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ABSTRACT: Fiber-like block copolymer (BCP) micelles offer considerable potential for a variety of applications, however, uniform
samples of controlled length and with spatially tailored chemistry have not been accessible. Recently, a seeded growth method, termed
‘living’ crystallization-driven self-assembly (CDSA), has been developed to allow the formation of 1D micelles and block comicelles
of precisely controlled dimensions from BCPs with a crystallizable segment. An expansion of the range of core forming blocks that
participate in living CDSA is necessary for this technique to be compatible with a broad range of applications. Few examples currently
exist of well-defined, water-dispersible BCP micelles prepared using this approach, especially from biocompatible and biodegradable
polymers. Herein, we demonstrate that BCPs containing a crystallizable polycarbonate, poly(spiro[fluorene-9,5’-[1,3]dioxin]-2’-one)
(PFTMC), can readily undergo living CDSA processes. PFTMC-b-poly(ethylene glycol) (PEG) BCPs with PFTMC:PEG block ratios
of 1:11 and 1:25 were shown to undergo living CDSA to form near monodisperse fiber like micelles of precisely controlled lengths
of up to ~1.6 um. Detailed structural characterization of these micelles by TEM, AFM, SAXS and WAXS, revealed that they comprise
a crystalline, chain folded PFTMC core with a rectangular cross-section that is surrounded by a solvent swollen PEG corona.
PFTMC-b-PEG fiber-like micelles were shown to be dispersible in water to give colloidally stable solutions. This allowed an assess-
ment of the toxicity of these structures towards WI-38 and HeLa cells. From these experiments, we observed no discernable cytotox-
icity from a sample of 119 nm fiber-like micelles to either the healthy (WI-38) or cancerous (HeLa) cell types. The living CDSA
process was extended to PFTMC-b-poly(2-vinylpyridine) (P2VP), and addition of this BCP to PFTMC-b-PEG seed micelles led to
the formation of well-defined segmented fibers with spatially localized coronal chemistries.

INTRODUCTION
The self-assembly of amphiphilic block copolymers (BCPs)

their behavior and performance in various applications. For ex-
ample, in the case of optoelectronic device fabrication, the over-

in solution has been shown to yield a diverse range of nanopar-
ticle morphologies.* Of these, high aspect ratio fiber-like (1D)
micelles are particularly attractive, for example, in fields such
as device fabrication and nanomedicine.*® Whilst 1D worm-
and rod-like micelles can be prepared from amorphous BCPs,
this is typically limited to a narrow range of polymer block ra-
tios and self-assembly conditions. Furthermore, samples are of-
ten contaminated by other morphologies.>” In contrast, BCPs
with a crystallizable core-forming block have generally been
found to favor the formation of micelle morphologies with low
curvature of the core-corona interface, such as fibers and plate-
lets.®®9 Thus, a wide range of polydisperse fiber-like BCP mi-
celles with different crystalline core chemistries has now been
shown to be accessible via a process termed crystalliza-
tion-driven self-assembly (CDSA).3%1°

The ability to control the length of fiber-like BCP micelles is
also highly desirable as their dimensions are likely to affect

all charge carrier mobility in nonwoven matts of semiconduct-
ing fibers should be length dependent.*®” Furthermore, in na-
nomedicine, the circulation time and clearance mechanism for
rod-like drug delivery vehicles has been shown to be dependent
on particle length.8'®1% In collaboration with Winnik and
coworkers, we have previously demonstrated that sonication of
polydisperse fiber-like micelles formed by CDSA via spontane-
ous nucleation yields small fragments or seeds, that function as
“initiators” on the addition of further BCP which grows epitax-
ially from the seed termini (Scheme 1).2°-2 This yields low dis-
persity fibers of a length controlled by the ratio of added BCP
to seed micelles.?? Due to the analogy between this process and
living covalent polymerizations, this process is termed ‘living’
CDSA.2 Variants on the seed generation process are also pos-
sible. For example, small seeds can be formed by BCP self-as-
sembly under conditions in which homogenous nucleation is fa-
vored?® or, alternatively, in situ by thermal treatment and/or by
using conditions of controlled solvency,?* a method termed



“self-seeding” which has its origins in early work on the growth
of polymer single crystals.?®

Living CDSA has been extensively developed using BCPs
containing poly(ferrocenyldimethylsilane) (PFS) as the crystal-
lizable core-forming block.?® With these materials it has been
demonstrated that near monodisperse fiber-like micelles can be
prepared with lengths varying from ~20 nm to greater than
5 um.?227 In another demonstration of the powerful potential
utility of living CDSA, block comicelles, random comicelles,
and gradient comicelles can be prepared by combining unimers
and seed micelles with a common core-forming block but chem-
ically different corona-forming blocks.2° Living CDSA can
also be applied to PFS BCPs to prepare well-defined am-
phiphilic micelles which can subsequently be used as building
blocks for hierarchical self-assembly.332 The scope of living
CDSA has also been expanded through the use of a growing
range of BCPs and rt-stacking molecular building blocks to per-
mit the controlled fabrication of colloidally stable fibers with
various chemistries and properties.52333-46
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Scheme 1. Schematic representation of the preparation of mon-
odisperse cylindrical micelles by living CDSA.

