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ABSTRACT Solution self-assembly of amphiphilic block copoly-
mers into inverse bicontinuous cubic mesophases is an emerging

strategy for directly creating highly ordered triply periodic porous
polymer nanostructures with large pore networks and desired
surface functionalities. Although there have been recent reports

on the formation of highly ordered triply periodic minimal surfaces

D surface
(Pn3m)

P surface
(Im3m)

of self-assembled block copolymer bilayers, the structural require- BGP bilayer

ments for block copolymers in order to facilitate the preferential

formation of such inverse mesophases in solution have not been fully investigated. In this study, we synthesized a series of model block copolymers,
namely, branched poly(ethylene glycol)-block-polystyrene (bPEG-PS), to investigate the effect of the architecture of the block copolymers on their solution
self-assembly into inverse mesophases consisting of the block copolymer bilayer. On the basis of the results, we suggest that the branched architecture of
the hydrophilic block is a crucial structural requirement for the preferential self-assembly of the resulting block copolymers into inverse bicontinuous cubic
phases. The internal crystalline lattice of the inverse bicontinuous cubic structure can be controlled via coassembly of branched and linear block copolymers.
The results presented here provide design criteria for amphiphilic block copolymers to allow the formation of inverse bicontinuous cubic mesophases in
solution. This may contribute to the direct synthesis of well-defined porous polymers with desired crystalline order in the porous networks and surface

functionalities.
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block copolymers (BCPs) has been ex-

tensively used for the creation of nano-
structures with desired size, shape, and
physicochemical functions.' ¢ By taking
advantage of the relationship between the
chemical structure and self-assembly behav-
ior of amphiphiles,”'° the structural param-
eters of the amphiphilic BCPs such as the
molecular weights of incompatible polymer
blocks and their relative ratio have been
manipulated to direct the self-assembly of
BCPs. This has facilitated the “bottom-up”
creation of nanoscaled objects with desired
morphology, spanning from simple spheri-
cal micelles to cylindrical micelles and
polymer vesicles."'~>* In this context, a
relatively unexplored field in the solution

Solution self-assembly of amphiphilic
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self-assembly of BCPs is the formation of
inverse phases.”>~2® When the critical pack-
ing factor (P) of a lipid (defined as P = V/ayl.,
where V is the volume of the hydrophobe,
do is the molecular area per amphiphile, and
I is the critical length of the hydrophobe)
exceeds unity, the flat lipid bilayer develops
a negative curvature.’* 3" To minimize the
surface area, the curved bilayer evolves into
triply periodic minimal surfaces (TPMSs)
possessing net zero curvature through-
out the surface.>*3’ The resulting inverse
bicontinuous cubic mesophases of lipid
bilayers and their emulsified nanoparticles
(cubosomes)*®~*' internalize nanoporous
networks arranged in the cubic crystalline
order. These structures have attracted recent
attention as platforms for the crystallization

voL.9 = NO.3 = 3084-3096 = 2015 ACNANIC)

* Address correspondence to
cpark@unist.ac.kr,
ktkim@unist.ac.kr.

Received for review December 23, 2014
and accepted March 3, 2015.

Published online March 03, 2015
10.1021/nn507338s

©2015 American Chemical Society

=
WWwWWw.acsnano.org

3084



5504-Br R = CHa(OCH,CHy);20
75053-Br R = CH3(OCH5CHp);70

Scheme 1. Synthesis of bPEG-PS.

of membrane proteins,**** as additives of food
products,** % and as vehicles for the sustained release
of pharmaceutical cargo molecules.** %" The poly-
meric analogues of the inverse bicontinuous cubic
structures of lipids could serve as unique platforms
for highly defined porous polymers potentially useful
for applications such as separation and templating.

In solution, BCPs have been shown to form inverse
mesophases similar to those exhibited by self-assembly
of lipids.8*~7* Eisenberg and co-workers reported
the formation of inverse hexagonal phases within the
self-assembled nanoparticles (hexasomes) of poly-
(acrylic acid)-b-polystyrene (PAA-b-PS) in solution.®5°
Sommerdijk and co-workers demonstrated the forma-
tion of nanoparticles with internal bicontinuous porous
networks from the self-assembly of the block copoly-
mers consisting of a linear poly(ethylene glycol) and
brushed hydrophobic blocks in water.%6~72 Of particu-
lar interest is the formation of inverse bicontinuous
cubic crystalline structures of BCP bilayers in solution
because this direct self-assembly allows the resulting
materials to possess highly organized internal meso-
porous networks reticulated in 3-D crystalline lattices.

