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Polymer €hemistry:

Exploring the Effects of Glyco-copolymer Architectures on the
Solution Self-assembly of Amphiphilic Thermoresponsive Linear,
Star, and Cyclic Polymers

Naoki Ozawa,? Ji Ha Lee,? Isamu Akiba,c and Tomoki Nishimura *2

Polymer architecture can influence the morphology of polymer self-assemblies. However, although the ability to control the
nanostructure of self-assemblies is crucial for optimizing their potential applications, the ways in which changes in
macromolecular architecture affect the structures of self-assemblies and the conformation of polymer chains in self-
assemblies remain virtually unknown. Herein, we investigate the self-assembly behavior of four amphiphilic copolymers with
different chain configurations, namely, AB, ABA, 3-arm block copolymers, and cyclic graft copolymers. We demonstrate that
changes in the macromolecular architecture can result in the formation of different nanostructures, including unilamellar
vesicles, cylindrical micelles, spherical micelles, and multilamellar vesicles. X-ray and light-scattering measurements also
reveal that the conformations of the polymer chains in the self-assemblies are different, which contributes to the differences
in their nanostructures. Our findings provide insights into the ways in which changes in polymer architecture affect self-
assembly behavior and suggest that the macromolecular architecture should be considered an important factor for

controlling the structure of molecular assemblies.

Introduction

Controlling the morphology of polymer self-assemblies in
solution is important, because their morphology can have a
significant effect on their physical and chemical properties,
which in turn affect their potential applications.> 2 3 4 5 The
nanostructures of molecular assemblies are therefore designed
for specific purposes. For example, spherical micelles and
vesicles have hydrophobic or hollow spaces that can
encapsulate drugs for delivery to disease sites.® 7- 8 Cylindrical
micelles are used as templates with a specific periodicity and
orientation for nanolithography.> 1© The nanostructure of
molecular assemblies can also influence their biological
properties, such as recognition by cells and flow through blood
vessels. This can be important in applications such as drug
delivery, where the interactions between self-assemblies and
cells, as well as their recognition by cells (e.g., dendric cells or
macrophages), can influence their ability to circulate in the
blood and accumulate at tumors.'> 12 Given the importance of
the nanostructure of polymer self-assemblies, it is hardly
surprising that there has been considerable research into
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controlling their nanostructures. For example, Liu et al.
prepared four different nanostructures including spheres,
vesicles, discs and lamellae based on the self-assembly of
amphiphilic block copolymers consisting of poly(ethylene
glycol) and polymerised block of reduction-responsive
camptothecin prodrug monomer by varying solvent
compositions and demonstrated that lamellae structure
exhibited  extended blood circulation over other
nanostructures.’®> More recently, the same research group has
developed a new method for identifying and quantifying
synthetic polymers in biological environments using sequence-
defined amphiphilic polymers that form 'digital micelles' with
different nanostructures. These micelles can be read using
MALDI-TOF mass spectrometry, which also allows quantitative
analysis, and this method has allowed the identification,
decoding and quantification of different types of micelles at
different biological levels.14 15

The nanostructure of polymer self-assemblies is generally
controlled by tailoring the polymer structures, such as the
length of the hydrophilic and hydrophobic segments. The self-
assembled structures are determined by the geometry of the
amphiphiles in the molecular assembly, which can be described
by the packing parameter.16 17,18, 19 Therefore, for structurally
simple AB-type amphiphilic block copolymers, we can fabricate
molecular assemblies with different morphologies by changing
the degree of polymerization or the composition of the
hydrophilic and hydrophobic segments according to the
packing-parameter rule. Among the factors in polymer
structure, polymer architectures, such as branching, also
influence the self-assembled structures.20 21,22, 23,24,25,26,27,28, 23,
30,31,32,33,34 For example, amphiphilic star and cyclic copolymers
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not only exhibit changes in critical micelle concentration (CMC)
and phase-transition temperature compared to the
corresponding AB-type block copolymers, but may also form
self-assembled structures with different morphologies.3% 35 36
37 Amphiphilic multi-arm copolymers are more promising
components of self-assembled materials compared to block
copolymers due to their lower CMC and their ability to form
stable assemblies.?® While self-assembly of AB- and ABA-type
amphiphilic block copolymers in the bulk is well studied both
theoretically and experimentally,3® 39 40, 41, 42 gystematic
investigations on the effect of changes in macromolecular
architectures on self-assembly structures have remained
limited. In addition, precise structural analyses of self-assembly
structures of star copolymers and cyclic copolymers are scarce,
resulting in a lack of understanding of the conformation of
polymer chains in self-assemblies.*® Therefore, the effect of
macromolecular architecture on self-assembly behavior has
remained virtually unknown.