The ability to precisely create water-soluble high aspect ratio
nanoparticles with complex coronal chemistries via living
CDSA offers significant potential in the rapidly developing
field of targeted drug delivery.®**4” Furthermore, living CDSA
should allow polymers with corona-forming blocks containing
therapeutic, diagnostic and targeting functional groups to be
combined within the same nanoparticle, allowing for facile cus-
tomization of drug delivery vehicles. However, the preparation
of water dispersible micelles from BCPs by living CDSA has to
date scarcely been reported in the literature.>*“¢ Whilst wa-
ter-dispersible micelles with a PFS core can be prepared,’® a
crystallizable block with a biodegradable backbone would ulti-
mately be better suited to in vivo applications. The polyesters
poly(L-lactide) (PLLA) and poly(e-caprolactone) (PCL) are
crystalline materials that display desirable biocompatibility and
biodegradability. Although the formation of water-soluble BCP
micelles with crystalline cores comprised of each polymer has
been demonstrated,**-%? currently only PCL containing BCPs
are capable of forming fiber-like micelles that are colloidally
stable in water by a controlled seeded growth approach. Thus,
in an important recent advance, Dove, O’Reilly and coworkers
reported the formation of near monodisperse fiber-like micelles

of average lengths of up to 800 nm with a crystalline PCL core
and a water-soluble corona.®* Moreover, after preparing seed
micelles in ethanol and transferring them by dialysis into water,
living CDSA could even be carried out in an essentially aqueous
environment.

Aliphatic polycarbonates have also emerged as a desirable
class of polymers from which to fabricate medical devices for
use in vivo because of their low inherent toxicity and biodegra-
dability.3® Of the synthetic aliphatic polycarbonates presented
in the literature, poly(trimethylene carbonate) (PTMC) and its
derivatives have been studied most extensively. Due to its hy-
drophobicity and low glass transition temperature (Tg=-20 °C),
PTMC has found use for the creation of soft implants/scaffolds
and as the hydrophobic domain in micellar drug-delivery vehi-
cles.5®5" Under in vivo conditions polycarbonates are expected
to undergo a different degradation mechanism to polyesters,
such as PLLA and PCL, which are known to undergo bulk hy-
drolytic degradation resulting in the formation of acidic prod-
ucts capable of inducing an immune response and catalyzing
further degradation of the polymer backbone.%® Whereas hydro-
phobic polycarbonates have been shown to degrade more
slowly via a surface erosion process to yield less harmful prod-
ucts (alcohols and CO,).*° These differences maybe be advan-
tageous for the in vivo application of polycarbonate-core mi-
celles, as slower degradation is expected to lead to longer cir-
culation times and more benign degradation products should re-
duce the likelihood of unwanted side-effects.

High molar mass and low molar-mass dispersity (Bm) PTMC
homopolymers and PTMC-containing BCPs can be prepared
via living ring-opening polymerization (ROP) using metal-free
organocatalysts (Scheme 2).%° Recently, Hedrick, Yan Yang
and coworkers described the synthesis of a series of diBCPs
comprised of a poly(ethylene glycol) (PEG) block and a PTMC
based coblock incorporating spirocyclic fluorenes, namely
poly(spiro[fluorene-9,5’-[1,3]dioxin]-2’-one) (PFTMC).%
These researchers also demonstrated that PFTMC-b-PEG BCPs
were capable of forming water-soluble tape-like and/or spheri-
cal micelles upon dialysis from THF into water. The formation
of tape-like micelles suggested that crystallization of the
PFTMC block had occurred during self-assembly. This
prompted the studies reported herein, where we demonstrate
that PFTMC-b-PEG BCPs are able to undergo living CDSA to
form water-dispersible fiber-like micelles of precisely con-
trolled length. This work represents the first example of living
CDSA using a polycarbonate core-forming block.
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Scheme 2. Synthesis of PTMC homopolymer and the BCP
PTMC-b-PEG by ROP.

RESULTS

Crystallization Behavior of PFTMC Homopolymer. The
crystallinity of PFTMC is a prerequisite for its role as a core-
forming block in CDSA, however the ability of this material to
crystallize has not previously been demonstrated. To explore
the potential crystallization of PFTMC, a sample of homopoly-
mer was therefore synthesized using a procedure adapted from
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Scheme 3. Synthesis of PFTMC15 homopolymer via organocatalytic ROP.

Table 1. Summary of PFTMC-b-PEG BCP molecular weight data.

PFTMC:PEG PFTMC:PEG
Polymer PFTMC DP,? PEG DP,?2 PP . .
Block Ratio? Mass Ratio?
PFTMC20-b-PEGu44 19 44 1.09 1:2 2.5:1
PFTMC20-b-PEG220 19 220 1.07 1:11 1:2.0
PFTMC20-b-PEGag0 18 490 1.08 1:25 1:4.8

2 determined by *H NMR spectroscopy, ° determined by GPC relative to PS standards.

the work of the Waymouth, Hedrick and Yang groups, as shown
in Scheme 3.5 ROP of the cyclic carbonate, spiro[fluorene-
9,5’-[1,3]dioxin]-2’-one (FTMC), was initiated in anhydrous
CH,CI; at 23 °C by benzyl alcohol in the presence of two or-
ganic catalysts, (-)-sparteine and 1-(3,5-bis(trifluorome-
thyl)phenyl)-3-cyclohexyl-thiourea (1). The role of 1 is to acti-
vate the carbonyl group of the FTMC monomer towards nucle-
ophilic attack, whereas the role of (-)-sparteine is to increase
the nucleophilicity of the initiating and propagating alcohol spe-
cies present during the polymerisation.®? This catalytic system
has been shown to yield low dispersity PTMC homopolymers
with excellent end-group fidelity by suppressing carbonate in-
terchange reactions.%® As a result, we were able to produce a
well-defined PFTMC homopolymer with a number-average de-
gree of polymerization (DP,) of 18 and a Bwm of 1.05, as deter-
mined by matrix-assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF MS) and gel permea-
tion chromatography (GPC) respectively (Figure S1 and S2).
The crystallization behavior of the polymer sample was subse-
quently investigated by a combination of differential scanning
calorimetry (DSC) and wide-angle X-ray scattering (WAXS).
DSC revealed a glass transition temperature of 119 °C and two
first-order endothermic transitions, one at 153 °C and another at
171 °C, either side of a small exothermic transition (Figure S3).
We attribute these transitions to a structural reorganization dur-
ing the DSC scan. First, small crystalline domains melt at 153°C
producing the first endotherm which is followed by an exother-
mic transition corresponding to reorganization of the polymer
chains to form larger crystalline domains which eventually melt
at 171°C. Similar thermal behavior has been observed for other
semi-crystalline polymers such PFS and polyethylene (PE).6364
After annealing a PFTMC film at 140 °C on a Kapton substrate,
seven peaks including four first-order reflections could be ob-
served in the WAXS diffraction pattern (Figure S4). The reflec-
tions could be indexed to an orthorhombic unit cell with the pa-
rametersa=15.4,b=57andc=4.1 A (for further details see
Supporting Information).