We previously reported that dendritic-linear BCPs
with a dendritic hydrophilic block preferentially self-
assembled into colloidal particles consisting of inverse
bicontinuous cubic phases of BCP bilayers (polymer
cubosomes).”>” The internal structures of the polymer
cubosomes closely resembled the corresponding lipid
structures, which exhibited the enlarged periodicity and
pore diameter arising from the high molecular weight
polymeric building blocks. The minimal surfaces of the
BCP bilayers were observed to have Schwartz P and D
and Schoen G structures’® in the polymer cubosomes,
depending on the architecture of the dendritic hydro-
philic block. Recently, Peinemann and co-workers also
reported that a linear BCP, poly(acrylic acid)-polystyrene
(PAA-PS), with a short PAA block, self-assembled into
polymer cubosomes having Schwartz P internal struc-
ture in a methanol/toluene mixture.”® Although such
reports exist along with previous observations of col-
loidal particles of inverse mesophases of BCPs,”” 2 the
underlying mechanism of the self-assembly leading to
the formation of inverse bicontinuous cubic meso-
phases of BCPs has not been fully understood. Conse-
quently, the structural parameters of the BCPs that are
required for the formation of inverse bicontinuous
phases have not been clearly explained.
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TABLE 1. Characterization of bPEG-PSs and a Linear

Analogue
sample My(gmol™ D" DP,(PS)°  forg (%)  phase’

5505-PS153 20520 1.07 183 9.0 v
5505-PSy1, 23470 1.08 212 78 C
5505-PS 53 24580 1.08 231 7.1 Ic
PEGys5-PS g 24750 112 228 8.7 v
7505-PS363 39480 1.04 363 6.2 v
75035-PS309 42500 1.09 390 5.7 14
7505-PS413 44500 1.6 413 54 Ic
750-(PSs7), 16090 1.04 14 197 c

“The number-average molecular weight and molecular weight distribution
determined by GPC (THF, 35 °C, T mL min~" flow rate) using PS standards. ®The
number-average degree of polymerization of the PS block determined by "H NMR
integration.  The molecular weight ratio of the PEG domain to that of the PS block
(M,(PEG) = 1650 g mol~" for 5505-PS,,, 2000 g mol~" for PEG5-PS,, and 2250
g mol~" for 7505-PS,). ¢ Observed morphology of self-assembled structures of the
suspension solution prepared from a dioxane solution of the BCP (0.5 wt %).
v: vesicle, ¢: cubosomes, Ic: large cubosomes.

Here we report the formation of polymer cubosomes
consisting of inverse bicontinuous cubic structures of
the self-assembled bilayer of the BCPs composed of a
branched hydrophilic block and a linear hydrophobic
block. We designed and synthesized these BCPs as a
model system to investigate the effect of the architec-
ture of the BCPs on their preferential self-assembly into
inverse bicontinuous cubic mesophases. Our results
suggest that the presence of branched architecture in
the hydrophilic block is a crucial structural requirement
for self-assembly of BCPs to inverse mesophases. We
also show that the crystalline structure of the inverse
cubic phases of BCPs could be controlled to have the
desired symmetry by simple coassembly of two BCPs.
Our results reported here may provide a design rule of
BCPs for the synthesis of highly ordered triply periodic
mesoporous polymers.

RESULTS AND DISCUSSION

BC(Ps with a Branched Hydrophilic Block and Their Self-
Assembly in Solution. We synthesized BCPs consisting of
a hydrophilic block having three poly(ethylene glycol)
(PEG) branches and a linear polystyrene hydrophobic
block (bPEG-PS) (Scheme 1). Two series of bPEG-PSs
were prepared by the atom-transfer radical polymeri-
zation (ATRP) of styrene using macroinitiators 5503-Br
(three PEG chains with M,, =550 g mol~") and 7505-Br
(three PEGs with M,, = 750 g mol~"). The length of the
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PS block was adjusted so that the resulting BCPs have a
desired block ratio (defined by fpeg, a ratio of the
molecular weight of the PEG domain and that of the
PS block).2% The resulting bPEG-PSs, 5505-PS,, and 7505-
PS,, (n represents the degree of polymerization of the
PS block, as measured by 'H NMR integration) showed
a narrow molecular weight distribution, as determined
by gel permeation chromatography (GPC) (Table 1).

Cubosome

-?*// AV
bPEG-PS, —
in dioxane (1 wt %)

=]
Stirring
P surface D surface
(Im3m) (Pn3m)

BCP bilayer

or

Figure 1. Self-assembly of bPEG-PS into polymer cubo-
somes consisting of an inverse bicontinuous cubic crystal-
line structure of block copolymer bilayers.