Herein, we report on the self-assembly behavior of four
amphiphilic copolymers with different numbers of polymer
chains, namely, AB, ABA, 3-arm block copolymers, and cyclic
graft copolymers (Fig. 1). Our objective was to investigate the
effect of changes in the macromolecular architecture on the
self-assembly behavior and the conformation of polymer chains
in the self-assemblies. Here, carbohydrates were used as the
hydrophilic segment due to the few examples of amphiphilic
glycopolymers where macromolecular architecture and self-
assemblies have been investigated in detail. In this study, we
chose maltopentaose and cycloamylose as the hydrophilic
segments because of their high-water solubility and
biodegradability. Our choice was based on previous our studies
and in-depth knowledge of maltopentaose, particularly its size
and structural behavior in self-assemblies.
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Fig. 1 Chemical maltopentaose-b-PPO, maltopentaose-b-PPO-b-

maltopentaose, 3-arm maltopentaose-b-PPO star copolymer, and cycloamylose-g-PPO.

In addition, the structure of cycloamylose in solution is well
studied,** which also influenced our decision to use it as the
hydrophilic segment. Thermoresponsive poly(propylene
oxide)(PPO) was used as the hydrophobic segment. PPO is
structurally similar to poly(ethylene glycol) and can hydrogen
bond with water molecules. As a result, PPO exhibits lower
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critical solution temperature (LCST)-like behavior in aqueous
solutions and is thus only soluble in cooled water (e.g., T, < 18
°C for M,, = 2.0 x 103 g mol™).#> 46 Furthermore, the phase
transition temperature of PPO is known to depend on its
molecular weight.#” In this study, we used a set of PPOs whose
molecular weights are sufficient to exhibit hydrophobicity at
room temperature. As a characteristic related to the
thermoresponsivity of PPO, we have previously reported that
the hydrophobic regions of self-assemblies composed of
amphiphilic polymers with PPO exhibit weakly hydrated states
and can partition into not only hydrophobic but also hydrophilic
compounds.? 48 43,50 Therefore, amphiphilic polymers with PPO
would potentially be promising for the formation of polymer
nanoreactors and drug carriers that can incorporate various
substrates and drugs. Although the ratios of the molar mass of
the hydrophilic part to the total molar mass of the polymers
were comparable for all four copolymers, each polymer self-
assembled, depending on the macromolecular architecture,
into a different nanostructure, i.e., unilamellar vesicles,
cylindrical micelles, spherical micelles, or multilamellar vesicles.
We also show that the conformations of the polymer chains in
the self-assemblies are different, as revealed by X-ray and light-
scattering measurements, which results in the different
nanostructures. Since changes in the morphology of amphiphilic
polymers also change the structure of their self-assemblies, our
findings contribute to the current understanding of the self-
assembly behavior of amphiphilic multiarm copolymers and
demonstrate the importance of the macromolecular
architecture as a crucial factor in controlling the structure of
molecular assemblies.

Results and discussion

In this study, we prepared amphiphilic glyco-copolymers
with four different molecular architectures: (i) an AB block
copolymer, (ii) an ABA block copolymer, (iii) a 3-arm AB block
copolymer, and (iv) a cyclic graft copolymer. The block
copolymers were synthesized by treating alkyne-functionalized
maltopentaose with appropriate azide-functionalized
poly(propylene oxide)s via a copper-catalyzed Huisgen
cycloaddition reaction (‘click chemistry’). Similarly, the cyclic
graft copolymers were prepared by a coupling reaction
between alkyne-functionalized cycloamylose and azide-
functionalized PPO via click reactions. Detailed synthetic
procedures are provided in the Supporting Information, along
with representative *H NMR spectra, SEC chromatograms, and
MALDI-TOF mass spectra (Figs. S1-S10). Given that the self-
assembled structures vary as the ratio of the molar mass of the
hydrophilic part to the total molar mass of the polymers
(fhydrophilic) changes,51 52 the ratio was kept constant throughout
the experiments (ca. 0.31-0.36) in order to better understand
the exclusive effect of the polymer architectures on the self-
assembly behavior (Table 1).

