker than those within the
spherical and rod-like micelles. At high particle loadings,
bilayer-like structures of particles are formed within the vesicle
walls. The hybrid vesicles can be responsive to external stimuli.
By tuning the interaction parameters between hydrophobic
blocks, controllable pores in the vesicle walls can be created.
Finally, a two-dimensional diagram as a function of the block
copolymer composition and the particle loading was constructed
to indicate the stability regions of nanostructures. The regions
corresponding to the mixtures of spherical and rod-like micelles
(denoted by S + R), the networks (R), the vesicles (V), and the
spheres (S) were identified. We wish the present work not only
throw light upon the self-assembly behaviour of JP/ABP mixtures,
but also offers a novel strategy for the design of nanoreactors with
selectively permeable membranes.
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