(For details of synthesis and characterization of macro-
initiators and bPEG-PSs, see the Supporting Informa-
tion (SI).)

The resulting BCPs were allowed to self-assemble in
an aqueous solution by the cosolvent method (Figure 1).
Typically, the bPEG-PSs were dissolved in 2 mL of
dioxane (1 wt %). Water, a selective solvent for the
PEG block, was added at a controlled rate (1 mLh™") to
the dioxane solution of the BCP with stirring, until the
volume fraction of water in the dispersion reached
50%. After dialysis against water for 24 h to remove the
organic solvent, the resulting aqueous suspension was
studied by scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and synchrotron
small-angle X-ray scattering (SAXS).

Self-assembled structures of 5503-PS,, in aqueous
solution underwent a transition of morphology from
polymer vesicles and flat lamella (Figure 2A) to polymer
cubosomes of varying diameters (Figure 2B,C and
Figure 3) upon increasing the molecular weight of
the PS block, which resulted in a decrease in the fpeg
value. Further increase in the molecular weight of the
PS block yielded colloidal particles having internal
inverse hexagonal structures (hexasomes) (Figure S5
in the SI). The average diameter (D,,) of the polymer
cubosomes, determined by analyzing low-magnification

5503-PS212

30 7503-PS3g0
0
5
= 20
©
2
[e) 5503-PS231
o 10 4

o]

0 10 20 30 40
Diameter (um)

Figure 2. Phase transition of self-assembled structures of 5503-PS,, in solution on increasing the molecular weight of the PS
block. (A) Flat bilayer and polymersomes of 5503-PS,gs. (B) Polymer cubosomes of 5503-PS,,,. (C) Large polymer cubosomes
of 5505-PS,3,. (D) Distributions of the diameter of polymer cubosomes of 5505-PS,,, (green bars, average diameter of 7.6 . m)

and 5503-PS,3, (black bars, average diameter of 28.2 um).
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Figure 3. Electron micrographs of polymer cubosomes of bPEG-PSs. (A—C) TEM images of the internal structures of polymer
cubosomes: (A) 5503-PS;13, (B) 5505-PS;,3;, and (C) 7503-PS3g0. (D, E) SEM images of polymer cubosomes showing size
distribution: (D) 5503-PS515, (E) 5505-PS,31, and (F) 7505-PSsg0. (G—I) High-magnification SEM images of individual polymer
cubosomes. The insets show the perforated surface layer of the polymer cubosomes (scale bars are 200 nm). (G) 5505-PS;15,

(H) 5505-PS534, and (I) 7505-PS34,.

SEM images (100 particles), was 7.6 um for the polymer
cubosomes of 5503-PS,, (fpeg = 7.8%) and 28.2 um for
those of 5505-PS,3¢ (feeg = 7.1%) (Figure 2D). In addi-
tion, we observed an identical transition of morphol-
ogy of the self-assembled structures of 750s-PS,
depending on the molecular weight of the PS block
(Figure S6 in the SI). Interestingly, the fogg value of 7505-
PS,, corresponding to the formation of polymer cubo-
somes was ~5%, which was lower than those for the
formation of the polymer cubosomes of 5505-PS,
(Table 1). Considering that the lower critical solution
temperatures (LCSTs) of oligo(ethylene glycol)s in-
crease with an increase in the number of repeating
units, ¥ the requirement for long hydrophobic PS
chains for the formation of inverse mesophases of
7503-PS,, might arise from the increased hydrophilicity
of the branched blocks consisting of PEG chains, which
are longer than the hydrophilic block of 5503-PS,,.

For comparison, we synthesized linear BCPs, PEG,s-
PS, with fpeg values similar to those of bPEG-PSs
forming inverse mesophases. Under identical conditions
of self-assembly as the bPEG-PSs, the linear analogues self-
assembled only into polymer vesicles (polymersomes),
indicating that the branched—linear architecture of bPEG-
PSs likely plays an important role in the preferential self-
assembly of bPEG-PS into inverse mesophases in solution. It
should be noted that the block ratio, which is indicated
by the forg value, was a key factor determining the self-
assembly of bPEG-PSs into inverse cubic mesophases rather
than into lamellar or inverse hexagonal phases. These results

AN ET AL.

strongly suggested that the presence of the branched
architecture in the hydrophilic block was an essential
structural requirement for the self-assembly of bPEG-PSs
into inverse bicontinuous cubic mesophases in solution.

