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ABSTRACT: Cooperative self-assembly behavior of rod— .
coil-rod poly(y-benzyl-L-glutamate)-block-poly(ethylene gly- ok
col)-block-poly(y-benzyl-L-glutamate) (PBLG-b-PEG-b-PBLG) e

amphiphilic triblock copolymers and hydrophobic gold
nanoparticles (AuNPs) was investigated by both experiments

o 5
b Ellipse
o 200nm
and dissipative particle dynamics (DPD) simulations. It was =

discovered that pure PBLG-b-PEG-b-PBLG copolymers self- R
assemble into ellipse-like aggregates, and the morphology W N
transforms into vesicles as AuNPs are introduced. When the

hydrophobicity of AuNPs is close to that of the copolymers, o\ ~ o oo

AuNPs are homogeneously distributed in the vesicle wall. Triblock Copolymer 'g
While for the AuNPs with higher hydrophobicity, they are

embedded in the vesicle wall as clusters. In addition to the

experimental observations, DPD simulations were performed on the self-assembly behavior of triblock copolymer/nanoparticle
mixtures. Simulations well reproduced the morphology transition observed in the experiments and provided additional
information such as chain packing mode in aggregates. It is deduced that the main reason for the ellipse-to-vesicle transition of
the aggregates is attributed to the breakage of ordered and dense packing of PBLG rods in the aggregate core by encapsulating
AuNPs. This study deepens our understanding of the self-assembly behavior of rod—coil copolymer/nanoparticle mixtures and

200nm
—

Vesicle

provides strategy for designing hybrid polypeptide nanostructures.

B INTRODUCTION

Amphiphilic block copolymers (BCPs) are able to self-assemble
into various supramolecular aggregates in selective solvents,
such as spheres, rods, vesicles, toroids, and other complex
structures.' ~* These structures have attracted widespread
interests for their potential usages as drug delivery system,
nanoreactor, additive for mineralization of inorganics, and so
on.’~* Introduction of nanoparticles (NPs) can regulate the
self-assembly structure and endow the self-assembled aggre-
gates with novel functions including optical, electrical,
magnetic, biological, and mechanical properties.”” "' Research
on cooperative self-assembly of BCPs and NPs not only
enriches our knowledge in the supramolecular science but also
benefits for designing and constructing functional materials.
Generally, the role of NPs in copolymer/NPs cooperative
self-assembly systems can be classified into two types. One is
that the NPs act as surface template to guide the assembly of
BCPs."” In another type, the NPs act as modifier to regulate the
structure of assemblies."*™"” For example, Park et al. found that
incorporation of iron oxide NPs can induce a vesicle-to-micelle
or micelle-to-vesicle morphology transition of polystyrene-
block-poly(acrylic acid) (PS-b-PAA) BCP assemblies.”> More-
over, they demonstrated that one can control the location of
NPs in copolymer assemblies by property of surface ligands of
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NPs."* Apart from experimental investigations, theory simu-
lations have emerged as powerful tools to study the self-
assembly behaviors of block copolymer/nanoparticle mix-
tures."®™*' For example, Zhang et al. used self-consistent field
theory (SCFT) to investigate the self-assembly of BCP/NPs.'®
It was found that the volume fraction of NPs, the ratio of NP
radius to BCP chain gyration radius, and the surface selectivity
of NPs to blocks play important roles in the self-assembly
behaviors. Their simulation results are well confirmed by
experimental findings.'>'®"

However, so far most studies are focused on coil—coil type
BCPs; rod—coil type BCPs are rarely referred in the
cooperative self-assembly of BCPs with NPs. As compared to
coil—coil BCPs, the rod—coil BCPs exhibit distinct self-
assembly behaviors because the rod blocks prefer to take
ordered packing mode in the aggregates.””>> For instance,
Wan et al. investigated the self-assembly behavior of rod—coil
diblock copolymers based on poly(ethylene oxide) (PEO) and
poly{(+)-2,5-bis[4'-((S)-2-methylbutoxy)phenyl]styrene}
(PMBPS), PEO,q,-b-PMBPS,; in THF/water and dioxane/
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water, respectively.”” The orientational order of the rigid
PMBPS blocks leads to the anisotropic disclike aggregates in
THEFE/water. Liu et al. reported the self-assembly behavior of a
triblock terpolymer containing a rigid liquid crystalline block.”®
It was found that polygonal cylindrical micelles bearing sharp
bends can be formed. This type of morphology is ascribed to
the ordered packing of rigid liquid crystalline blocks in the core
of the cylinder. These examples demonstrated that ordering of
rigid blocks is a critical factor influencing the self-assembly
behaviors of rod—coil block copolymers. Therefore, it is
expected that the change of the ordered packing of rigid blocks
should greatly affect the self-assembly behaviors of rod—coil
copolymers.” As a matter of fact, for example, as observed in
the homopolymer liquid crystal systems, the ordered packing of
rigid polymer chains can be destroyed by introducing a small
portion of NPs.** So far, limited attention has been devoted to
the effect of NPs on the self-assembly behavior of rod—coil
block copolymers in solution.

