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Polymer Vesicles Lol

Supramolecular Self-Assembly of Giant Polymer
Vesicles with Controlled Sizes**

Yongfeng Zhou and Deyue Yan*

Supramolecular self-assembled vesicles have attracted great
attention for their potential applications in drug delivery,
gene therapy, and model systems of biomembranes.!! Pre-
vious methods to make vesicles include the self-assembly of
large copolymers and small amphiphiles such as lipids (lip-
osomes);** however, compared to liposomes, polymer
vesicles possess unique properties such as good stability and
permeability. Polymer vesicles have thus become attractive
and promising research objects since the first observation of
block copolymer vesicles by Eisenberg and co-workers,” who
called the aggregations of the block copolymer with small
hydrophilic fractions (<20%) crew-cut micelles. Discher
et al. reported another type of polymer vesicle formed from
block copolymers having a similar hydrophilic fraction (35 +
10%) to liposomes and these were termed polymersomes.”!
Polymer vesicles have also been prepared from other
materials, such as, polypeptides, rod-coil polymers, and
dendrimers.”! The vesicle-forming systems based on small
amphiphiles, dendrimers, or linear block copolymers have a
well-defined molecular structure. The polymer vesicles result-
ing from the molecular self-assembly of ill-defined polymers
such as hyperbranched copolymers have not yet been
reported. Furthermore, giant polymer vesicles with diameters
of 100 um have not been observed to date, although Menger
et al. have demonstrated in their research on liposomes that
“giant vesicles” with diameters of 5-200 um have many
special advantages.”! We report here the preparation of new
kind of polymer vesicle with a controlled size (the diameters
of the larger polymer vesicles are above 100 um) that are
generated from the molecular self-assembly of ill-defined
hyperbranched copolymers having a high hydrophilic fraction
(>60%).

Recently, we reported® macroscopic molecular self-
assembly from a hyperbranched multiarm copolymer
(HBPO-star-PEO) in acetone (HBPO =hyperbranched
poly(3-ethyl-3-oxetanemethanol), PEO = poly(ethylenegly-
col)), which gave rise to multiwalled tubes with diameters of
the order of millimeters and lengths of the order of
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centimeters. It was found that the molecular structure of the
HBPO-star-PEO copolymer greatly influenced the macro-
scopic self-assembly behavior. The work reported herein
investigates the self-assembly of HBPO-star-PEO copolymers
in water. Three HBPO-star-PEO copolymers with different
hydrophilic fractions (PEO volume fraction) denoted HBI,
HB2, and HB3 (Figure 1) were synthesized. The overall
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Figure 1. Schematic representation of the HBPO-star-PEO multiarm
copolymer. The dashed circle shows the boundary between the HBPO
core (inside) and the PEO arms.

structures of HB1-3 are different from those used in the
macroscopic molecular self-assembly.”! The molecular self-
assembly of HB1-3 involved directly placing the polymer into
deionized water (polymer concentration: 10 mgmL™") under
stirring at room temperature. The properties of HB1-3 and
the aggregations are summarized in Table 1, while the syn-
thesis, characterization, and self-assembly of HB1-3 are
described in the Supporting Information.

Table 1: Details of vesicle-forming multiarm copolymers.!
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Figure 2. Optical micrographs (a, ¢, d) and TEM image (b) of HB1-3
vesicles. a), b) HB3 vesicles. c) HB2 vesicles. d) HB1 vesicles. The
samples for TEM measurement were negatively stained with 2% aque-
ous uranyl acetate solution. The scale bars represent 25 pm in (a), (c),
and (d), and 250 nm in (b).

tion less than 100 mgmL~!, other morphologies were found
for polymer solutions with concentrations higher than
100 mgmL") could be stored for at least two months in
water at around 20°C, but the HB1 vesicles settled under
gravity at the bottom of the container underneath the
medium. Compared with the polymer vesicles previously
reported, the aggregation observed in this work has several
unique characters: 1) the vesicles originate from an ill-defined
hyperbranched amphiphilic multiarm copolymer; 2) the
HB1-3 copolymers that can directly form vesicles in water
have a higher hydrophilic fraction (>60%) than those
forming polymersomes and crew-cut micelles (block copoly-
mers with a hydrophilic fraction higher than 40 % often self-
assemble into wormlike and spherical micelles); 3) the HB1-3
vesicles have giant sizes similar to those of giant liposomes,™
and to the best of our knowledge HB1 provides the largest
known polymer vesicles, with diameters larger than 100 pm.
In short, the aggregation of the giant vesicles reported herein
is different from crew-cut micelles, polymersomes and other

polymer vesicles, and results in a

new sort of polymer vesicle. A new

_ terminology, branched polymer-
Sample M, [gmol™] Polydispersity index fro Diameter [um] d[nm] some, is used to describe this new
HB1 12200 15 0.69 112.8430 1042 type of aggregation.
HB2 16800 1.7 0.79 22.64+4.2 5+2 The size distributions of HB1-3
HB3 20800 1.9 0.86 4.0+1.6 542

vesicles are displayed in Figure 3.

[a] M,: the number-average molecular weight; Polydispersity index: weight-to-number average
molecular weight; fio: the hydrophilic PEO volume fraction; d: the vesicle wall thickness. The HB1-3
samples have the same HBPO cores with a molecular weight of 6400 gmol~".