Synthesis and Self-Assembly of PFTMC-b-PEG Block
Copolymers. To investigate the effect of block ratio on the
CDSA of PFTMC-b-PEG polymers, a series of BCPs was pre-
pared using different molecular weight mono-hydroxyl PEG
macroiniators. PEGago, PEG220 and PEGas Were used to initiate
the ROP of FTMC in anhydrous CH,Cl; as shown in Scheme 4,

and in each case a PFTMC block with a DP, of 20 was targeted.
For the synthesis of PFTMCy-b-PEG4 and PFTMCyo-b-
PEG2z0, (+)-sparteine and 1 were used as the ROP catalysts.
However, for the synthesis of PFTMCzo-b-PEGag0 @ more active
catalyst, 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), was re-
quired to reach a PFTMC monomer conversion of >80%. Like
the use of (-)-sparteine and 1, DBU can catalyze the ROP of
TMC, but at significantly lower catalyst loading. This catalyst
has also been shown to achieve high degrees of monomer con-
version without molecular scrambling of the polymer chain
ends occurring.®® For each BCP, the DP, of the PFTMC seg-
ment was determined using *H NMR spectroscopy by compar-
ing the relative integrals of the peaks from methylene groups of
PFTMC at 4.28-4.48 ppm, and the singlet at 3.40 ppm from the
methyl end group of the PEG block (Figure S5). To ensure con-
trolled BCP self-assembly it was important to remove any
PFTMC homopolymer that may have been generated during the
BCP synthesis. As the fluorene moiety in PFTMC absorbs
strongly at 240 nm, it could be easily detected by monitoring
UV absorbance of eluting fractions separated by GPC. PFTMC
homopolymer was removed via selective precipitation resulting
in pure PFTMC,0-b-PEG, BCPs. This was confirmed by the ab-
sence of any low molecular weight shoulder in the GPC traces
of each BCP and by 'H-DOSY NMR spectroscopic analysis,
which showed no peaks corresponding to the diffusion of
PFTMC2 homopolymer (Figure S6 and S7). The molecular
weight characterization of all three polymers is summarized in
Table 1.
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Scheme 4. Synthesis of PFTMCy-b-PEG, (n = 44, 220, 490)
via organocatalytic ROP. (-)-sparteine and 1 were used as the
catalysts for the preparation of PFTMCx-b-PEG4 and
PFTMC20-b-PEG220. DBU was used as the catalyst for the prep-
aration of PFTMCy0-b-PEGago.

Initially, the solution state self-assembly behavior of
PFTMCzo-b-PEG4go, PFTMCzo-b-PEGzzo and
PFTMCy-b-PEG44 was investigated by attempting to form mi-
celles via spontaneous nucleation in mixtures of MeOH and



Figure 1. TEM images of micelles prepared via spontaneous nu-
cleation in mixtures of MeOH and DMSO by heating polymer sam-
ples to 70 °C before cooling to 23 °C over a period of 2.5 h. A and
B) PFTMC20-b-PEGugo (MeOH:DMSO (v:v) 9:1, 0.5 mg/mL). C)
PFTMCz20-b-PEG220 (MeOH:DMSO (v:v) 4:1, 0.2 mg/mL). D)
PFTMC20-b-PEGa4 (MeOH:DMSO (v:v) 3:2, 0.05 mg/mL, sample
sonicated for 1 minute prior to imaging to improve sample disper-
sion on the TEM substrate). TEM samples were stained with a 3
wt% solution of uranyl acetate in EtOH.

DMSO (Figure 1). Under these conditions, MeOH acts as se-
lective solvent for the PEG blocks, promoting self-assembly via
solvophobic interactions between the PFTMC blocks, whereas
a small amount DMSO acts as a common solvent for both
blocks, presumably promoting PFTMC plasticization and crys-
tallisation.®® PFTMCp-b-PEGago micelles were prepared by an-
nealing the BCP at 0.5 mg/mL in 9:1 MeOH:DMSO (v:v) at
70 °C for 8 h before cooling to 23 °C over a period of 2.5 h.
PFTMC2-b-PEG2,0 micelles were prepared via the same an-
nealing and cooling procedure in 4:1 MeOH:DMSO (v:v) at a
concentration of 0.2 mg/mL. The morphology of the resulting
micelles was analyzed by TEM after application of a uranyl ac-
etate stain (3 wt% in EtOH). The stain solution was selected to
increase the contrast of the PFTMCyo-b-PEG, micelles which
because of their low electron density, are otherwise difficult to
visualize by TEM. As EtOH is a moderate solvent for PEG it is
expected that the stain solution will coat the carbon film and
penetrate the micelle corona, leaving only the areas of the film
covered by the micelle cores unstained. Thus, we expected the
micelle cores to appear bright against a dark background when
imaged by TEM. In both the case of PFTMCy-b-PEGag and
PFTMCx-b-PEG20 exclusively fiber-like micelles were ob-
served by TEM (Figure 1A-C and Figure S8). These micelles
appear uniform in width but are polydisperse in length, with
lengths predominantly greater than 5 um. Micelles prepared
from PFTMC2-b-PEGug had a number average width (W) of
17 nm with a standard deviation of 3 nm and the micelles pre-
pared from PFTMC,o-b-PEG3 had a W, of 15 nm with a stand-
ard deviation of 2 nm. When PFTMC-b-PEG4s was annealed
in a sealed vial at 70 °C in 3:2 MeOH:DMSO (v:v) at

0.05 mg/mL for 8 h, then cooled to 23 °C, this resulted in a tur-
bid suspension which was briefly (~1 min) sonicated to better
disperse any large aggregates prior to TEM analysis. This re-
vealed predominantly rectangular shaped micelles irregular in
length and with widths ranging from 20 to greater than 200 nm
(Figure 1D and S9). Further studies of these 2D
PFTMC2-b-PEG4s micelles will be carried out in the future as
in this manuscript we focus on 1D assemblies.