On the other hand, recently increasing attention has been
paid to the self-assembly behaviors of polypeptide-based block
and graft copolymers.”~*' Understanding their supramolecular
assembly behaviors could be helpful for knowing the complex
aggregation behaviors of polypeptides in organisms due to their
analogous component with natural proteins. In addition,
polypeptides can adopt a rigid a-helix conformation and are
usually used as a model of rigid polymer segments.’®
Researches on the self-assembly behaviors of mixture systems
comprising polypeptide-based rod—coil block copolymers and
NPs can not only deepen the understanding of the self-
assembly behavior of rod—coil copolymers but also help the
investigation of complex protein systems.

In the present work, we investigated cooperative self-
assembly behavior of amphiphilic poly(y-benzyl-L-glutamate)-
block-poly(ethylene glycol)-block-poly(y-benzyl-L-glutamate)
(PBLG-b-PEG-b-PBLG) rod—coil—rod triblock copolymers
with hydrophobic gold nanoparticles (AuNPs) in aqueous
solution. Pure triblock copolymers with relatively longer PBLG
rods self-assemble into ellipse-like aggregates. When AuNPs
were introduced, vesicles were formed. The AuNPs were found
to be distributed in the vesicle wall. The effects of size and
hydrophobicity of the AuNPs were studied. In addition to
experimental studies, dissipative particle dynamics (DPD)
simulations on the cooperative self-assembly of model rod—
coil-rod triblock copolymer and NPs were performed to
examine the morphology transition. On the basis of the
experimental findings and DPD simulation results, the
mechanism of morphology transition of rod—coil—rod triblock
copolymers induced by AuNPs is suggested.

B EXPERIMENTAL SECTION

Materials. O,0'-Bis(2-aminoethyl)poly(ethylene glycol) (H,N-
PEG-NH,, M, = 6000), gold(Ill) chloride trihydrate (HAuCl,
3H,0, >99.9%), and sodium borohydride (NaBH,, >98.0%) were
purchased from Sigma-Aldrich. Oleylamine (OAm, C18 content:
80%—90%) was purchased from Acros Organics. y-Benzyl-L-glutamate-
N-carboxyanhydride (BLG-NCA) was synthesized according to the
literature.*” Analytical grade of 1,4-dioxane was refluxed with sodium
and distilled immediately before use. All the other reagents are of
analytical grade and used as received. Dialysis bag (Membracel, 3500
molecular weight cutoff) was provided by Serva Electrophoresis
GmbH.

Synthesis of PBLG-b-PEG-b-PBLG Triblock Copolymers and
Gold Nanoparticles. PBLG-b-PEG-b-PBLG (abbreviated as BEB)
triblock copolymers were synthesized in anhydrous 1,4-dioxane
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solution using ring-opening polymerization of BLG-NCA initiated
by the terminal amino groups of HN-PEG-NH,.*”** Three types of
gold nanoparticle (AuNPs) were synthesized according to the
literature, ™ i, oleylamine-stabilized small AuNPs (AuOAml),
oleylamine-stabilized large AuNPs (AuOAm2), and 1-dodecanethiol-
stabilized small AuNPs (AuDT). The details for the synthesis of BEB
and AuNPs are provided in section 1 of the Supporting Information.

Preparation of Aggregates from BEB Triblock Copolymers
and AuNPs Mixtures. The polymeric aggregates were prepared using
a dialysis method.”**” BEB and AuNPs were first dissolved/dispersed
in THF separately with initial concentration of 1.0 g/L. In a following
step, 1.2 mL of polymer solution and various volumes (0.1—2.0 mL) of
AuNPs solutions were mixed together to obtain stock solutions. The
stock solutions were then diluted with THF to 4.0 mL; thus, the
polymer concentration was 0.3 g/L, and the AuNPs concentration was
0.025—0.5 g/L. To prepare aggregate solutions, 2.0 mL of water, a
selective solvent for PEG, was added at a rate of ca. 0.5 mL/min with
vigorous stirring. After further stirring for 2 h, 15.0 mL of deionized
water was injected to the solution. Finally, the solution was dialyzed
against deionized water for 3 days to remove the organic solvents. All
the assembling and dialysis processes were conducted at room
temperature. Before analysis, the micelle solutions were stabilized for
at least S days.

Turbidity Measurements (OD). Turbidity measurements were
performed to determine the critical water content for the aggregation
of polymers or AuNPs.*”*' The polymers or AuNPs solution/
dispersion in THF was charged into a quartz cell (path length: 1 cm).
Deionized water was then added drop by drop (0.02 mL per drop to
2.0 mL of solution) with stirring. After the deionized water was added,
the solution was stirred for 1 min and left to equilibrate for 2 min or
more until the recorded optical density was stable. The optical density
(turbidity) was measured at a wavelength of 700 nm (which was far
from the absorption of the benzene chromophore) with a UV—vis
spectrophotometer (UV—vis UV-2550, Shimadzu).

Transmission Electron Microscopy (TEM). The morphologies
of the AuNPs and self-assembled aggregates were examined by TEM
(JEM-2100F, JEOL) operated at an accelerating voltage of 200 kV.
Drops of solution were placed on a copper grid coated with carbon
film and then were dried at room temperature.

Scanning Electron Microscopy (SEM). The morphologies of the
aggregates were also observed by SEM (S4800, Hitachi) operated at an
accelerating voltage of 15 kV. The samples were prepared by placing
drops of solution on a copper grid coated with carbon film and then
were dried at room temperature. Before the observations, the samples
were sputtered by Aurum.

