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ABSTRACT

The cholesterol-functionalized polycarbonate-based diblock copolymer, PEG;3-b-P(MTC-Chol);y, forms pathway-dependent nanostruc-
tures via dialysis-based solvent exchange. The initial organic solvent that dissolves or disperses the polymer dictates a self-assembly pathway.
Depending upon the initial solvent, nanostructures of disk-like micelles, exhibiting asymmetric growth and hierarchical features, are accessi-
ble from a single amphiphilic precursor. Dioxane and tetrahydrofuran (THF) molecularly dissolve the block copolymer, but THF yields
disks, while dioxane yields stacked disks after dialysis against water. Dimethylformamide and methanol display dispersed disks and then
form stacked disk structures after dialysis. The path-dependent morphology was correlated to solubility parameters, an understanding of
which offers routes to tailor self-assemblies with limited sets of building blocks.

https://doi.org/10.1063/1.5139230

INTRODUCTION

Spontaneous self-assembly of amphiphilic block copolymers
in a block-selective solvent enables nanostructures such as spherical
micelles, cylindrical micelles, and bilayers." Through molecular
design of the functional groups, further association of these precur-
sor structures can produce pathway-dependent hierarchical or
supramolecular self-assemblies.”” This encoded hierarchical associ-
ation provides access to ordered nanostructures that are otherwise
inaccessible under traditional block-selective solvent processing
conditions."”"  The amphiphilic balance, physicochemical

properties of the constituent blocks, and processing conditions play
a decisive role in the solution-state morphology. In comparison
with small-molecule surfactants, the self-assembly behavior of
amphiphilic macromolecules is complicated by slow chain dynam-
ics.'* Consequently, the observed morphologies can be kinetically
trapped and far from equilibrium.'” Since polymeric nanostructures
are applied in healthcare and personal care markets, a mechanistic
understanding of these morphological transitions is needed.'*™"”
While the specific self-assembled morphology is observable,
a mechanistic insight into the transition pathways for a
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given polymer composition and processing conditions is
challenging.””"™*" Analyzing and interpreting co-existing features
in an isochronal sample offers insights on morphological transi-
tions. For instance, the pathways from the cylinder to the bilayer or
vesicle were documented by accounting for co-existing morpholo-
gies in a polydisperse sample.””**”” These examples demonstrate
the complexity involved in morphological transitions and the
importance of understanding these processes.

Amphiphilic diblock copolymers with hydrophobic side chains
display self-assembly through the interplay of micro-phase separation
of blocks and packing of the hydrophobic side chains.”*”
Cholesterol, a vital structural component of animal cell membranes,
provides a versatile moiety to direct self-assembly.’” We have utilized
cholesterol either as the side chain or as an initiator for ring opening
polymerization to access well-defined materials for biomedical
applications.''** Aqueous self-assembly of diblock copolymers of
poly(ethylene glycol) (PEG) with cholesterol-functionalized aliphatic
carbonate (MTC-Chol) blocks, PEG;;3-b-P(MTC-Chol), forms
unique disk-like micelles with n =4 and stacked-disk nanostructures
with #n=11, where n is the MTC-Chol degree of polymerization.''
Disk-like micelles were formed in other systems under specific pro-
cessing conditions or with the use of fluoropolymer and/or advanced
polymer architectures, such as ABA triblocks with densely grafted
middle block or zwitterionic fullerene/polystyrene-based giant
surfactants.”~** The cholesterol-functionalized polymers find applica-
tions in hydrophobic anti-cancer drug sequestration and delivery due
to the availability of the cholesterol micelle core. These polymers find
use as steric stabilizing additives for hybrid stealth liposomes (HSL)
due to the cholesterol end group insertion into the lipid bilayer.””**
A critical average number of cholesterol groups (1 < 4.8) was observed
that led to stable HSL. However, more cholesterol groups led to less
stable HSL, suggesting a more favorable pathway toward micellization,
rather than liposome insertion.