Living CDSA of PFTMC-b-PEG Block Copolymers. Seed
micelles  were  prepared from the  polydisperse
PFTMCzo-b-PEG4go and PFTMCzo-b-PEGzzo micelles by soni-
cation for 2 h at 15 °C (Figure 2A). The seed micelles prepared
from PFTMC-b-PEGag had a number average length (L.) of
40 nm and an apparent width of ~23 nm. The dispersity in
length was low, with L./L, equal to 1.10 (where L, corresponds
to weight average length). Interestingly, closer inspection of the
seed micelles appeared to show two populations of micelles that
differed in width, with the widths of the two populations cen-
tering on 19 and 27 nm (Figure 2B-C). To characterize the di-
mensions of these micelles further, they were analyzed by
AFM. This revealed that the population of micelles with a
greater width had a height of ~6 nm and the narrower micelles
had a height of ~10 nm (Figure 2D and E). This data, combined
with  the TEM analysis, strongly indicates the
PFTMC2-b-PEGag seed micelles have an approximately rec-
tangular cross-section, and that the bimodal distribution of mi-
celle widths observed by TEM is a result of micelles lying on
their largest face or on their edge. Furthermore, the increase in
apparent average width of these seeds compared to their poly-
disperse precursors implies that with increasing length
PFTMC2-b-PEGago micelles are less likely to lie on their largest
face.
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Figure 2. A) TEM image of PFTMC20-b-PEGag0 seed micelles.
Sample stained with a 3 wt% solution of uranyl acetate in EtOH.
B) Histogram of PFTMC20-b-PEGag0 seed micelle widths showing
a bimodal distribution. C) AFM height image of
PFTMC20-b-PEGago seed micelles. D) Linear height profiles from
C).
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Figure 3. A) Schematic representation of the preparation of monodisperse PFTMCzp-b-PEGag0 micelles. TEM images of PFTMCyo-
b-PEGag0 micelles prepared by self-nucleation (B), PFTMCz-b-PEGag seed micelles (C) and monodisperse PFTMC-b-PEGag0 mi-
celles prepared by the addition of 5 (D), 10 (E), 20 (F) and 40 (G) mass equivalents of unimer. Samples were stained with a 3 wt%
solution of uranyl acetate in EtOH. H) Micelle length summary. 1) Plot of Munimer/Mseea against Ln, slope = 40 nm/equivalent unimer

added.

Monodisperse fiber-like PFTMCxzo-b-PEGag micelles of pre-
cisely controlled length were prepared via seeded growth by
adding a solution of unimeric PFTMCz-b-PEGago in DMSO to
solutions of seed micelles (L, = 40, L./L, = 1.10) in
MeOH:DMSO (>90% MeOH by volume). Samples prepared
with unimer to seed mass ratios (Mynimer/Mseed) OF 1, 2, 5, 10, 20
and 40 resulted in micelles with L, (and L/L,) values of 82
(1.10), 137 (1.06), 265 (1.06), 475 (1.06), 806 (1.07) and 1604
nm (1.05) respectively (Figure 3), and a linear trend in the rela-
tionship between micelle length and Mynimer/Msees Was observed
(Figure 31). Assuming each micelle end remains active through-
out the growth process, complete conversion of added unimer,
a constant number of BCPs per unit length (Nagg,.) and the ab-
sence of spontaneous nucleation, each equivalent of unimer

added should increase the length of the resulting micelles by the
same value as the length of the seed micelles. Fitting a straight
line to the plot of Mynimer/Mseed @gaiNst Ly gives a slope with a
gradient of 40 nm/equivalent of unimer (Figure 31) which is in
good agreement with the experimentally determined value, sug-
gesting that the previously mentioned assumptions about the
micelle growth process hold true for this system Micelle length
characterization is summarized in Table S3 and histogram high-
lighting the narrow length distributions are shown in Figure
S10.

Seed micelles were also prepared from PFTMCzo-b-PEG220
and possessed a L, of 40 nm (L./L, = 1.17). Again, a bimodal
distribution in micelle width was observed by TEM which can



also likely be attributed to drying of the seed micelles in two
different orientations (Figure S11). PFTMCy-b-PEGyy fi-
ber-like micelles of precisely controlled length were then pre-
pared by the addition of unimer to seed solutions. A linear rela-
tionship was observed between micelle length and Mynimer/Mseed
and the gradient of the linear fit was 38 nm (Figure S12). This
value is again in good agreement with the theoretical value
based on the criteria outlined earlier and the length of the seed
micelles. This confirmed complete conversion of unimer to mi-
celle, the absence of spontaneous nucleation, and a constant
NaggL during self-assembly. Micelle length characterization is
summarized in Table S4 and histograms highlighting the nar-
row length distributions are shown in Figure S13.