Structural Analysis of Polymer Cubosomes. Next, we ex-
amined, in detail, the internal structures of the inverse
bicontinuous cubic phases of the polymer cubosomes
by synchrotron SAXS (Figure 4). The SAXS results of the
polymer cubosomes of 5503-PS;;, showed Im3m sym-
metry (lattice constant a = 93.4 nm), suggesting that
the internal inverse phase consisted of a Schwartz P
surface. In contrast, the SAXS pattern of the polymer
cubosomes of 5503-PS,3; exhibited Pn3m symmetry
(a = 45.3 nm), indicating that the internal structure
consisted of a Schwartz D surface. High-resolution
SEM images of the fractured polymer cubosomes
of 5505-PS,;, and 5503-PS,3 (Figure 4A and B) further
confirmed that these internal structure assignments
for the polymer cubosomes were matched to the
structures assigned by the SAXS patterns. TEM images
of the internal structures of the polymer cubosomes
also revealed the presence of crystalline structures
consisting of minimal surfaces of the BCP bilayer.
On the other hand, SAXS results obtained from the
polymer cubosomes of 7503-PS3gq and 7503-PS,;3
showed peaks corresponding only to Pn3m sym-
metry (@ = 64.2 nm for the polymer cubosomes
of 7505-PSsq0), indicating that the internal inverse
bicontinuous cubic structure was a Schwartz D sur-
face (Figure 4E).
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Figure 4. Structural characterization of the internal crystalline structures of polymer cubosomes. (A) SEM images of the
internal P surface structure of the polymer cubosomes of 5505-PS,;,. The areas marked with boxes show different planes
viewed in the [100], [110], and [111] directions. (B) SEM images of the internal D surface structure of the polymer cubosomes of
5505-PS,31. The areas marked with boxes show different planes viewed in the [100], [110], and [111] directions. (C) SAXS results of
the polymer cubosomes of 5503-PS,,, show Im3m symmetry (lattice constant a = 93.4 nm), indicating that the internal structure is
a P surface. (D, E) SAXS results of the polymer cubosomes of 5505-PS,3, (D) and 7503-PS3q, (E) show Pn3m symmetry (a = 45.3 nm
for 5505-PS;3; and a = 64.2 nm for 7503-PS;), indicating that the internal structure is a D surface. (F) N, adsorption—desorption
isotherms at 77 K of the polymer cubosomes of 5505-PS;,, (black filled circles) and 7505-PS34, (red empty circles).

The change in the internal crystalline structure of
the polymer cubosomes of 5505-PS,, with increasing n
was attributed to an increase of the local curvature of
the bilayer membrane constituting the inverse meso-
phases. For a hydrophilic block with a fixed molecular
weight, the increase in the molecular weight of the PS
block would lead to an increase in volume of the
hydrophobic domain, which, in turn, may allow the
self-assembled bilayer to adopt a higher curvature. This
hypothesis may be justified by considering that the

AN ET AL.

lipid having a larger volume of the hydrophobic chain
formed an inverse cubic phase with Pn3m symmetry,
rather than a structure with Im3m symmetry.3%'

The polymer cubosomes of bPEG-PS consisted of
bilayers of BCPs with high-molecular-weight glassy PS
hydrophobic blocks. Therefore, the polymer cubo-
somes of bPEG-PSs were structurally robust under
ambient conditions, which allowed these colloidal
particles to transform into mesoporous polymers upon
the removal of water. Type IV isotherms with type H2
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hysteresis loops were observed in the N, adsorption—
desorption experiments carried out at 77 K, which
indicated the presence of bicontinuous porous net-
works within the polymer cubosomes (Figure 4F).
The polymer cubosomes of 550s-PS,;, possessed
a Brunauer—Emmett—Teller (BET) surface area of
77.7 m* g~ " and a pore volume of 0.45 cm® g~'. The
Barrett—Joyner—Halenda (BJH) pore size distribution
analysis revealed the presence of pores with a broad
size distribution and a peak diameter of 26.4 nm. The
polymer cubosomes of 7505-PS34, exhibited isotherms
similar to those of the polymer cubosomes of 5503-
PS,;, and had a BET surface area and pore volume of
455 m? g ' and 0.31 cm® g~ ', respectively. The BJH
pore size distribution analysis indicated an average
pore diameter of 30.3 nm for the polymer cubosomes
of 7505-PS3g0. These results confirmed that the poly-
mer cubosomes of bPEG-PS were mesoporous poly-
mers with highly organized large-pore networks
arranged in crystalline order.