The optical and transmission electron microscopy (TEM)
images of the resulting self-assembled objects are shown in
Figure 2. It appears that HB1-3 directly self-assembled into a
well-defined vesicular structure in water, and the vesicles
increased in size from 1 to 200 um as the hydrophilic fraction
decreased. The HB2 and HB3 vesicles (polymer concentra-
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The size of the vesicles was mea-
sured from the staff gauge in the
microscopy studies, and the results
were based on an analysis of
200 vesicles for HB2 and HB3 and
100 vesicles for HB1. The average diameters of the vesicles
are 4.0 um for HB3, 22.6 pm for HB2, and 112.8 um for HB1
(Figure 3 and Table 1). Thus, the size of the generated vesicles
increases and the size distribution becomes broader as the
hydrophilic fraction of the HBPO-star-PEO molecules
decreases from 0.86 to 0.69. However, the distribution of
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Figure 3. Size distribution of the giant polymer vesicles made from the
HBPO-star-PEO multiarm copolymer. The blue, yellow, and red bars
represent HB3, HB2, and HBT vesicles, respectively.

the vesicle size is not directly related to the polydispersity
index of the copolymer (Table 1). Discher and Eisenberg!'?!
also found that polydispersity is not a strict requirement for
vesicle formation. Such a size dependence of the giant vesicles
on the copolymer composition as shown in Figure 2 has not
been observed before, and it presents an easy approach to the
assembly of giant polymer vesicles with well-controlled sizes.
In fact, submicroscopic vesicles (not shown) were also
obtained through the self-assembly of HBPO-star-PEO with
a much higher hydrophilic fraction in water, but they did not
fall within the concept of “giant vesicles” discussed in this
work. It is necessary to control the vesicle size in techno-
logical and scientific applications;?! for example, giant
vesicles are very good models for the simulation of the
fluidization of cell membranes.*"

The self-assembly mechanism of HBPO-star-PEO mole-
cules in water includes two aspects: one is the self-assembly
interaction, and the other is the molecule packing in the self-
assembled vesicle wall. The hydrophobic interaction, which is
attributed to the amphiphilic character of HBPO-star-PEO in
water, and the formation of hydrogen bonds are responsible
for driving the self-assembly. The importance of hydrogen
bonds in the self-assembled HB1-3 vesicles has been con-
firmed by variable-temperature FTIR spectroscopy as well as
by temperature- and concentration-dependent 'H NMR
spectroscopy. The molecule packing in the vesicle wall was
investigated by solution-state '"H NMR data. These studies
show that the surface of the vesicle is covered by PEO arms
and the HBPO cores are located inside the vesicle wall, thus
resulting in the vesicle wall having a sandwich structure. A
previous report! on the macroscopic molecular self-assembly
of HBPO-star-PEO molecules in acetone had shown that the
tube walls possessed an alternate PEO and HBPO lamella
structure, and thus suggested that the sandwich structure in
the HB1-3 vesicle walls consisted of PEO-HBPO-PEO
lamellae. In addition, small-angle X-ray scattering (SAXS)
experiments further proved the lamellar structure in the
HB1-3 vesicle wall. The lamellar thickness measured by
SAXS experiments is 5.6 nm for HB3 vesicles, 5.3 nm for HB2
vesicles, and 11.1 nm for HB1 vesicles, which fits well with the
wall thickness of the HB1-3 vesicles measured by TEM
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studies (Table 1). Consideration of the HBPO-star-PEO
molecule size, the lamella structure, the lamella thickness,
and the vesicle wall thickness leads us suggest that the HB2
and HB3 molecules pack into a monolayer structure in the
related vesicle walls in the same way as a triblock copoly-
mer,"*! and the HB1 molecules pack into a bilayer structure
similar to that in diblock copolymer vesicles.*®! For details of
the experiments and analysis of the self-assembly mechanism
see the Supporting Information.

A tentative molecular packing model for the walls of the
HB1-3 vesicles is shown in Figure 4. In the monolayer model
(Figure 4a) each HBPO-star-PEO molecule behaves as an

Figure 4. Proposed molecular packing models in the HB1-3 vesicle
walls. The blue zones represent the condensed HBPO cores and the
red wavy lines denote PEO arms. a) A monolayer structure. b) A bilayer
structure. The illustrations are not drawn to scale.

amphiphilic triblock copolymer (ABA type) and spontane-
ously segregates into a molecular sandwich with an internal
layer consisting of the HBPO core and outer shells of PEO
arms as a result of the hydrophobic interaction, while the
molecular sandwiches aggregate into giant vesicles. In the
bilayer model (Figure 4b) each HBPO-starr-PEO molecule
segregates into a hydrophobic HBPO part and a hydrophilic
PEO part similar to the amphiphilic structure of diblock
copolymers, while the hydrophobic parts aggregate together
to form the bilayer structure similar to that in vesicles formed
by a diblock copolymer. The boundary between the two core
layers in Figure 4b does not really exist, and the exaggerated
boundary is only shown to illustrate the bilayer structure
more clearly. Comparison of the HB1-3 molecules shows that
HB1 has shorter hydrophilic PEO arms, which possibly could
not stabilize the monolayer structure and resulted in HB1
forming a bilayer structure so as to keep the self-assembled
objects stable.

In conclusion, we successfully obtained a new kind of
giant polymer vesicle from an ill-defined hyperbranched
multiarm copolymer having a high hydrophilic fraction
(>60%) through direct self-assembly in water. These poly-
mer vesicles have been termed branched polymersomes. The
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size of the branched polymersomes can be easily controlled by
adjusting the hydrophilic fraction of the copolymer, with the
average diameter of the larger branched polymersomes
exceeding 100 um. Two possible molecular packing models
in the vesicle walls are proposed. The large size of the
branched polymersomes suggests they will have applications
for encapsulation and simulation of the biomembrane pro-
cess. Further results of the morphology transition and
membrane fluidity of these branched polymerases will be
reported in the near future.
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