Colloidal Stability of PFMC20-b-PEGag Micelles in Water.
To explore the colloidal stability of fiber-like PFTMC-b-PEG
micelles in water, first a 0.2 mg/mL (MeOH:DMSO, 4:1 (v:v))
colloidal solution of PFTMC,o-b-PEGago micelles prepared by
spontaneous nucleation was dialyzed against water. This re-
sulted in a clear, stable colloidal solution and no change in mi-
celle morphology was detectable by TEM analysis (Fig-
ure S14).  Following  this, low length  dispersity
PFTMCy-b-PEGago micelles with a L, of 40 and of 540 nm were
prepared separately in MeOH:DMSO and dialyzed into water
(Figure 4 and S15). In both cases this resulted in a clear colloi-
dal solution of micelles with no obvious precipitation. To assess
the stability of these fiber-like micelles in water the colloidal
solutions were aged for 2 weeks and the micelles analyzed again
by TEM. It was observed that the micelles retained their fiber-
like structure and showed no signs of aggregation or degrada-
tion. Furthermore, the L, of the micelles measured before and
after dialysis were in close agreement and no significant in-
crease in Ly/L, was observed.

In an attempt to carry out living CDSA in water,
PFTMC2-b-PEGago unimer (10 mg/mL in DMSO) equivalent
t0 @ Munimer/Mseeq ratio of 10 was added to the aqueous solution
of 40 nm PFTMCz-b-PEGag seed micelles. TEM analysis re-
vealed what appeared to be mixture of the original seed micelles
and a large excess of spherical micelles (Figure S16A). It ap-
pears that added unimer initially contributes to little or no
growth from the seed micelles and instead, the added polymer
is converted to spherical micelles. This prompted us to add a
unimer solution directly into water in an attempt to form a pure
solution of spherical micelles. TEM analysis of this solution re-
vealed micelles with an exclusively spherical morphology and
an average diameter of 15 nm (Figure S16B). WAXS analysis
of a 20 mg/mL solution of spherical PFTMC20-b-PEGago mi-
celles in water:DMSO 4:1 (v:v) revealed no Bragg peaks (Fig-
ure S16C). Later in this work we discuss the presence of Bragg
peaks in the scattering pattern of a 16 mg/mL solution of fiber-
like PFTMCax-b-PEG,y micelles. Therefore, the absence of
these reflections in this instance, indicates that the PFTMC core
of the spherical micelles is in an amorphous state. However, it
also possible that crystalline domains of PFTMC exist in the
sample which are too small to produce detectable Bragg peaks.

Micelles in MeOH:DMSO 9:1
L, =540 nm
LJL,=1.06
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Figure 4. A) TEM image of PFTMCz0-b-PEGago micelles after di-
alysis from MeOH:DMSO into water. TEM samples were stained
with a 3 wt% solution of uranyl acetate in EtOH. Contour length
histograms from micelles measured before dialysis (B) and after
dialysis (C).

To investigate the temporal stability of PFTMCzo-b-PEGago
spherical micelles, the samples prepared with and without seeds
were aged at 23 °C in sealed vials. After 30 days, TEM analysis
of the sample containing both seed and spherical micelles
showed the presence of a small percentage (<5%) of fiber-like
micelles greater than 100 nm in length, with the majority of the
sample retaining the original spherical morphology (Figure
S17A). After 60 days, the sample that previously contained only
spherical micelles was analyzed by TEM and shown to contain
a large population of fiber-like micelles greater than 500 nm in
length, numerous shorter fiber-like micelles and spherical mi-
celles could also be observed by TEM (Figure S17B). These
results show that slow conversion from spherical to fiber-like
micelles takes place in an aqueous environment, likely via a
processes driven by crystallization of the micelle cores, as has
previously been observed in the study of PFS and PE containing
BCP self-assembly.1266.67

Assessing the Cytotoxicity of Fiber-Like PFTMC-b-PEG
Micelles. To examine the potential biocompatibility of
PFTMC-b-PEG micelles, 24 h cytotoxicity assays were con-
ducted using a combined calcein AM (to assess cell viability)
and alamarBlue (to assess reductive metabolism) assay.
PFTMCy-b-PEGag fiber-like micelles were prepared with a L,
of 119 nm (Lw/L,=1.04) and were incubated with primary
WI-38 fetal lung fibroblasts and HeLa cervical cancer cells at
concentrations ranging from 1-100 pg/mL. Micelles with a
length of 119 nm were chosen because rod-like nanoparticles of
this size are thought to be especially desirable for drug delivery
applications, as they are likely to exhibit a long circulation
half-life within the body.5® Analysis of the resulting cell pop-
ulations showed that at every concentration of
PFTMC2-b-PEGago examined (up to 100 pg/mL), there was no
statistically significant reduction in cell viability in either cell
line, while cellular metabolism was unaffected for primary
WI-38 cells and remained above 86% for the HeLa cell line
(Figure 5 and S18).



Table 2. Dimensions of PFTMC20-b-PEG220 micelles prepared at 8 mg/mL in MeOH:THF (4:3) as determined by TEM, AFM and

SAXS (analyzed after diluting to 4 mg/mL).

. Length Core height Core width Corona thickness Nagg,L
Technique
(nm) (nm) (nm) (nm) (molecules/nm)
AFM - 6 15 - -
TEM 530 - 16 - -
SAXS (Model 2) - 5 21 11 17

[a] Micelle core dimensions determined by refining the model to fit in the range 0.004> Q <0.1.
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Figure 5. Biocompatibility of fiber-like PFTMCa20-b-PEGag0 mi-
celles (Ln =119 nm, Lw/Ln = 1.04) with WI-38 and HeLa cells
measured after 24 exposure in a calcein AM assay. No statistically
significant change in cell viability was observed at any concentra-
tion up to 100 pg/mL. For the effects of PFTMC20-b-PEGago mi-
celles on cell metabolism, see Supporting Information. Data was
averaged over three repeat experiments, and errors are represented
as the 95% confidence interval.