The effect of higher cholesteryl-containing block compositions
offers a model system to systematically study pathways to uncon-
ventional nanostructures observed in other systems.45’4(‘ Here, we
report multiple pathways to access different nanostructures from a
single precursor, PEGylated amphiphilic diblock copolymer 1
[PEGy3-b-P(MTC-Chol)so] (Scheme 1). Systematic changes in the
solution processing including the choice of organic solvents such as

(0]
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dimethylformamide, tetrahydrofuran (THF), dioxane, and metha-
nol used to dissolve the polymer lead to pathway-dependent mor-
phologies upon dialysis against water. Characterization of
self-assembled morphologies under aqueous conditions by trans-
mission electron microscopy (TEM), cryogenic TEM, and small-
angle neutron scattering (SANS) offers insights into the mechanis-
tic pathways. The resultant nanostructures have distinct discrete
disks, hierarchical features, or asymmetric growth associated with
the sample processing history. These findings highlight how amphi-
philic block copolymers with structure-directing groups offer
various nanostructures with a limited set of building blocks."”

MATERIALS AND EXPERIMENTAL METHODS
Block copolymer synthesis

The polymer synthesis was conducted using mPEG-OH
(5.0 kDa) as the macro-initiator and (—) sparteine/thiourea as the
catalyst combination in dichloromethane at room temperature for
24 h in a glovebox. The crude reaction mixture was purified by dia-
lyzing against tetrahydrofuran (THF) to remove any unreacted
monomers and catalyst. The degree of polymerization (DP,) of P
(MTC-Chol) block was determined by "H NMR spectroscopy by
comparing the intensity of protons from PEG regions to that of
cholesterol, and the DP,, of P(MTC-Chol) was found to be 30 units
(f PEG) ~ 21% by mass) [Fig. S1(a) in the supplementary material].
The size-exclusion chromatography of the purified polymer had a
unimodal peak [Fig. S1(b) in the supplementary material] with a
narrow molar mass polydispersity (Dy) of 1.21.

General conditions for block copolymer self-assembly

In a scintillation vial (20 ml) equipped with a magnetic stir
bar, block copolymer 1 and organic solvent (polymer concentra-
tion: 1.0 mg/ml) were added and stirred under ambient conditions
for a few hours. The resultant solution/dispersion was transferred
to a dialysis membrane with a molecular mass cutoff of 1000 Da
(Spectra/Por’; USA) and dialyzed against de-ionized (DI) water
(1 L; at room temperature). The water was changed at the following
time points: 3h, 18h, and 21 h. The final concentration of the
polymer solution/dispersion was ~0.4 mg/ml (assuming no

o)
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SCHEME 1. Synthesis of amphiphilic diblock copolymer 1 via organo-catalytic ring opening polymerization of MTC-Chol monomer.
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polymer loss). These procedures were used for the initial organic
solvents of dimethylformamide (DMF), tetrahydrofuran, dioxane,
and methanol. American Chemical Society (ACS) grade or high
pressure liquid chromatography (HPLC) grade solvents were
obtained from J. T. Baker or Fisher Scientific and used as received.
For experiments involving thermal treatment, freshly prepared self-
assemblies were incubated in tightly capped and Parafilm M sealed
vials in an oven at the desired temperature. The samples were
then transferred onto TEM grids quickly (<1 min). The sample
preparation for SANS was similar with details provided in the
supplementary material.

Electron microscopy

TEM was conducted on an FEI Tecnai G2 F20 operating at
an acceleration voltage of 200 keV. Samples for TEM were pre-
pared by first placing 4.0 uL of a self-assembled polymer solution
or dispersion onto a formvar-coated copper grid (200 mesh; Ted
Pella Inc., USA). After one minute, excess solution was removed
(via capillary action) by a wedge of a filter paper. Phosphotungstic
acid (2% by mass in de-ionized water; 4.0 uL), the staining agent,
was then placed on the grid. One minute later, again, the excess
solution of the staining agent was removed via capillary action
with a wedge of a filter paper, and the grid was dried under
ambient conditions. For polymers in DMF, the same procedure
was used except for the carbon type B 200 mesh copper grid (Ted
Pella Inc., USA).

Cryo-transmission electron microscopy was conducted using
plasma-exposed EMS C-flat carbon grids (10 s exposure for surface
hydrophilicity). A Leica EM GP plunge freezer was used to prepare
thin, vitreous ice containing polymer assemblies, which were for-
mulated at ~2mg/ml in D,O (solutions from SANS experiments
were used). Imaging was conducted using an FEI Titan G2 micro-
scope operated at an accelerating voltage of 300kV. No staining
was used to aid in the imaging of samples.