Atom Force Microscopy (AFM). AFM measurements were
performed with XE-100 (Park Systems) by using the noncontact mode
at room temperature in air. The samples were prepared by placing
drops of solution on a silicon wafer surface and allowed to dry in air.

Laser Light Scattering Measurements (LLS). The structure of
the aggregates was characterized by combining dynamic (DLS) and
static light scattering (SLS) measurements, which were performed on a
commercial LLS spectrometer (ALV/CGS-5022) equipped with an
ALV-High QE APD detector and an ALV-5000 digital correlator using
a He—Ne laser (the wavelength A = 632.8 nm) as light source. All the
measurements were carried out at room temperature, and the samples
were diluted before measurement. From DLS testing, hydrodynamic
radius ((R,)) can be obtained, which indicates the radius of a hard
sphere with the same translational diffusion coeflicient and the same
condition. While the SLS measurements gives the radius of gyration
( (Rg)), which reflects the density distribution of the aggregates in real
physical space.

Dissipative Particle Dynamics (DPD) Simulations. The DPD
simulations were conducted to illuminate the structures of ellipse-like
aggregates and vesicles. Details of DPD and the choice of simulation
parameters can be found in our previous works.*****> A DPD model of
symmetric rod—coil—rod triblock copolymer was constructed to
simulate the PBLG,3-b-PEG 35-b-PBLG,g; copolymers synthesized in
the experiments (Figure S7). The triblock copolymer model consists
of ten R beads on each rod block and three C beads on each coil block
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(denoted by R,oC;R,,).>’ The DPD beads in each rod block were
linearly arranged and restricted to move as a rigid body. The distance
between neighbor R beads was set as 0.86 r.. The coil block was
modeled as a flexible polymeric chain. The current choice of block
lengths corresponds to the experiments, where the length of PBLG is
longer than that of PEG. More detailed information regarding the
setting of model parameters is given in section 6.1 of the Supporting
Information. The solvent bead was modeled as a single bead and
denoted by S (not shown). The smaller (~4.5 nm) and larger (~18.9
nm) AuNPs were modeled as a single DPD bead and a rigid
icosahedron (radius equal to 1.0 r.), respectively. Nanoparticles were
denoted by N. The units of length, time, mass, and energy in our
simulations were defined by r, 7, m, and k3T, respectively. The time
unit 7 was obtained by 7 = (mr2/kyT)"? and its real value can be
evaluated via matching the simulated lateral diffusion coefficient with
the value measured in experiments. All simulations in the present work
were carried out in 40 X 40 X 40 r> cubic boxes with periodic
boundary conditions. The NVT ensemble was adopted. The
interaction parameter a; between DPD beads is given in Table 1

Table 1. Interaction Parameter a; Used in the DPD
Simulation

a; R C P S

R 25 30-75 25-75 30-75
C 25 30—-200 25

P 25 30—-200
S 25

(the detailed information on the choice of a; is given in section 6.2 of
the Supporting Information). The time integration of motion
equations was done by a modified velocity-Verlet algorithm, with
the time step At = 0.047. Six X10° DPD steps were carried out in our
simulations to ensure the simulation time long enough for the systems
to achieve equilibrium states.

The ordered packing of rod blocks inside an ellipse can be
characterized by the angles between the rod blocks and the long axis of
the ellipse (see the insets of Figure 2g). The angle 6; corresponding to
the ith rod block is defined by

6, = cos "lu, u,l (1)

where u; is the normalized vector of the ith rod and wu, is the
normalized vector of the long axis of the ellipse. The average € for an
arbitrary point inside a simulated ellipse was computed as follows.
First, we computed the value of 6 for every rod block inside the ellipse
core. Then, for an arbitrary point r, we figured out those rod blocks
whose distance from r is within a critical value d.. (Herein we choose
d. = r_.) Finally, the values of € corresponding to these rod blocks were
averaged to get the average 6 for point r.

In addition, the degree of nematic ordering in aggregates was
characterized by the order parameter S.*° The order parameter S; for
the ith rod is given by

S 3(u;uy)® — 1
o 2 )
where u, is the normalized vector of the ith rod (from the first bead to

the last bead) and u, is the normalized vector of orientation direction,
which is determined by iteration to find the largest value of S. The
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Figure 1. (2) Molecular structure and schematic model of PBLG-b-PEG-b-PBLG (BEB) triblock copolymer. (b) Turbidity curves of BEB triblock
copolymer and three types of AuNPs in THF as a function of the amount of water added to the solution. The arrows indicate the CWC points of the
corresponding BEB and AuNPs solutions. (c—e) TEM images of AuNPs with different diameters and ligands. (c, d) AuNPs coated with oleylamine
(AuOAm1 and AuOAm2); the diameters are 4.5 + 0.9 and 18.9 + 2.1 nm, respectively. (e) AuNPs coated with 1-dodecanethiol (AuDT); the
diameter is 4.3 & 0.6 nm. Insets in TEM images show the cartoon pictures of the AuNPs.
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Figure 2. (a) SEM, (b) TEM, and (c) AFM images of the ellipse-like aggregates self-assembled from BEB triblock copolymers. (d) Height profiles
along the white line 1 and line 2 in (c). (&) Equilibrium morphology of ellipse-like aggregates obtained by a DPD simulation. The rod blocks and coil
blocks are colored by green and red, respectively. (f) Density profiles of rod blocks, coil blocks, and solvents along the long axis (denoted by the
black arrow) of a typical simulated ellipse. (g) Distribution of average angles 8 between normalized vectors of rod blocks and long axis of ellipse-like
aggregates. x and y correspond to the positions along the long axis and short axis of the aggregates, respectively. Insets at the upper left corner and
lower right corner show two typical copolymers with their rod blocks parallel to the long axis (6 = 0°) and inclined to the long axis (6 = 20°),

respectively. Color bar at the right side shows the scale of 6.