To further probe the cytotoxicity of PFTMC-b-PEG micelles,
we also examined the effect of 9H-fluorene-9,9-dimethanol, the
hydrolysis product of PFTMC, on WI-38 and HeLa cells.®* 1Cs
values for 9H-fluorene-9,9-dimethanol were calculated for both
cell types, with ICsy values for cell mortality of 0.45 mM and
1.01 mM for WI-38 and HeLa cells respectively, and 1Cs val-
ues for reductive metabolism of 0.38 mM for WI-38 cells and
0.80 mM for HeLa cells (Figure S19, see Supporting Infor-
mation for further details). These concentrations are much
higher than are commonly encountered for many small mole-
cule cytotoxic agents, and the authors envisage that the cytotox-
icity of 9H-fluorene-9,9-dimethanol should not present a barrier
to the vast majority of nanomedicine applications. It should be
noted that large, needle-like crystals were observed by optical
microscopy at concentrations >100 pg/mL of 9H-fluo-
rene-9,9-dimethanol, which might disrupt the extracellular ma-
trix of the cells, resulting in the observed cytotoxicity (Figure
S20).

X-Ray Scattering Characterization of Fiber-Like
PFTMC-b-PEG Micelles. To probe the structure of the crys-
talline core of fiber-like PFTMC-b-PEG micelles, concentrated
colloidal solutions of fiber-like PFTMCyo-b-PEG22 micelles
(L, =533 nm, Lu/L, = 1.03) were prepared and analyzed by
small-angle X-ray scattering (SAXS). Following application of
a correction for solvent scattering and the scattering from an

empty capillary tube the data was analyzed. Based on the struc-
ture factors for samples with concentrations of 8, 12 and 16
mg/mL, a micelle solution at 4 mg/mL (MeOH:THF (v:v) 4:3)
appeared to be below the concentration limit for significant in-
terparticle interactions (Figure S21). The log/log plot for I vs Q
from this sample shows a gradient of approximately -1 when Q
is less than 0.01 A and a gradient of close to -4 when Q is
between 0.02 and 0.03 A consistent with a solution of infi-
nitely dilute rods (Figure $22).%8%° To obtain further infor-
mation about the cross-sectional structure of these micelles, two
models for a solution of infinitely dilute rod-like nanoparticles
were used to fit the data (Figure 6). Model 1 describes infinitely
long micelles with a circular core cross-section surrounded by
a circularly symmetrical corona (this model has previously been
used to fit the scattering intensity from cylindrical micelles with
a PFS core, Figure S23).7° Whereas Model 2 is based on a de-
scription of fiber-like micelles with a crystalline core used by
Vilgis and Halperin and describes the scattering intensity from
micelles of infinite length with a rectangular core cross-sec-
tion.” In this model for simplicity, coronal chains are confined
solely to the two longest edges (Figure S24).”* The details of
Model 2 can be found in the Supporting Information. Nonlinear
least-squares fits were conducted with both models by allowing
the scaling factor, background, scattering-length density (SLD)
of the corona near the core, along with the dimensions and pol-
ydispersity of the micelle core and corona cross-section to re-
fine. The initial value for the SLD of the core was predicted
using the literature value for the density of PFTMC."
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Figure 6. Schematic representation of the micelle cross-sections
used to fit SAXS data. A) Model 1: a micelle with a circular core
cross-section and a circularly symmetrical corona. B) Model 2: a
micelle with a rectangular core cross-section and coronal chains
confined to the two largest faces.

Both models afforded good fits for the observed scattering pat-
tern for 0.004> Q <0.1 and limiting the fitting to this range did
not allow for a distinction to be made. AFM analysis of the mi-
celles was therefore used to determine which model was most
appropriate. This revealed that the micelles are very uniform in



height along their length and have a uniform height of approxi-
mately 6 nm regardless of their width (Figure S25). This elimi-
nates the possibility of a circular cross-section as core height
would vary with core width if this were the case. AFM analysis
also revealed that micelles above a certain length favor drying
in a single orientation, unlike short seed micelles which were
observed to lie on a surface in two different conformations. It is
should be noted, however, that an ellipsoidal cross-section can-
not be ruled out and resolving the subtle distinction between an
elliptical and rectangular micelle cross-section is beyond the
scope of this work. The width of the micelles prepared for
SAXS analysis was measured by AFM, giving a value of 15 nm
which is in good agreement with the value obtained from TEM
analysis of 100 micelles, and close to that determined by fitting
the SAXS data to Model 2 (Table 2). Having determined the
core dimensions of the micelles
(PFTMC20-b-PEG320, Ln = 530 nm) using SAXS and TEM ena-
bled us to gain further into the overall micelle structure. Using
the density of PFTMC (p = 1.33 g/cm™),2 the volume of mi-
celle core acquired from modelling the SAXS data, and the av-
erage mass of the PFTMC core-forming block, the number of
polymer molecules comprising an average micelle was calcu-
lated to be ~9300, which equates to a Nagg Of 17. For a full
description of how Nagg,. Was calculated see the Supporting In-
formation section. Model 2 also provides information about the
density of coronal chains at the core-corona interface through
the predicted SLD of the corona, by comparison of the refined
SLD for the corona with those known for PEG and the solvents
used for self-assembly. The value for the former correlated
strongly with the thickness of the coronal domains, and a good
fit was obtained for a SLD of 8.29x10°° A for a thickness of
10.5 nm which corresponds to a PEG volume fraction of
0.12+0.01 (See Supporting Information).