Because the copolymers consist of thermoresponsive PPO,
they were expected to exhibit phase-transition temperatures in
aqueous solution. Accordingly, the thermoresponsive behavior
of the corresponding copolymers in water was initially

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Molecular weights of the hydrophilic and hydrophobic segments of the
copolymers and the ratio of the molar mass of the hydrophilic segment to the total molar
mass of the copolymers

Polymer molecular weight of the molecular weight the ratio of mass
hydrophilic part (g mol) of the of the hydrophilic
hydrophobic part part to total mass
(g mol?)
AB block 829 1.5% 103 0.36
copolymer
ABA block 829 x 2 3.4 x10° 0.33
copolymer
3-arm AB 829 x3 4.5 x 103 0.36
block
copolymer
Cyclic graft 4.2 x 1032 9.3 x 103P 0.31
copolymer

a The molecular weight of cycloamylose was determined by MALDI TOF mass
spectroscopy.

b The molecular weight was calculated by multiplying the molecular weight of PPO,
the degree of the substitution of PPO and the degree of polymerization of
cycloamylose.

investigated using pyrene fluorescence measurements to probe
the formation of hydrophobic domains (Fig. S11). The /./I;
values for all polymers gradually increased with decreasing
solution temperature. The transition-temperature (T,,) values
were determined from the maximum value of the first
derivative of the /;//5 values: the T,, values of the AB copolymer,
ABA copolymer, 3-arm copolymer, and cyclic polymer are 18,
21, 25, and 9 °C, respectively. Although the ratios of the molar
mass of the hydrophilic segments relative to the total molar
mass of the polymers are comparable, significant differences
were observed in their T, values. The dramatic difference
between the T, values of the linear and cyclic graft polymers
suggests that the thermoresponsive behavior is related to the
In general, the phase-transition
temperature of polymers that exhibit LCST behavior decreases

molecular architecture.
with increasing polymer concentration.>® 4 5> This is because
the close proximity of the polymers facilitates intermolecular
interactions during dehydration, resulting in a decrease in the
Tm. The cyclic graft copolymers feature multiple
thermoresponsive PPO chains within each molecule, thus
increasing the apparent PPO concentration and reducing the T,
of the cyclic polymer compared to those of the other polymers.

Subsequently,
architecture on the critical aggregation concentration (CAC) by
employing 1,8-ANS,
environmental changes. A decrease in polymer concentration

we examined the effect of polymer
a fluorescence probe responsive to

corresponded with a decrease in fluorescence intensity (Fig.
$12). The CAC values of AB, ABA, 3-arm block copolymers, and
cyclic graft copolymers were determined to be 0.5, 0.5, 0.2, and
0.1 mg mL™ respectively. We observed that the CAC values of
the polymers decreased with an increase in the number of arms,
suggesting that polymers with more arms facilitate self-
assembly. This finding aligns with numerous studies reporting a

This journal is © The Royal Society of Chemistry 20xx
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similar trend, where an increase in the number of arms in both
amphiphilic linear polymers and amphiphilic star polymers
leads to a decrease in the CAC value.?® 5% 57 This trend is
attributed to the structural similarity between the unimer state
and the micelle state of star block polymers with many arms,
resulting in a reduced loss of transition entropy during
micellization compared to linear block polymers. Based on
these findings, we conclude that our polymers exhibit self-
assembly behavior similar to that of the polymers studied in
these reports.

Having confirmed the T,, values of the polymers, we then
investigated the effect of the polymer architectures on the self-
assembly behavior. The polymers were dissolved in water at a
temperature of 0 °C, which is below the phase-transition
temperature of all the polymers, and the resulting polymer
solutions were incubated at 35 °C for at least 30 min. Dynamic
light-scattering (DLS) analyses indicated average hydrodynamic
radii of 55, 24, 8, and 57 nm for the AB copolymer, ABA
copolymer, 3-arm copolymer, and cyclic polymer, respectively
(Table 2, Fig. S13). The inconsistency among the particle sizes
implies that the respective polymers form different molecular
assemblies. We then carried out field-flow fractionation
equipped with multi-angle light scattering (FFF-MALS; Table 2,
Fig. S14) to obtain further structural information regarding the
polymer assemblies. The molar masses of the assemblies were
calculated to be 8.0 x 107, 6.9 x 10, 6.7 x 10% and 8.6 x 107 g
mol~! for the AB copolymer, ABA copolymer, 3-arm copolymer,
and cyclic polymer, respectively. To gain insight into the self-
assembly structures of the polymers, we performed
transmission-electron-microscopy (TEM) measurements. TEM
images of the AB polymer and cyclic polymer solution revealed
spherical objects with an average size of 50—100 nm (Figs. 2a
and 2d). The AB polymer assemblies exhibit circular boundaries
with an average thickness of ~10 nm, suggesting that the
assemblies are vesicular structures, whereas the cyclic polymer
assemblies do not exhibit a clear boundary within the
structures.