order parameter S of rod blocks within the aggregate is the average
value of S,

B RESULTS AND DISCUSSION

Characterization of PBLG-b-PEG-b-PBLG Triblock
Copolymers and Gold Nanoparticles. Figure la shows
the molecular structure of BEB triblock copolymer. Since
PBLG blocks take rigid a-helix conformation (Figure S1), the
BEB triblock copolymer can be modeled as rod—coil-rod
polymeric system. The degree of polymerization (DP) of PEG
block is known to be 136, and the DP of each PBLG block is
283 according to NMR analysis. GPC analysis in DMF reveals a
monomodal symmetric distribution with a relatively narrow
PDI value of 1.25 (Figure S2), which indicates a well-controlled
polymerization process. In addition, PBLG-b-PEG-b-PBLG
triblock copolymers with the same PEG block length but
various PBLG block lengths were synthesized, for example,
PBLG,3-b-PEG,3s-b-PBLG,g;, PBLG7,-b-PEG 35-b-PBLG, 5,
and PBLGy34-b-PEG 35-b-PBLGy;4. The subscripts denote the
DP for each block. The detailed characterizations for these
triblock copolymers were presented in Supporting Information
(Section 2, Table S1).

Figures 1c—e show the TEM images of the AuNPs. Spherical
morphology was observed for these AuNPs, and the average
diameters are 4.5 + 0.9 nm for AuOAm1, 18.9 + 2.1 nm for
AuOAm?, and 4.3 + 0.6 nm for AuDT (Figure S3). The insets
in each image are the cartoons of the AuNPs. The different
ligand molecules induce different hydrophobicity (or surface
properties) of AuNPs, which may lead to distinct cooperative
self-assembly behaviors as well as the distributions of NPs in
hydrophobic domains of the aggregates.'**”
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The triblock copolymers and AuNPs are soluble/dispersible
in THF, and adding water can induce the aggregation of
copolymers or AuNPs. The a§§regation process can be
monitored by turbidity testing.”””" From the turbidity curves
shown in Figure 1b, one can see that the onset of the
aggregation for BEB occurs at water content (critical water
content, CWC) of 13.7 wt %. And for AuNPs, the CWCs are
12.8 wt % for AuOAm1, 15.3 wt % for AuOAm?2, and 3.4 wt %
for AuDT. The CWC value reflects the hydrophobicity of
copolymers and AuNPs. The results suggest that both
AuOAml and AuOAm?2 possess the hydrophobicity close to
that of BEB triblock copolymers, while AuDT is much more
hydrophobic.

Self-Assembly Behavior of BEB Triblock Copolymers.
Pure BEB triblock copolymers self-assembled into ellipse-like
aggregates, as observed by SEM, TEM, and AFM (Figure 2).
SEM (Figure 2a) and TEM (Figure 2b) images reveal that
these ellipse-like aggregates have solid internal structures. The
size of the ellipses is not highly uniform, which could be a result
of the polydispersity index of BEB.** AFM image shows that
the length, width, and height of the ellipse are about 160, 127,
and 68 nm, respectively (Figure 2c,d). The ellipse is not a
common morphology of copolymer assemblies.”” The ordered
packing of PBLG chains in aggregate core should take
responsibility for the formation of such morphology. The
structure of ellipse-like aggregates was further revealed by DPD
simulations on rod—coil—rod model copolymers. As shown in
Figure 2e, the ellipse-like aggregates are formed by rod—coil—
rod triblock copolymers with their rod blocks constructing the
aggregate cores wrapped by coil blocks. To gain insight into the
distributions and orientations of the rod blocks, the density
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Figure 3. (a—d) SEM and (e—h) TEM images of morphologies of BEB/AuOAm]1 mixtures with various nanoparticle weight fractions (foam1): (2, €)
0.08, (b, f) 0.14, (¢, g) 0.20, (d, h) 0.29. (i) Typical AFM image of vesicles formed by BEB/AuOAm1 mixtures at foam; = 0.29. (j) Height profile

along the white line in (i).