Effect of the Architecture of the Hydrophilic Block on the
Formation of Inverse Bicontinuous Cubic Structures. For the
self-assembly of lipids into inverse mesophases, the
critical packing factor P for the lipid was presumed to
be greater than unity. With an increase in the value of
P of the lipid, the self-assembled inverse mesophases
in water underwent a morphological transition from
the flat lamella (P = 1) to Schwartz P (Im3m symmetry),
Schwartz D (Pn3m symmetry), Schoen G (la3d sym-
metry), inverse hexagonal (Hy), and inverse micelle
structures.®*®” Given that the hydrophilic head groups
were identical, this morphological transition of the inverse
mesophases of lipids was closely related to the increase in
the volume of the hydrophobic chain of the lipid.***'

In the case of bPEG-PS, the block ratio (fpeg) played a
decisive role in directing the self-assembly behavior of
the BCP, leading to the preferential formation of
inverse mesophases. However, PEG4s-PS,, the linear
analogues of bPEG-PSs possessing similar block ratios,
self-assembled only into polymersomes under identical
conditions of self-assembly. This observation strongly sug-
gests that the branched architecture of the hydrophilic
block contributes to the increase in the value of P of the BCP.

To study the effect of the architecture of the
hydrophilic block of bPEG-PS on its self-assembly,
we first measured the molecular area of the bPEG-PS
from the Langmuir isotherms at the air—water interface
(Figure 5A). For amphiphilic BCPs containing PEG as the
hydrophilic block, the molecular area of the block
copolymer was dependent on the size of the PEG chain
immersed in water and virtually independent of the size
of the hydrophobic block.23%8 The area occupied by the
linear BCP PEGy4s-PSqgs in the monolayer at the air—
water interface was measured to be 1080 A2, Similarly,
the molecular areas of 5505-PS;g3 and 7503-PS;g5 were
determined to be 1340 and 1500 A2, respectively. These
results suggested that the branched architecture of the
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Figure 5. (A) Langmuir isotherms of linear and branched
block copolymers. The molecular area was determined by
extrapolating the region of increasing surface pressure to
the x-axis (1080 A% for PEG,5-PSgs, 1340 A2 for 5503-PS, g3,
and 1500 A? for 7503-PS;gs). (B) TEM images of the poly-
mersomes of PEG45-PS;,g and (C) the polymer cubosomes of
5505-PS, 1, showing the thickness of the bilayer membrane
consisting of the self-assembled structure.

hydrophilic block of bPEG-PS is responsible for the
substantially higher area occupied by the BCP in the
self-assembled bilayer.

We suspected that the increased molecular area
occupied by the branched hydrophilic block in the
bilayer could affect the self-assembly behavior of the
BCP. TEM images of the polymersomes of PEG45-PS;,g
consistently showed a bilayer membrane with a thick-
ness of ~28 nm (Figure 5B). In comparison, TEM images
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Scheme 2. Synthesis of 7503-(PS,),

of the polymer cubosomes of 5503-PS;;, showed that
the thickness of the bilayer constituting the inverse
cubic mesophases was ~15 nm (Figure 5C). Similarly,
we observed that the thickness of the bilayer consist-
ing of the polymer cubosomes of 7503-PSsg, was
~24 nm, which was lower than the thickness of the
bilayer consisting of the polymersomes of PEG45-PSz00
(~30 nm) (Figure S7 in the SI). These observations
suggest that the increased molecular area of bPEG-PS
arising as a result of the branched architecture in the
hydrophilic block might force the PS chain to adopt a
smaller chain dimension with respect to the plane of
the bilayer during self-assembly in the dioxane and
water mixture. The smaller chain dimension of the PS
chain could reduce the effective length of the hydro-
phobic block (I.), which might contribute to an increase
in the value of P for the BCP.

Effect of the Length of the Hydrophobic Chain on Self-
Assembly. As discussed previously, we suspected that
the branched hydrophilic block of bPEG-PS might force
the hydrophobic PS chain to adopt a smaller chain
dimension during aggregation, as a result of which the
BCP would behave as if P exceeds unity. To prove this
hypothesis, we synthesized analogues of bPEG-PS

AN ET AL.
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containing two PS chains in the hydrophobic block
(bPEG-(PS,,),). By using this architecture, the effective
length of the hydrophobic segment is expected to be
shortened without a decrease in the molecular weight
of the hydrophobic block. We synthesized PS chains
containing a terminal azide end group by the ATRP of
styrene, followed by the exchange of the bromide end
group with NaNs in DMF.