Table 2 Physical parameters of the self-assembled polymers in water

Polymer Ry? Molar mass ® Nagg
(nm) (g mol™?)
AB block copolymer 55 8.0 x 107 3.6 x 10*
ABA block copolymer 24 4.7 x 10° 1.4 x 10?2
3-arm AB block copolymer 8 6.7 x 10* 9.6
Cyclic graft copolymer 57 8.6 x 107 6.6 x 103

a The hydrodynamic radius was determined by DLS measurements.

b The molar mass was determined by SLS measurements.

These results indicate that these two self-assembly structures
are different. The size and morphology of the ABA and 3-arm
polymer assemblies are also completely different from those of
the AB and cyclic polymer aggregates, with cylindrical
assemblies (Fig. 2b) for the ABA polymer and spherical
assemblies with an average size of ~15 nm for the 3-arm

J. Name., 2013, 00, 1-3 | 3
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polymer assemblies (Fig. 2c). Noted that we attempted to
perform cryo-TEM observations on these assemblies. However,
we encountered difficulties in maintaining the structural
integrity of the assemblies during the cooling process. This
resulted in the collapse of the assemblies and made meaningful
imaging unfeasible. We then carried out small-angle X-ray
scattering (SAXS) experiments to confirm the structures of the
self-assemblies of the polymers. The scattering intensities in the
low-qg range decayed as a function of g2 for the AB polymer (Fig.
3a), suggesting the presence of thin-plate-like structures. Using
structural information from the TEM observations and the SAXS
data, a cross-sectional bilayer model was found to fit well (Fig.
3e). In the scattering profile of the cyclic polymers, the slope of
the scattering intensities was found to be a function of g=2 in the

Journal Name

of g7t and g° for the ABA polymer and 3-arm polymer (Figs. 3b
and 3c), which indicates the presence of rod-like structures and
isolated particles, respectively. In fact, the SAXS profiles of the
ABA polymer assemblies and 3-arm polymer assemblies could
be fitted throughout almost the entire g-range by a core—shell
cylinder model and a core—shell sphere model (Figs. 3f and 3g,
Table 3). Overall, these results clearly demonstrate that the four
polymers self-assemble into distinct self-assemblies, despite
having comparable ratios of the molar mass of the hydrophilic
segment to the total molar mass of the polymers.

Fig. 2 TEM images of the self-assembled particles in the (a) AB block copolymer solution,
(b) ABA block copolymer solution, (c) 3-arm AB block copolymer solution, and (d) cyclic
graft copolymer solution using negative staining (phosphotungstic acid); [polymers] = 2.5
mg mL™.

low-g range, and a Bragg peak at g = 0.66 nm™ (d = 9.48 nm)
was observed (Fig. 3d). As only the first peak was observed, the
polymers are expected to form multilamellar vesicles with low
periodicity. Therefore, we tried to fit the profile using a weakly
ordered membrane-stack-particle model;38 3% 0 the fitting of
this model to the profile was consistent with a hydrophilic
thickness of 2.2 nm, a half-thickness of the hydrophobic layer of
2.4 nm, and a total bilayer number of 4 (Fig. 3h, Tables 3 and
S1). Thus, the reason that the TEM images of the cyclic polymer
solutions did not show clear boundaries, unlike the AB polymer
assemblies (i.e., unilamellar vesicles), should be that the cyclic
polymer assemblies form multilamellar vesicles, into which the
TEM staining solution did not penetrate. On the other hand, the
scattering intensities in the low-g range decayed as a function

4| J. Name., 2012, 00, 1-3
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Fig. 3 SAXS profiles (open circles) of the self-assembled particles in the (a) AB block
copolymer solution, (b) ABA block copolymer solution, (c) 3-arm AB block copolymer
solution, and (d) cyclic graft copolymer solution. The red solid lines show the theoretical
curves obtained using (a) bilayer cross-sectional, (b) core—shell cylinder, (c) core—shell
sphere, and (d) weakly ordered membrane-stack-particle models. Representative
structural parameters of the (e) spherical bilayer vesicles, (f) core—shell cylinder micelles,
(g) core—shell spherical micelles, and (h) weakly ordered membrane-stack particles;
[polymers] = 1.0 or 2.5 mg mL™.