profiles of respective components and the angle distribution of
rod blocks were plotted. As shown in Figure 2f, there are one
small peak for the coil blocks and one valley for the rod blocks
in the center, indicating that a small amount of coil blocks
occupy the aggregate center. However, it is noted that there are
no solvents in the aggregate center, which is structurally
different from vesicles. The orientation of rod blocks depends
on their positions in the aggregates. We measured the
orientation of rod blocks by the angle 6 between the
normalized vectors of rod blocks and the long axis of
aggregates (see eq 1). Figure 2g shows the cross section of a
typical simulated ellipse-like aggregate with its width and height
equal to 24 r. and 10 r,, respectively. The color of each point
within the ellipse profile represents the average value of 6 for
this point: a smaller value (blue) indicates that the rod blocks
near this point are parallel to the ellipse long axis, whereas a
larger value (red) represents that the rod blocks are inclined.
Insets of Figure 2g illustrate the relationship between the value
of @ and the orientation of a rod block. The result reveals that
the rod blocks near the long axis are almost parallel to the long
axis of the ellipse, while the rod blocks away from the long axis
become tilted. Furthermore, we calculated the order parameter
S for the rod blocks within the ellipses (see eq 2). The high
value of S (= 0.85) indicates that the rod blocks are oriented
and packed regularly within the aggregates.

The effect of PBLG block length on the self-assembly is also
examined. It was found that the triblock copolymers with
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relatively longer PBLG block length, such as PBLG,g;-b-
PEG,35-b-PBLGyg; and PBLG,y,-b-PEG,3s-b-PBLGyy,, self-
assemble into ellipse-like aggregates. While for the copolymers
with shorter PBLG block length (PBLG,g;-b-PEG,;4-b-
PBLG,(;), vesicles are formed. Such an ellipse-to-vesicle
morphology transition is attributed to the fact that the
orientation order is reduced as rod blocks become shorter.””
The details can be found in the Supporting Information
(section 4, Figure S4).

Nanoparticle-Induced Ellipse-to-Vesicle Morphology
Transitions of Triblock Copolymer Aggregates. To
examine the effect of nanoparticle content, cooperative self-
assembly behavior of BEB triblock copolymers and AuOAm1
mixtures with various weight fractions of AuOAmI (foam;) Was
investigated (Figure 3). foam; is defined as the ratio of the
weight of AuOAmI to the total weight of triblock copolymer
and AuOAm1. As shown in Figure 3a, SEM image reveals that
when a little amount of AuOAml (foan = 0.08) was
introduced, a mixture of ellipse-like aggregates and vesicles
was formed. The ellipse-like aggregates are same in the size and
shape with those formed by pure BEB triblock copolymers. For
the vesicles, TEM image gives a ringlike morphology, which is a
typical feature of hard vesicles. Because the wall of vesicle is
mainly formed by rigid PBLG blocks, the vesicles may not
collapse completely under high vacuum in TEM observations;
therefore, a ringlike image was observed.”””" As f o, increases
to 0.14, pure vesicles were formed (Figure 3b). The size of the
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vesicle increases with fgoam;. Figures 3¢ and 3d show SEM
images of the vesicles formed at foa,; = 0.20 and foam;, = 0.29,
respectively. In addition, the vesicles become more uniform in
size as foapy; is increased. From TEM images shown in Figures
3e—h, we can see that the AuNPs disperse homogeneously in
the vesicle wall, and the density of the AuNPs increases
progressively with foa,. AFM testing was applied to further
characterize the morphology of the aggregates. Figure 3i shows
the typical AFM image of vesicles formed at f 54, = 0.29. The
AFM image displays a higher periphery and lower center of the
aggregates, which is a typical image for vesicles.””** As shown
in Figure 3j, the height of the lower center (ca. 100 nm) is far
smaller than the width of the aggregates (ca. 530 nm), which
consists with the feature of collapsed vesicular structure.”” Note
that when the AuOAml content is higher than 0.29 (for
example, foam; = 0.38), uniform vesicles can still be obtained.
However, some precipitates were observed in solution. This
phenomenon can be attributed to the fact that the higher
nanoparticle content increases the volume fraction of hydro-
phobic part (i.e,, PBLG segment plus AuOAm1), and the lower
volume fraction of hydrophilic PEG segment cannot well
support the vesicle.

The “real” aggregate structure in solution was studied by
DLS and SLS testing (Figure 4 and Table 2). As shown in
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Figure 4. (a) Typical R, distribution of aggregates formed by BEB/
AuOAm1 mixtures with various foam (1, 2, 3, 4, and 5” denote the
corresponding foam; of 0, 0.08, 0.14, 0.20, and 0.29, respectively) at
the scattering angle of 90°. (b) Plots of (R;) and (R,)/(Ry,) versus
foami for the aggregates formed by BEB/AuOAm1 mixtures.

Figure 4, the average hydrodynamic radius ({R,)) of the
aggregates was found to increase progressively from 67.1 nm
(foam: = 0) to 1768 nm (foami = 0.29). The aggregate
structure change can be viewed in terms of the ratio of average
radius of §yration (Ry) to (Ry), which is sensitive to the particle
shape.”>" Generally, the (Ry)/(Ry) values for ellipse-like
structures, vesicles with a thin layer, vesicles with a wall
thickness about 1/3 the radius of the vesicle, and solid spheres
are >1.0, 1.0, 0.86, and 0.77, respectively.54 As can be seen from
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Table 2. Typical DLS and SLS Results of Assemblies Formed
by BEB/AuOAm1 Mixtures with Various foam;

(Ry) (Ry) R, distribution
sample foam nm) (nm)  (Ry)/(Ry) (90°)
BEB/ 0 67.1 79.3 1.18 0.14
AuOAml

0.08 70.0 722 1.03 0.14

0.14 100.6 99.6 0.99 0.17

0.20 137.5 124.0 0.90 0.10

0.29 176.8 146.5 0.83 0.07

Table 2, the (Ry)/(R;) value for the ellipse-like aggregates
formed by pure BEB copolymers is 1.18. When fan; increases
to 0.08 and 0.14, the (R,)/(R;) value gradually decreases to
about 1.0, which indicates the formation of vesicle. Further
increasing AuOAm1 decreases the (R,)/(R;) value, which
should be a consequence of increased thickness of the vesicle
wall by encapsulating AuOAm1. In addition, all the aggregates
possess a narrow size distribution (detected by DLS at the
scattering angle of 90°). The LLS results are in good agreement
with the morphology observations.