Concentrated micelle solutions were also studied by WAXS.
From a 16 mg/mL sample, Bragg peaks at Q values of 0.410,
0.821 and 1.111 A™ can clearly be observed (Figure S26),
which closely match the position of three peaks observed in the
WAXS pattern of a PFTMC homopolymer film. The same
peaks also form part of a series of reflections in the WAXS of a
film prepared from the micelles (Q = 0.408, 0.823, 1.122, 1.237
and 1.911 A (Figure S27). To determine the orientation of the
PFTMC chains within the rectangular cross-section of the mi-
celle core, molecular mechanics were used to determine the
length of chain extended PFTMC oligomers with 5, 10, 15 and
20 repeat units (Figure S28). This revealed an average unit
length per monomer of 0.54 nm. Therefore, the average chain
length of the PFTMCy core-forming blocks corresponds to
~10.8 nm which is significantly less than the width of the mi-
celle core and approximately twice the height. This suggests
each chain is orientated parallel to the shortest axis of the mi-
celle core and, on average, undergoes one chain fold as shown
in Figure 7.

Height [
.

Width

Figure 7. Schematic illustration of the cross-section of a fiber-like
PFTMC20-b-PEG220/490 micelles. Core chains are orientated parallel
to the height dimension of the core and on average undergo one
chain fold. In accordance with the model outlined by Vilgis and
Halperin, core-corona junction points are confined to the fold sur-
faces.” This is expected to result in a maximum PEG grafting den-
sity of on average 0.25 chains per PFTMC chain terminus.

Block Comicelles with a PFTMC Core. Finally, we aimed
to extend the concept of living CDSA using BCPs with PFTMC
core-forming block to include the formation of fiber-like mi-
celles with a segmented coronal structure. To achieve this, first
a BCP with a poly(2-vinylpyridine) (P2VP) corona-forming
block was prepared via a two-step procedure (Scheme S1). The
ROP of FTMC was initiated by 6-hydroxyhexyl-4-[(benzene-
carbothioyl)sulfanyl]4-cyanopentanoate, a bifunctional reversi-
ble addition-fragmentation chain transfer agent (RAFT-CTA)
that can been used to polymerize 2-vinylpyridine (2VP).” This
yielded a PFTMC homopolymer (PFTMC1s-CTA) with a DP,
of 18 (bm = 1.08) and ~60% CTA end-group functionality, as
determined by MALDI-TOF MS and *H NMR spectroscopic
analysis, respectively (Figures S29 and S30). PFTMC5-CTA
was then used to initiate the RAFT polymerization of 2VP,
which, as a result of the presence of PFTMC chains without
CTA end-group functionality, vyielded a mixture of
PFTMCis-b-P2VP and PFTMC homopolymer.
PFTMC1s-b-P2VP was then purified by selective precipitation
of the BCP from THF via the addition of hexanes and BCP pu-
rity assessed by GPC and *H DOSY NMR. No peak with same
retention time as PFTMC1s-CTA was observed in the GPC
chromatogram, and no signals associated with either PFTMC or
P2VP homopolymers observed in the 2D DOSY NMR spec-
trum indicating that pure PFTMC1s-b-P2VP had been isolated
(Figure S31). By comparing the relative integrals of the meth-
ylene protons from PFTMC-CTAys at 4.4 ppm, with one of the
aromatic protons from P2VP at 8.3 ppm, the DP,, of the P2VP
segment was determined to be 157 (Figure S32). BCP By was
measured by GPC and shown to be 1.21, the molecular weight
data for both PFTMC1s-CTA and PFTMCyg-b-P2VP1s7 is sum-
marized in Table S2.

The self-assembly of PFTMCas-b-P2VP1s7 was studied using
iPrOH as a selective solvent for P2VP, a solution of the BCP in
THF (5 mg/mL) was added to a mixture of iPrOH and THF at
23 °C to induce spontaneous micelle nucleation (final concen-
tration 0.5 mg/mL, iPrOH:THF 7:3 v:v). TEM analysis of the
resulting solution revealed the formation of length polydisperse
fiber-like micelles (Figure S33A), similar to those produced by
PFTMC2-b-PEG220490. These fiber-like micelles were then
sonicated for 2 h at 0 °C to produce short monodisperse seed
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Figure 8. P2VP-m-PEG-m-P2VP block comicelles prepared from PFTMCa0-b-PEGagoo seeds (Ln=60nm, Lw/Ln = 1.10) and
PFTMCus-b-P2VP1s7 unimer. A) Schematic representation of block comicelle preparation. B) TEM image of triblock comicelles without
staining. C) TEM image of triblock comicelles after staining with 3 wt% uranyl acetate in EtOH. D) Linear height profiles from AFM height

image of P2VVP-m-PEG-m-P2VP micelles (E).

micelles with a L, of 60 nm (L./L, = 1.08) as determined by
TEM (Figure S33B). Unlike PFTMC,-b-PEG micelles, which
because of their low electron contrast require the addition of a
negative stain prior to TEM imaging, PFTMCig-b-P2VP;s;
could clearly be observed by TEM without staining, due to the
high electron contrast of the P2VP corona. Next, aliquots of a
solution of PFTMC1s-b-P2VP1s7 in THF, equivalent to different
Munimer/Mseed, Were added to PFTMCig-b-P2VP1s; seed micelles
resulting in the formation of elongated fiber-like micelles of low
length dispersity (Figure S34). The contour length data of these
micelles is summarized in Table S6. It was demonstrated that
micelles could be prepared with a L, of greater than 2 um, and
that a linear fit could be applied to the relationship between L,
and Mynimer/Msees (Figure S34B). The gradient of this fit is
55 nm/mass equivalent unimer which is in good agreement with
the length of the seed micelles, indicating that
PFTMCis-b-P2VP;5 is capable of efficient living CDSA.