An empirical rule based on the ratio of the molar mass of the
hydrophilic part relative to the total molar mass of the polymers

This journal is © The Royal Society of Chemistry 20xx
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(fhydrophic) can  predict the self-assembled structures of
polymers; spherical micelles are formed when fiyarophiic is >45%;
vesicles are favored when fiyarophiic is ~35%, and inverted
nanostructures are formed when fuygrophiic iIs <25%.5! Following
this rule, we would expect the polymers to form vesicles, as they
all have fiydropniic Vvalues of ~30%. However, only the AB
polymers and cyclic polymers formed vesicles. Consequently,
the question arises of why the polymers self-assemble into
different nanostructures even though their fiydrophiic Values are

Table 3 Fitting parameters of the self-assemble polymers obtained from SAXS analyses

Polymer Chemistry

Table 4 Structural parameters of the self-assembled polymers for determining the critical
packing parameters (cpps)

AB block thickness of thickness of

electron electron
copolymer the the . )
density density
hydrophilic hydrophobic
of core of shell
region region
(e nm=) (e nm)
(nm) (nm)
2.0 7.3 325 382
ABA block . . electron electron
radius overall radius half length ) )
copolymer . . density density
of core of micelles of micelles
of core of shell
(nm) (nm) (nm)
(e nm™3) (e nm)
3.3 6.3 23 329 380
3-arm AB . . electron electron
radius overall radius . .
block X density density
of core of micelles
copolymer of core of shell
(nm) (nm)
(e nm3) (e nm3)
34 7.5 310 375
Cyclic graft thickness of thickness of
total electron electron
copolymer the the . )
number density density
hydrophilic hydrophobic
of of core of shell
. region region
bilayer (e nm™3) (e nm™)
(nm) (nm)
4 2.2 4.8 337 369

Polymer V (nm3) @ (nm?) L(nm) cpp
AB block 7.1 1.8 3.7 1.05
copolymer
ABA block 5.6 3.7 33 0.47
copolymer
3-arm AB 5.7 5.0 34 0.33
block
copolymer
Cyclic graft 7.0 2.9 2.4 0.99
copolymer

almost identical. To answer this question, we tried to rationalize
the geometric structures of the polymers in the assemblies by
calculating the apparent critical-packing parameters (cpp). For
this purpose, we used the degree of substitution of PPO, the
aggregation number, and the fitting parameters obtained from
the SAXS analyses.®™ 62 The apparent cpp values of the AB
polymer, ABA polymer, 3-arm polymer, and cyclic polymer were
calculated to be 1.05, 0.47, 0.33, and 0.99, respectively (Table
4; for details of the calculations, see the Supporting
Information). The ABA polymers and 3-arm polymers were
found to have cpp values that are different to those of the AB
polymers and cyclic polymers. Generally, when 0 < cpp < 1/3,
spherical micelles form. If 1/3 < cpp < 1/2, then cylindrical
structures are predominantly formed, whereas amphiphiles
self-assemble into vesicular structures when 1/2 < cpp £ 1.Y7 The
geometry of the different polymer self-assemblies was
generally in accordance with those predicted from their
calculated cpp values.