To achieve deep understanding of the cooperative self-
assembly behavior of the BEB/AuOAml mixtures, we
examined the dynamic process of the vesicle formation of the
mixtures (foam; = 0.29) by monitoring both the turbidity and
morphology of the system in the self-assembly. In the
experiments, the water was gradually added into initial
copolymer/NPs mixture solution, and the obtained results are
given in Figure S. As revealed by turbidity curve, the
aggregation occurs at water content around 12.6 wt %. The
turbidity increases with the water content and reaches a
maximum value at water content about 24.7 wt %. Further
increasing water content leads to a slight decrease of the
turbidity, which could be a result of the increased volume of the
solution. The aggregate morphology at various water contents
was observed by SEM. Samples were prepared by transferring a
drop of the solution on silicon wafer, frozen by liquid nitrogen,
and dried under vacuum. As shown in Figure S, rodlike
aggregates were formed at a low water content of 14.5 wt %
(inset a). Increasing water content to 17.7 wt %, vesicles were
clearly observed, accompanied by irregular aggregates (inset b).
At water content of 22.0 wt %, pure vesicles with diameter
about 450 nm were obtained. When water content increases to
28.3 wt %, a decrease in size of the vesicle was observed (about
350 nm, inset d). With further increasing water content, the
vesicles become stable and the size does not change obviously.
These results indicate that when the added water content
reaches CWC value, the mixtures first self-assemble into rodlike
primary _agsgregate with smaller size, analogous to the nucleation
process.’s’ ° With increasing water content, to lower the
interfacial energy, these rod-like primary aggregates evolve to
vesicles.

The dynamic process of the vesicle formation was also
simulated by DPD. Figure Se—h shows the equilibrium
structures obtained at various solvent conditions. In the
simulations, we varied the solvent selectivity parameter from
ags = 30 to agg = 75 in a step-by-step manner. This process
corresponds to adding various amounts of water in the
experiments. As can be seen from Figure Se, the copolymers
nucleate and form small spherical micelles when the solvent
selectivity is weak. With increasing the solvent selectivity, the
small micelles fuse into large micelles and then turn into small
vesicles and large vesicles (Figure Sf—h). Therefore, the
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Figure S. Turbidity curve of BEB/AuOAm1 mixture (foay,; = 0.29) as a function of the amount of water added to the solution. The insets show the
corresponding SEM images of the assemblies formed at various water contents: (a) 14.5 wt %, (b) 17.7 wt %, (c) 22.0 wt %, and (d) 28.3 wt %. No
dialysis was performed before SEM observation. Scale bar is 300 nm. (e—h) Equilibrium aggregates obtained from DPD simulations at various
solvent conditions (as manifested by variation of agg): (e) smaller spheres (ags = 30), (f) larger spheres (ags = 40), (g) vesicles with moderate size
(ags = 50), and (h) large vesicles (agg = 75). The weight fraction of NPs in block copolymer/nanoparticle mixtures was set as 0.2. The selectivity of
solvent increases gradually from (e) to (h). Only aggregate cores (green) and nanoparticles (yellow) are shown.
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Figure 6. (a—c) SEM and (d—f) TEM images of assemblies formed by BEB/AuOAm2 mixtures with various foamy: (3, d) 0.17, (b, e) 0.35, and (¢, f)
0.50. Inset in (f) depicts the distribution of NPs in the vesicle wall. Scale bar in (f) is 200 nm.

simulations obtained similar results shown in the experiments
(Figure Sa—d), except for the morphologies of the nucleated
structures (rodlike in experiments vs spherical in simulations).
Both the experiments and simulations demonstrate that the
formation of vesicles is a process controlled by nucleation and
growth.

Effect of Nanoparticle Size and Hydrophobicity on
Cooperative Self-Assembly Behavior of Copolymer/
Nanoparticle Mixtures. The effect of nanoparticle size on
self-assembly behavior of BEB triblock copolymers is
investigated by introducing larger AuNPs (AuOAm2, 18.9
nm). As revealed by SEM images, the morphology transition
from ellipse to vesicle was also observed (Figure 6a—c). When
foamz = 0.17, the BEB/AuOAm?2 mixture self-assembles into
ellipse-like aggregates. When fg,,, increases to 0.35, the
ellipse-like structures disappear, and vesicles are formed. The
size of the vesicles increases with f,.,,. TEM images show that
AuOAm?2 uniformly distributes in the vesicle wall (see inset
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cartoon), and the density of NPs increases with fom, (Figure
6d—f). In addition, medium-sized AuNPs (10.4 nm) were
applied to cooperative self-assemble with BEB, an ellipse-to-
vesicle morphology transition was also observed (details are
presented in Supporting Information, Figure SS). These
experiments revealed that AuNPs with a relatively wide size
range (from 4.5 to 18.9 nm) can induce the ellipse-to-vesicle
morphology transition. In addition, for BEB/AuOAm1 mixture,
the ellipse-to-vesicle morphology transition took place at foam;
0.08. While for the BEB/AuOAm2 mixture, ellipse-like
aggregates were formed at foa,, = 0.17, and vesicles were
observed at foam, = 0.35. This result indicated that the ellipse-
to-vesicle morphology transition takes place at a higher AuNPs
weight fraction if larger NPs are used.