"H NMR analysis of PS-N; showed a high degree
of substitution at the chain end (>90%). The resulting
PS-N3 was used for click chemistry with 7505-bispro-
pargyl ether (Scheme 2) in the presence of CuBr and
N,N,N',N’,N"-pentamethyldiethylenetriamine (PMDETA)
in THF. The progress of the click reaction between
bispropargyl-7503 and PS-N3 was monitored by GPC,
which showed complete conversion after 24 h. The
resulting 7503-(PS,,), was purified by silica gel chroma-
tography to remove excess PS-N; and by preparative
GPC. Successful synthesis of 7503-(PS,,), was confirmed
by GPC, 'H NMR, and MALDI-TOF mass spectrometry
(for details, see the SI).

Upon self-assembly of 7503-(PS;q0); (fpeg = 10.8%)
in dioxane (1 wt %) by adding water, we observed the
formation of large colloidal particles with an internal
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Figure 6. Polymer cubosomes of 7503-(PSs;),. (A and B) SEM images and (C) TEM images of the polymer cubosomes. (D) SAXS
results of the polymer cubosomes of 7505-(PSs;), showing that the internal structures consisted of a mixed phase of Pn3m

(black arrows) and Im3m (red arrows).

structure consisting of the inverse hexagonal phase
(hexasomes). Compared to the formation of hexa-
somes from the self-assembly of bPEG-PSs such as
5503-PS,60 (freg = 6.1%) and 7503-PS430 (freg = 5.0%),
which contained a single PS chain as the hydrophobic
block possessing a substantially higher molecular
weight, the formation of inverse mesophases of
7505-(PS,,), appeared to be favored over the formation
of analogous bPEG-PSs with a single PS chain. This
behavior was even more pronounced in the self-
assembly of 7503-(PSs;), (feeg = 19.7%), where only
polymer cubosomes were formed under similar self-
assembly conditions (Figure 6A—C). Analysis of
the internal crystalline structure of the resulting poly-
mer cubosomes of 750s-(PSs7), by SAXS showed a
mixed phase containing Schwartz P and D surfaces
(Figure 6D). Based on the results, we concluded
that the branched hydrophilic block played a role in
reducing the chain dimension of the PS chain with
respect to the plane of the bilayer, which was a result of
the increase in the molecular area occupied by bPEG-
PS during self-assembly into the BCP bilayer.

Control of the Internal Crystalline Phase by Coassembly.
Coassembly of bPEG-PS with a linear PEG-PS contain-
ing the desired functional group at the end of the PEG

AN ET AL.

block provides a facile technique for the surface func-
tionalization of polymer cubosomes consisting of self-
assembled BCP bilayers.”>’* When 5505-PS,5; and
linear PEG45-PS,10 with an NH,, SH, or N3 group at
the a-position of the PEG block (Scheme 3) were used
for coassembly, the BCP mixture self-assembled into
polymer cubosomes with the desired functional group
throughout the minimal surface. As shown in Figure 7,
the presence of the surface functional group of the
polymer cubosomes of 5503-PS,3:1/PEG,5-PSz10 Was
confirmed by confocal laser scanning microscopy
(CLSM) after reacting the surface functional groups with
fluorescence dyes using complementary reactions for
the specific functional groups (for details, see the SI).
Interestingly, the average diameter (D,,) of the
polymer cubosomes of 5503-PS,31/NH,-PEG45-PS;10
gradually decreased upon increasing the amount of
PEG45-PS5;0 in the BCP mixture. The value of D,, of the
polymer cubosomes of 5503-PS;31/NHy-PEG45-PS;q0
decreased from 18.1 um when 3 wt % of NH,-PEG,s-
PS,10 was used in coassembly to 12.4, 5.8, and 3.8 um
when amounts of NH,-PEG,4s5-PS,4, used for coassem-
bly with bPEG-PS were increased to 6, 9, and 12 wt %,
respectively (Figure 8A—E). The presence of long PEG
chains on the surface of the bilayer would endow

VOL.9 = NO.3 = 3084-3096 = 2015 @%

.

N\

WWww.acshano.org

3091



210

N=N
CuBr/PMDETA Ny {\ﬁ %VN P
B — o
THF, 40°C 45 210

PPha THE | N3-PEG6-PS210

N=N
HZN{/\ }lyN p
0 45 210

NHZ-PEG45'PSQ1O

NO, o [
ON
/©/S JLO{'VO V“ + 5107 CuBrPMDETA ~° N=N
5 A !
45 THF, 40 °C S/\H/O‘F/\O}’\/N Pz
210
ON NO, o) %

Scheme 3. Synthesis of a-functionalized PEG-PS.