This journal is © The Royal Society of Chemistry 20xx

Interestingly, the cross-sectional area of the hydrophilic
region per amphiphilic unit (a) increases with increasing
number of PPO arms (1.8—-4.7 nm?), except in the case of the
cyclic graft copolymer assemblies. Although each polymer
contains the same amphiphilic units, the different values of a
indicate that the amphiphilic units are packed differently in the
respective self-assembled structures. Star polymers tend to
adopt a configuration in which each polymer chain gathers
around the tether-branching point rather than spreading out
from the branching point, in order to reduce conformational
entropy loss.>® 63 However, due to the steric hindrance that
exists between the polymer chains within the molecule, the
star-polymer chains are unable to pack tightly together and
instead adopt a slightly spread-out shape (Fig. S15). For ABA
triblock copolymer assemblies, the polymer chain can adopt
either a loop comformation, where the B block bends, or a
bridge conformation, in which the B block straightens across the
core of the assembly.®% % |n our case, the cross-sectional area
of the hydrophilic region of ABA polymer assembly is larger than
that of AB polymer assembly, suggesting that the PPO chain in
the ABA polymers might asssume the formation of a loop-like
structure. If this is the case, the ABA polymers would be
expected to fold in half; due to their reduced number of
polymer chains compared to the 3-arm polymers, the effect of
steric hindrance is less pronounced, allowing them to fold more
tightly than the 3-arm polymers, and therefore to exhibit lower
hydrophilic region surface area (a). For the graft copolymer self-
assemblies, the hydrophilic backbone, which is sandwiched
between the hydrophobic side chains, folds to form a loop-like
structure. Due to the persistence length of the main chain and
the exclusion-volume effects between the main chain in the
loop-like structure, it is difficult for it to fold compactly.
Therefore, the cyclic graft copolymers have a slightly higher a
value. Conversely, the AB polymers, which have no
intramolecular steric hindrance, exhibited the lowest value of a
among the four polymers.

Unlike the cross-sectional area of the hydrophilic region per
amphiphilic unit, the volumes of the hydrophobic region per
amphiphilic unit (v) are independent of the number of arms. The
AB block copolymers and cyclic copolymers have large v values.
Both polymers form vesicles, and therefore, the v values likely
correlate with the conformation of PPO in the self-assemblies.

J. Name., 2013, 00, 1-3 | 5
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The ABA triblock copolymers and 3-arm AB block copolymers
form hydrophobic regions by folding the PPO chains, resulting
in a suppression of PPO chain motion. In contrast, the AB block
copolymers and cyclic graft copolymers have PPO chains that
are attached to hydrophilic segments at only one end, allowing
them to be more mobile than those of the ABA triblock
copolymers and 3-arm copolymers. This difference in mobility is
thought to be a factor in the difference in the v values.

In the self-assembly of amphiphilic graft copolymers, the
surface area of the hydrophilic region depends on the flexibility
(persistence length; p) of the backbone chain, which forms the
hydrophilic domain by folding.6 66 A longer persistence length
results in a more rigid and less flexible chain, while a shorter
persistence length results in a more flexible and softer chain.
We have reported that the formation of vesicles occurs when
the persistence length p of the main chain in graft polymers is
<2 nm, rod-shaped aggregates are formed for 2 nm < p < 2.7
nm, and spherical aggregates are formed for p > 2.9 nm.%2 Thus,
the nanostructures of graft copolymer assemblies can be
controlled by adjusting the persistence length of the main chain.
Cycloamylose has a persistence length of ~2 nm, which makes it
a flexible polymer that can fold compactly when used as a main
chain of graft copolymers.®” In agreement with the
aformentioned empirical rule, the cyclic graft copolymer in this
study self-assembled into vesicles. The difference between the
present cyclic graft copolymer and previously reported graft
copolymers is that this cyclic graft copolymer formed
multilamellar vesicles. Song et al. have reported that
multilamellar vesicles can be formed using amphiphilic
copolymers with hydrophilic blocks that do not have sufficient
hydrophilicity to completely dissolve and stabilize the bilayer.58
From the SAXS analysis of the cyclic copolymer assemblies
(Table 3), we can estimate a total bilayer thickness (/ = 9.2 nm),
which is the sum of the thickness of the hydrophilic layer (2.2
nm x 2) and the hydrophobic layer (4.8 nm). The value of [ is
almost the same as the d-spacing (9.48 nm) calculated from the
Bragg peak at g = 0.66 nm™; the d-spacing is the thickness
including the thickness of the bilayer and the hydration layer.
The fact that the d-spacing and the total bilayer thickness / are
virtually identical suggests that the structure is a dehydrated
multilayer stack. In addition, cyclic graft polymers with a lower
degree of PPO substitution were also able to form multilamellar
vesicles (Fig. S16), suggesting that the main chains are not
sufficiently hydrated to dissolve the bilamellar membrane. In
contrast to pullulan and dextran, cycloamylose adapts a helical
structure in aqueous solution, and the helix structure of
polysaccharides is stabilized by intramolecular hydrogen
bonding between the hydroxy groups of the carbohydrate
groups. This leads to a decrease in the number of hydrogen
bonds between the carbohydrate groups and water, resulting in
dehydration of the polysaccharide chain. For example, for
cycloamylose, which adopts a helical configuration, it has been
observed that each glucose unit is hydrogen-bonded to 4.6
molecules of water.®® Curdlan forms a triple helical structure, in
which two water molecules are hydrogen-bonded to each
molecule.” In contrast, hyaluronan and dextran, which do not
exhibit helical structures, have been reported to form 6-7.5