The hydrophobicity of NPs (or the surface properties of
NPs) is another important factor influencing the cooperative
self-assembly behavior."”*” In this work, AuDT which is more
hydrophobic than AuOAmIl and AuOAm?2, was applied to
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examine the effect of hydrophobicity on the cooperative self-
assembly behavior of BEB/AuNPs mixtures. As shown in
Figure 7, when fypr gradually increases, a morphology

£ :
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o
}f‘i' 3.8 wt%
200nm 0 5 10 15 20 25
o Water content / wt%

Figure 7. (3, b) SEM and (c) TEM images of the assemblies formed
by BEB/AuDT mixtures with (a) fy,pr = 0.10 and (b, ¢) fy,pr = 0.30.
Inset in (c) depicts the distribution of NPs in the vesicle wall. (d)
Turbidity curve of BEB/AuDT mixture as a function of the amount of
water added to the solutions.

transition from ellipses to a mixture of ellipses and vesicles
(Figure 7a) and then to pure vesicles (Figure 7b) was observed
(see details in Supporting Information, Figure S6). As can be
seen from TEM image in Figure 7c, AuDT clusters rather than
dispersed particles are encapsulated in the vesicle wall. Cartoon
inset in Figure 7c depicts the distribution of AuNPs in the
vesicle wall. The explanation of this phenomenon can be
deduced from the turbidity curve of BEB/AuDT mixture
(Figure 7d). As shown in the figure, aggregation of AuDT

occurs at the water content of about 3.8 wt %, while assembly
of BEB occurs at 13.7 wt %. This suggests that AuDT first
aggregated into clusters and then cooperatively self-assembled
with BEB. As a result, they were embedded in the vesicle wall in
the cluster form. As compared to AuDT, AuOAml and
AuOAm? are less hydrophobic, their CWCs are close to that of
BEB triblock copolymers (12.8 and 15.3 wt % vs 13.7 wt %).
Therefore, AuOAm1 and AuOAm?2 can cooperatively self-
assemble with BEB in dispersed form. Both the distribution and
location of NPs may critically affect the properties and potential
applications of copolymer/NP assemblies. The clustered NPs
in assemblies are expected to exhibit enhanced physicochemical
properties, such as ultraviolet absorption and fluorescence
intensity.”” The information obtained from the present work
may provide useful guidance for construction of hybrid block
copolymer aggregates with specific distribution of NPs and
subsequently facilitate their potential applications in bio-
technology, biomedicine, catalysis, etc.!8

Mechanism of the Nanoparticle-Induced Ellipse-to-
Vesicle Morphology Transition of Copolymer Aggre-
gates. Based on the experiment and simulation results, a
mechanism of the ellipse-to-vesicle morphology transition
induced by NPs is proposed. The BEB triblock copolymers
are well dissolved in THF. When the selective solvent (water)
was added, the PBLG blocks became insoluble. To reduce the
exposure of the PBLG block to the selective solvents, BEB
triblock copolymers self-assemble into ellipse-like aggregates, in
which the PBLG rods are in a favor form of parallel
arrangement. In this fashion, the PBLG can be densely packed
and the interfacial energy is optimized. When NPs are
introduced to cooperatively self-assemble with copolymers,
the ordered packing of rigid PBLG chain in the aggregate core
can be broken. Moreover, since the NPs can fill the gap
between the rigid chain segments, the parallel packing of the
PBLG chains is not the necessary choice to make the cores
densely packed. As a consequence, vesicles are formed instead
of ellipse-like aggregates. It should be noted that when a small
portion of NPs is introduced, the size of the vesicles is
comparable with the ellipse-like aggregates, and the interfacial
energies of the vesicles can be reduced compared with those of
ellipse-like aggregates with comparative sizes. When more NPs
are introduced, the size of the vesicles increases, which further
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Figure 8. (3, ¢, e) Simulation structures and (b, d, f) density profiles for the vesicles self-assembled from the mixtures of rod—coil—rod triblock
copolymers and NPs: (a, b) small NPs (AuOAm1), (c, d) larger NPs (AuOAm2), (e, f) small NPs with higher hydrophobicity (AuDT). r = 0 r,
corresponds to the vesicle center. The weight fractions of smaller and larger NPs in block copolymer/nanoparticle mixtures were set as 0.2 and 0.4,

respectively.
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lowers the interfacial energy of the system to compensate for
the decrease in weight fraction of hydrophilic segments."