Ethanethiol, TEA ‘

:N:N
o N__~
HS/\g/ {ﬁoh 210

SH-PEG45-PSa1p

B C
10 ym 30 ym
— —

Figure 7. CLSM images of surface-functionalized polymer cubosomes prepared by the coassembly of 5503-PS,3; and (A) NH,-
PEG,5-PS310 (7 wt %, labeled with NHS-fluorescein), (B) SH-PEG,5-PS510 (10 wt %, labeled with rhodamine-maleimide), and (C)

N3-PEG,5-PS,10 (9 Wt %, labeled with rhodamine-alkyne).

colloidal stability of the polymer cubosomes, which
would lead to a decrease in the diameter of the
polymer cubosomes.>*° When we examined the in-
ternal crystalline structure of the resulting polymer
cubosomes, we found that the internal structure of
the inverse bicontinuous cubic phase transformed
from a Schwartz D surface (Pn3m, a = 49.0 nm) to a
Schwartz P surface (Im3m, a = 94.6 nm), as the amount
of NH,-PEG,45-PS5q, increased from 3 wt % to 12 wt %
(Figure 8F). This transition in the internal crystalline
structure of inverse mesophases was in accordance with
the phase transition of the inverse mesophases of lipids
upon the decrease in the local curvature of the lipid
bilayer. Therefore, we inferred that the addition of a linear
BCP reduces the effective molecular area (ag) of the BCP
mixture, which might contribute to a change in the
structure of the mesophase exhibiting more local nega-
tive curvature (Pn3m), relative to the structure attributed
to the mesophase with a lower curvature (Im3m). This
result also agrees with the transition of the internal
structure from the Schwartz D surface (Pn3m) of the

AN ET AL.

polymer cubosomes of 5503-PS,3, to a Schwartz P surface
(Im3m) found in the polymer cubosomes of 5503-PS;;..

CONCLUSIONS

The solution self-assembly of BCPs into well-defined
inverse cubic mesophases is an emerging method for
the direct synthesis of highly porous polymers with
triply periodic mesoporous networks. We synthesized
branched—linear BCPs containing a simple branched
hydrophilic block with three PEG chains as the hydro-
phile (bPEG-PS). These BCPs were utilized as model
systems to examine the effect of the architecture of the
BCPs on their self-assembly behavior. The branched
architecture in the hydrophilic block was responsible
for the preferential self-assembly of the BCPs into
inverse cubic mesophases. The block ratio (forg) was
the primary structural factor determining the phase
behavior of the BCP. The branched architecture of the
hydrophilic block allowed the design of BCPs favoring
self-assembly into inverse mesophases, without de-
viating from the optimal value of fpeg required for
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Figure 8. Structural transformation of the polymersomes prepared by the coassembly of 5503-PS,3; and varying amounts of
NH,-PEG,45-PS;10. (A—D) SEM images of the polymersomes of 5505-PS,31/NH,-PEG,5-PS, 10 showing a decrease in the average
diameter with an increase in the amount of NH,-PEG,4s-PS, 4 used for coassembly (A, 97:3 w/w; B, 94:6 w/w; C, 91:9 w/w; and D,
88:12 w/w). (E) Distribution of the diameter of the polymer cubosomes of 5503-PS,31/NH,-PEG45-PS,10. The values of D, were
18.1 um (3 wt % NH,-PEG45-PS,10), 12.4 um (6 wt %), 5.8 um (9 wt %), and 3.8 um (12 wt %). (E) SAXS results of the polymer
cubosomes of 5503-PS;3,/NH,-PEG,45-PS,q ¢ showing the transition of the internal crystalline structure from a D surface (Pn3m,
a=49.0 nm) to a P surface (Im3m, a = 94.6 nm), depending on the amount of linear BCP used for coassembly. The red and black

arrows indicate Im3m and Pn3m symmetry, respectively.

self-assembly. For hydrophilic PEG domains with a fixed
molecular weight, the increase in the molecular weight
of the hydrophobic PS chain caused a transition of the
self-assembled structures, from flat lamellar and poly-
mer vesicles to inverse mesophases (P surface and D
surface) and inverse hexagonal phase (H,). This structur-
al transformation of self-assembled structures was re-
miniscent of the morphological transition of micelles
and vesicles in the solution self-assembly of conven-
tional BCPs. The coassembly of bPEG-PS and their linear

MATERIALS AND METHODS

General Methods. Unless otherwise noted, all reagents and
chemicals were used as received from Sigma-Aldrich and TCI.
DMF was dried over CaH, under N, and freshly distilled prior

AN ET AL.

analogues allowed a facile surface functionalization of
inverse cubic mesophases as well as control of the internal
crystalline structure of polymer cubosomes, by altering
local curvature of the BCP bilayers consisting of the inverse
cubic mesophase. The results described here may provide
a means for designing BCPs with diverse chemical struc-
tures in order to preferentially form inverse bicontinuous
cubic crystalline structures in solution. This could be a new
technique for creating porous polymers with well-defined
reticulated pore structures and surface functionality.