6 | J. Name., 2012, 00, 1-3

hydrogen bonds per monosaccharide,”* and polysaccharides
that do not form a helix are hydrated. We therefore sought to
confirm the formation of cycloamylose helices in the molecular
assemblies. The inner cavity of the cycloamylose helix is a
hydrophobic space that is able to encapsulate hydrophobic
species such as iodide ions.”> 73 To confirm its encapsulation
ability, we mixed cycloamylose-g-PPO solution with a solution
of Kl and |, and measured the UV-vis spectrum of the resulting
solution (Fig. S17). The UV-vis spectrum of the solution showed
a peak at 353 nm, which was attributed to Is~ ions, and the
absorbance of this peak decreased with increasing
concentration of cycloamylose-g-PPO. In addition, the peak at
353 nm shifted to 357 nm. These spectral changes are in good
agreement with those previously reported for the
encapsulation of the I3~ ion in host molecules such as
cyclodextrin.”® 75 Alkyne-functionalized cycloamylose also
showed a similar hypochromic effect and red shift, suggesting
that the I3~ ion is encapsulated within the helix and not in the
PPO layer. These results clearly indicate the encapsulation of I3~
ions by the main-chain cycloamylose in the assemblies. Thus,
the formation of helices by cycloamylose would result in a
decrease in main-chain hydration and prevent the complete
dissolution of the bilayer, resulting in the formation of
multilamellar vesicles.

In the present work, we used PPO, which has a low glass-
transition temperature’® 77 and thus allows it to fold flexibly and
form different self-assemblies for each polymer. It is expected
that the use of bulky or less flexible hydrophobic chains would
result in different self-assembly behavior. We are currently
working on investigating the relationship between the flexibility
of the hydrophobic chains and the nanostructures of self-
assemblies to reveal the generality of these results using
polymers other than PPO; the corresponding results will be
reported elsewhere in due course.

Overall, the results of this study indicate that changes in the
molecular architecture of amphiphilic copolymers can lead to
substantial changes in the structure of their self-assemblies,
even when the weight fractions of the hydrophilic and
hydrophobic segments of the amphiphilic molecules are kept
constant. In addition, when attempting to obtain a specific
molecular-assembly structure using branched amphiphilic
polymers, it is imperative to carefully design the molecular
architecture, taking into account the folding of the polymer
chains.

Conclusions

In summary, we report that four amphiphilic copolymers with
comparable ratios of the molar mass of the hydrophilic segment
to the total molar mass of the polymer self-assemble into
spherical micelles, cylindrical micelles, or vesicles depending on
the polymer architecture. This different self-assembly behavior
is mainly caused by the differences in the folding of the multi-
armed hydrophobic segments, which results in different surface
areas of the hydrophilic region of the amphiphilic units of the
polymers. Consequently, the polymers self-assemble into
different morphologies. Studies of surfactant and block

This journal is © The Royal Society of Chemistry 20xx
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copolymer self-assemblies have so far mainly focused on the
relative molecular weights of the hydrophilic and hydrophobic
segments as a means to control the morphologies of the
resulting self-assemblies. However, in multi-arm amphiphilic
copolymer self-assemblies, the folding of the polymer chain
should be considered in addition to other molecular-structure
factors in order to generate molecular assemblies with a
targeted morphology. This study sheds light on the influence of
the macromolecular architecture on the self-assembly behavior
of non-AB -type amphiphilic copolymers and adds to the current
understanding of the field of polymer self-assembly. This study
can thus be expected to allow the development of novel design
approaches for that enable the
fabrication of with  controlled
nanostructures.

multi-arm copolymers

molecular assemblies
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