To prove the above assumption that the NPs can fill the gaps
between rigid chains, we carried out the DPD simulations on
the structures formed by the mixtures of rod—coil—rod triblock
copolymers and NPs (Figure 8). As can be seen from Figure 8a,
the vesicle structure was observed and the NPs are localized
uniformly in the vesicle wall. The parallel packing of rod blocks
is disrupted owing to the size exclusion effect of NPs. We also
plotted the density profiles of NPs, rod blocks, and coil blocks
in the vesicle wall (Figure 8b). The unimodal profile of rod
blocks and the bimodal profile of coil blocks indicate the
vesicular structure, while the coincidence of the peaks
corresponding to NPs and rod blocks prove the spatial
distribution of NPs in the vesicle wall. Simulation results well
reproduced the morphology transition observed in the
experiments and provide molecular-level information such as
the chain packing mode and the NP distribution.

Additionally, the effects of the size and hydrophobicity of the
NPs on the self-assembly were studied by the DPD simulations.
Figures 8c,d show the structure of a typical vesicle formed by
rod—coil—rod triblock copolymers and larger NPs. It can be
seen from Figure 8c that the NPs are located at the middle
region of the vesicle wall. The density profiles of NPs, rod
blocks, and coil blocks corroborate the vesicular structure of
aggregates and the distribution of NPs in the vesicle wall
(Figure 8d). The simulation results reveal that the larger NPs
cannot fill the space between the rigid chains and instead they
appear around the ends of PBLG chains. Figures 8e,f show the
simulation structure of a typical vesicle formed by rod—coil—
rod triblock copolymers and small NPs with higher hydro-
phobicity. As can be seen from Figure 8e, the NPs are
aggregated within the vesicle wall due to the enhanced
hydrophobicity, and the self-assembly behavior observed in
experiments is reproduced. The density profiles of NPs, rod
blocks, and coil blocks confirm the vesicular structure of
aggregates (Figure 8f). As compared with experiments (Figures
6 and 7), it was found that the DPD simulations can well
reproduce the distributions of either the large NPs or the small
NPs with higher hydrophobicity in the vesicles.

Finally, we wish to emphasize the significance of this work.
On the one hand, we elucidated how NPs affect the self-
assembly behavior of rod—coil BCPs. The results reveal that the
NPs play different role in the self-assembly of rod—coil BCP
system from that of the coil—coil BCP system. In the coil—coil
BCP system, the NPs can increase the effective volume taken
up by hydrophobic domain. While in the rod—coil BCP system,
the role of NPs is manifested in the breakage of ordered and
dense packing of rod blocks. Both our previous work and the
reports in the literature revealed that the rod—coil type block
copolymers can self-assemble into vesicles when the rod blocks
are not orderly packed.””” In this work, we observed an
ellipse-to-vesicle morphology transition, which is attributed to
the disruption of orientation order of the rods by NPs.
Meanwhile, we also examined the effect of PBLG length on the
self-assembly behaviors of BEB. It was found that the
copolymers with relatively longer PBLG rods self-assemble
into ellipse-like aggregates. When the PBLG becomes shorter,
vesicles are observed. This can be explained by the fact that the
orientation order is reduced as rod blocks become shorter.
Therefore, both ellipse-to-vesicle morphology transitions can
be attributed to the same mechanism; i.e., the ordered packing
of PBLG chains is disrupted either by NPs or decreasing of rod
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block length. However, in the present work, we focused on the
morphology transition induced by NPs. The mechanism is well
revealed by experiment and simulations. On the other hand,
among the different block copolymer vesicles studied so far,
polypeptide-based vesicles present several advantages, such as
biocompatible, biodegradable, and mechanical stability due to
the rodlike conformation of polypeptide chains forming the
hydrophobic part of the vesicle.”” In addition, inorganic NPs
are able to endow the hybrid vesicle with novel functions. To
date, there are few examples of hybrid vesicles self-assembled
from polypeptide-based copolymer and inorganic NPs. The
present work not only deepens our understanding of the self-
assembly behavior of rod—coil BCPs but also provides a new
way of constructing polypeptide-based hybrid vesicles in
aqueous solution.

Bl CONCLUSIONS

We employed experimental methods and DPD simulations to
investigate the cooperative self-assembly behavior of PBLG-b-
PEG-b-PBLG (BEB) rod—coil-rod polypeptide triblock
copolymers and AuNPs. Pure BEB triblock copolymers with
relatively longer PBLG rods self-assemble into ellipse-like
aggregates, and DPD simulation revealed that PBLG rods tend
to take parallel and dense packing fashion in the core of the
ellipse-like aggregates. A morphology transition from ellipse-
like aggregates to vesicles occurs when AuNPs are introduced.
The effect of size and hydrophobicity of the AuNPs on self-
assembly behavior was elucidated. It was found that larger
AuNPs can also induce such an ellipse-to-vesicle morphology
transition at a higher AuNPs weight fraction. When AuNPs are
more hydrophobic, they are dispersed in the vesicle wall in a
cluster form. The main reason for the ellipse-to-vesicle
transition is attributed to the breakage of ordered and dense
packing of PBLG rods. The results gained from the studies
provide a useful guidance for constructing hybrid polypeptide
vesicles with controllable size and nanoparticle distribution,
which may have potential applications in bioengineering,
medical therapy and high-performance catalysis.
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