Small-angle neutron scattering

SANS measurements were performed at the National Institute
of Standards and Technology Center for Neutron Research NGB
10 m nSOFT beam line with cold neutrons. Three combinations
of wavelength (1) and sample-to-detector distance I were used
Ml=12 A/52m, 5A/52m, and 5A/1.2 m). The spread of neu-
trons (A1/A) was 0.11. Hellma quartz cuvettes with a path length of
2.0 mm were used for all measurements carried out at 25°C. The
scattered intensity I(Q) was measured as a function of the wave
vector (Q) defined by Q = (4n/A) sin(0/2), where 0 is the scattering
angle. For the polymer dissolved in deuterated dioxane, the NG7
SANS instrument (/=6 A/4 m and 6 A/1 m) was used. Data were
placed on an absolute intensity scale via direct beam flux measure-
ment, detector sensitivity and element size, transmission,
sample-to-detector distance, and sample scattering volume consid-
erations. Standard data reduction routines and scaling to absolute
intensity measurements were applied.”” The background intensity
due to incoherent scattering contributions from protons and
solvent scattering was estimated and subtracted using established
methods.”® Uncertainties (error bars) are estimated by one standard
deviation of the mean by least-squares minimization of fits to the
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SANS data. While error bars are shown, they may be smaller than
the symbols used in some cases.

RESULTS AND DISCUSSION

Systematically varying the solvent quality can tailor the self-
assembled morphology.”'” For the same polymer, different solvents
with similar chemical composition, such as THF vs 1,4-dioxane
(dioxane), yield different morphologies.”””’ The choice of the
solvent plays a critical role in the self-assembly pathway. Polymer 1
was first dissolved (or dispersed) in a water-miscible organic
solvent, followed by dialysis against DI water to yield aqueous
assemblies. The role of the initial solvent to dissolve or disperse the
polymer and its implications on the self-assembled morphology is
investigated.

Dimethylformamide forms equilibrium stacked disk
morphology

Polymer 1 exists as aggregates in DMF due to poor solubility of
the P(MTC-Chol) block. Aggregation of 1 in DMF was confirmed
by multiple techniques such as "H NMR spectroscopy through a sig-
nificant reduction in the relative intensity of the P(MTC-Chol) block
in comparison with the PEG block, dynamic light scattering, TEM,
and optical transmittance measurements (Figs. S2, S3, S7(a), and
Table S1 in the supplementary material). After exchange of DMF
with de-ionized water by dialysis, two distinct morphological features
were observed by phosphotungstic acid stained conventional TEM
and cryo-TEM (no stain): (1) Stacked-disk-like cylinders with a
diameter of ~20nm, occasionally with emergent ellipsoidal-like
features (Fig. 1). These cylinders retained the hierarchical lamellar-
within-cylinder ~ (stacked disks) morphology observed with
PEG; 13-b-P(MTC-Chol);,."" (2) Large ellipsoids retaining stripe pat-
terns [Figs. 1(b)-1(d), arrow 1] with a uniform periodicity of ~5 nm.
Attachment of the cylinders at the end of the ellipsoid or at the side
of the ellipsoid can be observed [Figs. 1(b) and 2(c), arrows 2 and 3].
These data suggest that the origin of ellipsoids with DMF as the
initial solvent is primarily due to the fusion of the cylinders in a par-
allel direction across their length.

Tetrahydrofuran forms disk-like micelles

As will be shown, the morphological outcome for THF as the
initial solvent was different from that of using dioxane, methanol,
or DMF. Discrete disk-like micelles were observed with THF as the
initial solvent [Fig. 2(a)]. The presence of prolate or ellipsoidal
structures along with the spherical features indicates that these are
disk-like micelles [Fig. 2(a)] with an average diameter of
18.9 nm + 3.6 nm over 100 particles.'"””*>** Disk-like morphology
of these micelles was further confirmed by tilting the stage and also
by cryo-TEM [Fig. S8 in the supplementary material and Fig. 2(b)].
An overlap of disks in cryo-TEM shows a change in contrast con-
sistent with disk like morphology.