to use. Tetrahydrofuran (THF) was refluxed over a mixture of Na
and benzophenone under N, and distilled before use. All
reactions were performed under N, unless otherwise noted.
"H and "3C NMR spectra were recorded on a Varian VNMRS 600
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spectrometer, using CD,Cl, and CDCl; as solvents. Matrix-
assisted laser desorption ionization time-of-flight mass spec-
troscopy (MALDI-TOF-MS) was performed on a Bruker Ultraflex
Il TOF-TOF mass spectrometer equipped with a nitrogen laser
(335 nm). Scanning electron microscopy (SEM) was performed
on a FEI Nova NanoSEM 230 microscope and Hitachi S-4800 FE
SEM at an acceleration voltage of 10 kV. The dried polymer
cubosomes were placed on a conductive carbon tape and then
coated with Pt with a thickness of 3 nm by using a K575X sputter
coater. Transmission electron microscopy was recorded on a
JEOL JEM-2100 microscope at 200 kV. Specimens were prepared
by placing a drop of the polymer cubosome solution on a
carbon-coated Cu grid (200 mesh, EM Science). After 30 min, the
remaining solution on the grid was removed with a filter paper,
and the grid was air-dried overnight. Confocal laser scanning
fluorescence microscopy was performed on a FluoView 1000
confocal microscope (Olympus). Synchrotron SAXS and Image
Synchrotron small-angle X-ray scattering data were obtained on
PLS-1I9A at Pohang Acceleration Laboratory (Pohang, Korea). The
particle size distribution of polymer cubosomes was measured by
analyzing SEM images of polymer cubosomes with ImageJ soft-
ware. One hundred particles were selected for the image analysis
from SEM images taken from 5—10 different positions.

Langmuir Isotherms and Porosimetry. The Langmuir isotherms
were obtained using a film balance (KSV NIMA) with a platinum
Wilhelmy plate. The subphase was maintained at 20 (£0.5) °C.
Typically, the polymer solution (40 uL, 1 mg mL™") was spread
evenly over the water surface in small drops. After a 5 min delay
to allow for the solvent evaporation, compression was applied
at a constant rate of 10 mm min~' (12.5 mm? s ). Surface
analysis of the mesoporous cubosomes was performed by
nitrogen sorption isotherms at —196 °C using a BEL BELSORP-
Max system. The surface area and pore size distributions were
estimated by using the BET equation and the BJH method,
respectively.

Synthesis of Macroinitiators and Block Copolymers. Synthetic pro-
cedures and characterization data for all compounds and block
copolymers were provided in detail in the SI.

Cosolvent Method for Self-Assembly of bPEG-PSs. A typical proce-
dure is provided: The bPEG-PS was initially dissolved in 2 mL of
1,4-dioxane (1 wt %) in a capped vial, and the solution was
stirred for 3 h at room temperature. Water (total 2 mL) was
added at a controlled rate (1 mL h™") to the solution via a
syringe pump with vigorous stirring (850 rpm). The resulting
milky suspension was dialyzed (molecular weight cutoff
(MWCO) = 12—14 kDa, SpectraPor) against water for 24 h
to remove the organic solvent. For coassembly of bPEG-PS
and o-functional PEG-PS, a dioxane solution of the mixture of
two block copolymers was prepared by mixing two stock
solutions (concentration of 10 mg mL™") of the block copoly-
mers. The resulting solution of a mixture of block copolymers
was allowed to equilibrate for 12 h at room temperature.

Dye Labeling of Surface Functional Groups of Polymer Cubosomes.
Polymer cubosomes (10 mg mL™", 5505-PS,31/SH-PEG45-PS510
or 5503-PS;31/NH,-PEG45-PS;10) in PBS (pH 7.4) were mixed with
dye solution (F-MI or Rho-NHS in PBS, 200 equiv to SH or NH,
groups). The mixtures were aged at room temperature for 1 day
and then transferred into the centrifugal tubes with a centrifu-
gal filter (MWCO = 100 kDa, Amicon). After repeated centrifu-
gation, the excess dyes were removed from the suspension.
5503-PS531/N3-PEG45-PS510 (10 mg mL™" in PBS) was aged with
Rho-alkyne (50 equiv to azide groups) in the presence of
CuSO,-5H,0 (3 equiv to alkyne groups) and L-ascorbic sodium
salt (10 equiv to alkyne groups) for 1 day under a nitrogen
atmosphere. The solution was purified by repeated centrifuga-
tion, as described above.
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