DMF and THE differ in their relative ability to solvate the P
(MTC-Chol) block. This distinction motivated us to question
whether the two different mechanistic pathways were primarily
decided by the nature of the solvated state of the hydrophobic
block. To further probe this line of thought, we explored dioxane
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FIG. 1. TEM images of the aqueous
self-assembly of polymer 1, prepared
via solvent exchange from DMF to DI
water observes cylinders (a) and ellip-
soids (b) with striped patterns. Both the
features have smectic order (labeled
by arrow 1) indicative of a stacked-disk
structure. Attachment of the cylinders
along the end or along the sides of the
ellipsoids can be observed (arrows 2
and 3). Cryo-TEM experiments (c) and
(d) wherein no staining is employed,
and therefore, the contrast is both
inverted and weaker. Similar features
are observed.

and methanol as another solvent pair. These solvents were chosen the blocks of polymer 1. While both methanol and DMF could
by taking note of their relative polarity and ability to dissolve and well suspend polymer 1, cloudy solutions were observed (Fig. S4 in
disperse block copolymer 1. THF and dioxane are similar in their the supplementary material) due to their poor ability to solvate the
chemical composition and both served as a good solvent for both (PMTC-Chol) block.

FIG. 2. TEM images of the aqueous
self-assembly of polymer 1 prepared
via solvent exchange from THF to DI
water (the dialysis method). The dia-
lyzed samples had predominantly disk-
like micelles (a). Disk-like micelles
were also captured using cryo-TEM
with no staining employed so that
structures appear as inverted and at
reduced contrast (b).

50 nm
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Dioxane forms a stacked disk and asymmetric objects

While THF and dioxane are ethers, the two solvents exhibit dis-
tinguishable influence on self-assembly."””’ Morphologies accessed
from dioxane as the initial organic solvent have four distinct features:
(1) cylinders of about 12 nm-20 nm diameter and about 20 nm to
~1um long (Fig. 3, arrow 1); (2) bracelets, consisting of an ellipsoi-
dal feature of about 30 nm-40 nm, flanked by cylinders on both the
ends (Fig. 3, arrow 2; a pictorial guide for the morphology related
terms used in this paper are provided in the supporting informa-
tion); (3) asymmetric multi-tailed objects, as a variant to the bracelet,
with an emerging curvature, ranging from simplest, Y-shaped
(Fig. 3, arrow 3) with two-tails to multi-tails with the tails as high as
10 [on the broader side, Figs. 3(e)-3(h)]; and (4) half-vesicle or bowls
[Fig. 3(a), arrow 4 and 3(i)]. Multi-tailed asymmetric objects, similar
to the octopus-like intermediate structures, are observed in other
systems involving cylinder-to-vesicle transition,””"** suggesting that
these intermediates are common across mechanistic paths involving
fusion of cylinders to higher dimensional aggregates.””*>”'~"" 1t is
important to note that in our system, we only observed half-vesicles.
This could be partly due to the rigidity of these membranes, prevent-
ing them from the formation of completely closed structures within
the time frame of our experiments. Collectively, these four isochronal
features illustrate our hypothesis for the hierarchical association of
cylinders.

ARTICLE scitation.org/journalljap

Methanol forms stacked disk structures

Similar to DMF, methanol also poorly dissolved polymer 1 as evi-
denced by the presence of self-assembled aggregate structures in the
methanol solution [Fig. S7(b) in the supplementary material]. After
dialysis against water, the morphology was similar to that of DMF,
with some branched Y-like cylinders present (Fig. 4, arrow 1) and
smectic ordering with period ~5 nm. Collectively, these results demon-
strate that the associative interactions can be manipulated by tailoring
the solution-state processing parameters by aqueous dialysis exchange.
Organic solvent-polymer interactions dictate the block copolymer
chain conformation, which eventually influences the nature of higher-
order hierarchical interactions under aqueous conditions.

STRUCTURE IN ORGANIC SOLVENTS AND AFTER
DEUTERIUM OXIDE DIALYSIS

We used SANS to characterize the structure of polymer 1
before and after dialysis. Before dialysis, a Bragg scattering peak
Q*, attributed to the cholesteryl side-chain ordering, was
observed in d-DMF [Fig. 5(a)] and in d-methanol (Fig. S10 in the
supplementary material). This result suggests that DMF and
methanol are poor solvent for the MTC-Chol block; therefore, a
self-assembled structure exists even before dialysis against D,O. In
contrast, no Bragg scattering peak Q* was observed in d-THF

FIG. 3. TEM images of the aqueous self-assembly of polymer 1. prepared via solvent exchange from dioxane to DI water via the dialysis method. (a) and (b) are represen-
tative micrographs, showing the four major features, corresponding to the hypothetical sequence of morphological transformation cylinders (arrow 1) to bracelets (2), asym-
metric multi-tailed objects (3), and half-vesicles (4); (c) Interaction of two cylinders in an “X” fashion with all four “tails” intact and attached to the emergent ellipsoidal
feature; (d) Ellipsoid with only two of the cylindrical flanks to form a bracelet (e) “Y”-shaped simplest asymmetric multi-tailed object; (f)—(h) Examples of complex asymmet-

ric multi-tailed objects; and (i) half-vesicle.
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[Fig. 5(b)] and d-dioxane (Fig. S10 in the supplementary material),
indicating that polymer 1 is molecularly dissolved. After dialysis
against D,0O, the Bragg scattering peak Q* appears (Fig. 5).
We observed that the peak width of Q* dialyzed from d-DMF
[Fig. 5(a)] is sharper than the one dialyzed from d-THF [Fig. 5(b)].
The sharper peak indicates a more ordered self-assembled struc-
ture. SANS data also show that thermal annealing has no signifi-
cant effect on self-assembled structures.

A summary of the structural parameters obtained with SANS
is shown in Table I. The smectic order period due to ordered cho-
lesteryl side chains, calculated as d = 2n/Q¥, is about 5 nm. For the
self-assembled structure of cylinders, we estimated the cross-
sectional radius of gyration (R,.) with a Guinier-like limiting law

2R
where the form of the scattering follows I x Q ~ exp (%).”

On a plot of Ln(IQ) wvs Q3 the slope provides a Ry value
(Figs. S12 and S13 in the supplementary material). The average

1077 =, Dialyzed from DMF A
@y “a,
100 % A D,O Anneal
0 D,0
. | ey O d-DMF
7210 %%,
S
310"
10°
10" 5
T

Q) fom ]
N
|
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FIG. 4. TEM images of the aqueous
self-assembly of polymer 1, prepared
via solvent exchange from methanol to
DI water (the dialysis method). The dia-
lyzed samples had a (a) mixture of cyl-
inders, Y-junctions (arrow 1), and other
nanostructures with smectic order (b).

diameter of the cylinder (D) is estimated as D = 2\/ 2R, .. Cylinders
dialyzed from DMF show a larger structure (larger Ry and D)
than the ones dialyzed from dioxane (Table I). Unlike DMF
and dioxane, disk-like micelles were formed when dialyzed from
THE. In this case, radius of gyration (R,) along the disk thickness
(4nm-5nm) was estimated from the plot of Ln(IQ%) vs Q?
(Fig. S14 in the supplementary material).”” No changes were
observed in the structure parameters after annealing the post-dialyzed
aqueous solution at 65 °C for 16 h, indicating that MTC-Chol blocks
are kinetically trapped because of the high association energy of
MTC-Chol in water.”

TEM and SANS data show that the self-assembly of polymer 1
is pathway dependent. The structure of polymer 1 after dialysis
against water depends on the initial organic solvent quality. We esti-
mated the solubility parameters (8;) to characterize the relative
quality of a specific solvent. As shown in Table II, §, was calculated
by the method of Hoftyzer and Van Krevelen,”” and the calculated

aiget=] e Dialyzed from THF B
o]
“og A D,O Anneal
2 _| O D,O
10 O d-THF

FIG. 5. SANS patterns of polymer 1 in deuterated organic solvents, in DO via the dialysis method, and in D,O via the dialysis method after annealed for 16 h at 65 °C,
respectively. (a) DMF as the initial organic solvent. (b) THF as the initial organic solvent. The patterns are shifted vertically for clarity. A scattering peak was identified, Q.
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TABLE |. Size and shape characteristics of polymer 1 in different solvents. Uncertainties (error bars) are estimated by one standard deviation of the mean by least-squares

minimization of fits to the SANS data.

Hierarchical cylinder structure

Disk structure

Smectic order period,

Cross section

Diameter, R, along disk

d (nm) Rgc (nm) D= 2\/ 2R (nm) thickness (nm)
d-THF*
D,O(THF) 4.90 +0.08 4.49 +£0.01
D,O(THF) anneal 5.03 +0.05 5.67 £0.02
d-dioxane”
D,0(dioxane) 4.91+0.03 95403 26.9+0.8
D,O(dioxane) anneal 4,92 +0.02 10.0£0.3 28.4+0.7
d-DMF 5.05 £ 0.02 12.5+0.2 353+0.7
D,0(DMF) 4.97 £0.02 123402 34.8+0.6
D,O(DMF) anneal 4.95+0.02 11.8+0.2 334406
d-methanol 4.80+0.2

*(3.35+0.02) nm dissolved chain radius of gyration estimated by the Debye chain form factor.
©(3.30 +0.03) nm dissolved chain radius of gyration estimated by the Debye chain form factor.

values agree well with the literature values.”® According to
like-dissolves-like, the rank of solvent quality for MTC-Chol block is
THEF > dioxane > DMF > methanol > H,O where THF is a good
solvent, while H,O is a poor solvent. Table S4 in the supplementary
material provides further details on the polar, dispersive, and hydro-
gen bonding contributions to the total solubility parameter.

The solvent-quality rank is consistent with the results obtained
from SANS and TEM. SANS shows that no peak Q* is observed in
d-THEF [Fig. 5(b) and Table I] and polymer 1 is molecularly dis-
solved, which agrees with the results suggested by §, that THF is a
good solvent for a MTC-Chol block (Table II). In this case, dialysis
leads to primarily discrete disk-like micelles (Fig. 2). Similar to
THEF, polymer 1 is molecularly dissolved in d-dioxane (Fig. S10 in
the supplementary material and Table I). But because dioxane has
a lower solvent quality for the MTC-Chol block than THF
(Table II), the driving force to sequester is larger and leads to the
stacked cylinder with an asymmetric structure after dialysis (Fig. 3).

Unlike THF and dioxane, self-assembly takes place in
DMF and methanol as shown by SANS [Figs. 5(a) and S10 in the
supplementary material and Table I]. Correspondingly, &, values
indicate that solvent quality of DMF and methanol is much poorer
than THF and dioxane for the MTC-Chol block (Table II).
Therefore, even in organic solvent, ordered packing of cholesteryl side

TABLE |I. Solubility parameters &, estimated by the method of Hoftyzer and Van
Krevelen.

Polymers and solvents 5 J% em™"?)

PEO 22.0
P(MTC-Chol) 14.1
THF 194
Dioxane 20.5
DMF 24.9
Methanol 29.6
H,O 47.9

chains exists and dialysis exchange to water preserves the structure.
The larger mismatch in solute-solvent quality appears to further
drive the discrete disk-like micelle into the stacked-disk-like cylinders
further sequestering the MTC-Chol segments (Figs. 1 and 4). We
noticed that the smectic order period (d~5nm) calculated from
peak Q* exists in all aqueous solutions and in organic solvents of
DMF and methanol (Table T). This result indicates that ordered
packing of cholesteryl side chains may serve as a precursor structure
for the pathway-dependent nanostructures via an aqueous self-
assembly. Taken together, we suggest that aqueous self-assembled
structure of polymer 1 dialyzed from organic solvent becomes
mature, ie., developing from discrete disk-like micelle (induced from
THF) to a stacked-disk-like cylinder (induced from dioxane) and to a
more ordered hierarchical structure (induced from DMF and metha-
nol), when the organic solvent quality decreases gradually.

CONCLUSIONS

A single polymer precursor based on cholesterol-
functionalized aliphatic polycarbonate-based amphiphilic diblock
copolymer, (PEG;3-b-P(MTC-Chol)so) (1) provides access to
pathway-dependent nanostructures via aqueous self-assembly. The
initial organic solvent that dissolves or disperses the polymer dic-
tates the pathway to nanostructures with distinguishing features
such as discrete disks, stacked disks, and asymmetric growth or
hierarchical features. Observation of self-assembled morphologies
by TEM and structural details extracted from SANS offered insights
into different mechanistic pathways. The process of organic solvent
dissolution followed by dialysis may lead to structures that are far
from equilibrium. Nevertheless, a correlation between solubility
parameter and pathway-dependent morphology was observed. The
organic solvent that is poorest for the MTC-Chol block drives the
self-assembly leading to hierarchical structures. Whereas the best
solvent with lowest &, induces primarily disks, as demonstrated
with THF. Accessing these distinct hierarchical nanostructures and
understanding of their self-assembly behaviors can provide
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templates for the synthesis of nanostructured composite materials
and preferential loading of cargo, such as hydrophobic drugs. The
process conditions and structure observed are not general and will
depend upon the polymer composition and molecular mass.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details on mate-
rials and methods, synthesis of polymer 1, self-assembly conditions,
'H NMR and SEC, photos of polymer 1 in different solvents, TEM,
tilt-study TEM, and cryo-TEM, SANS data and curve fitting, and
solubility parameter calculations.
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