Due the good solubility of both PEG and P2VP in MeOH, it
was anticipated that block comicelles could be prepared by add-
ing PFTMCig-b-P2VP1s; unimer to PFTMC2o-b-PEG2,0 seed
micelles in MeOH. PFTMCys-b-P2VP1s7 unimer (10 mg/mL in
THF) was added to PFTMC20-b-PEG35 micelles with a L, of
60 nm, resulting in symmetrical 1D triblock comicelles
(P2VP-m-PEG-m-P2VP). The corona of the outer two segments
of these micelles is composed of P2VP and the central segment
of PEG. The difference in electron contrast between PEG and
P2VP allowed the segmented structure to be clearly observed
when drop cast samples were analyzed by TEM both with and
without staining (Figure 8A and B), and the difference in corona
height revealed the segmented structure when analyzed by
AFM (Figure 8C and D).

DISCUSSION

Effect of Block Ratio on PFTMC-b-PEG Micelle Mor-
phology. Although the self-assembly behavior of PFTMC
BCPs has previously been reported in the literature,5! the struc-
ture of the resulting micelles has not been fully characterized,

nor has their assembly been precisely controlled. The presence
of melt transitions in the DSC thermogram of PFTMC homo-
polymer, together with well-defined Bragg peaks observed by
WAXS on a solid sample, confirm that this polymer is crystal-
lizable and therefore potentially suitable for use as a core-form-
ing block in living CDSA.

By preparing three amphiphilic diBCPs, each with a short
PFTMC block and a PEG block of different length, we were
able to study the self-assembly behavior of PFTMC containing
BCPs in solution. In the case of both PFTMCz-b-PEGag and
PFTMC2-b-PEG220, high aspect ratio fiber-like micelles with
lengths predominantly on the order of microns were formed. In
contrast, platelet-like  micelles were formed from
PFTMC-b-PEG4s which has a significantly shorter corona-
forming block. According to the model outlined by Vilgis and
Halperin, this micelle morphology is expected to comprise of a
chain folded crystalline lamella, sandwiched between two pla-
nar layers of solvent swollen corona.”™ This morphology is the
thermodynamically most favorable with respect to maximizing
the degree of crystallinity of the core-forming block, and mini-
mizing the overall area of the core-solvent interface. By com-
parison, the increased length of the PEG corona-forming block
in PFTMCy0-b-PEGag0 and PFTMC,0-b-PEG,y0, increases the
free energy cost of packing PEG chains around the micelle core.
This entropic penalty, caused by corona chain stretching, can be
avoided whilst maintaining a platelet morphology by increasing
the number of chain folds of the core-forming block and thus
decreasing the corona chain density. However, this also in-
creases the area per BCP of the high energy core-solvent inter-
face and incurs a free energy penalty associated with chain fold-
ing. Alternatively, the BCPs can adopt a higher aspect ratio fi-
ber-like micelle morphology, where crystallization in the lateral
dimension (associated with fiber width) is limited, resulting in
a core shape that more closely resembles a narrow ribbon. This
reduces the effect of intercoronal steric repulsion as the grafted
PEG chains are no longer restricted to a rectangular region of
space above a platelet core surface and can now occupy a more
expansive region of approximately cylindrical cross-section



around the core of the micelles. Using thermodynamic argu-
ments it is therefore possible to conclude that steric repulsion
between coronal chains is responsible for the difference in mor-
phology between PFTMC30-b-PEGugor20  (fibers) and
PFTMC2-b-PEGu4 (platelets) presented in this work, and anal-
ogous results previously reported for other systems,81035.74

However, it is also possible that this phenomenon is a result
of a kinetic effect whereby the presence of a longer corona
block hinders the lateral growth of the micelle core resulting the
observed change from a 2D to a 1D morphology. Two sets of
recent results suggest that the change in micelle shape from 2D
to 1D caused by an increase in coronal block length can indeed
be Kinetic in origin. We have previously reported that when the
self-assembly of PFS diBCPs with a long corona forming block
was performed in a solvent highly selective for the corona the
expected 1D fiber-like micelles were formed, whereas when a
large fraction of common solvent was present the same block
copolymer formed 2D platelets.®> This morphological differ-
ence was attributed to a plasticizing effect of the common sol-
vent on the PFS core, which facilitated more extensive crystal-
lization and lateral growth of the core. More recently, observa-
tions by Dove, O’Reilly and coworkers demonstrated a surpris-
ing “inverse” effect of block ratio on the morphology of crys-
talline core BCP micelles.”™ Studies of the formation of di and
triBCP micelles with a crystalline PLLA core and a
poly(N,N-dimethylacrylamide) corona revealed a morphologi-
cal preference for 2D platelet micelles over 1D cylinders with
increasing percentage composition of the corona-forming
block. This remarkable behavior, which is the opposite to that
expected based on packing parameter considerations,® was at-
tributed to a longer coronal block leading to an increase in the
overall solvophilicity of the BCPs and slower self-assembly,
thereby resulting in a greater degree of PLLA crystallization
and exclusive formation of the platelet morphology.”™ These
results indicate that a 2D platelet morphology is thermodynam-
ically preferred and that either coronal steric repulsion or low
unimer solubility can conspire to yield kinetically trapped 1D
assemblies.

Structural Characterization of Fiber-Like PFTMC-b-PEG
Micelles. To determine the structure of the crystalline core of
the fiber-like PFTMCz0-b-PEG micelles we combined the in-
sight gained from TEM, AFM, SAXS and WAXS analysis.
WAXS analysis of a concentrated solution of
PFTMCx-b-PEG2o micelles revealed Bragg peaks which
match three of the peaks observed in the WAXS pattern of
PFTMC homopolymer. These results show that the PFTMC
segments of these micelles occupy the same crystal lattice as
observed for PFTMC homopolymer in its crystalline state.
AFM revealed that each micelle has the same height regardless
of micelle width, ruling out the possibility of a circularly sym-
metrical cross-section. This is in agreement with the AFM anal-
ysis of PFTMC,0-b-PEG.g seed micelles which could be ob-
served lying on either their largest face or longest edge (Figure
2). Based on this evidence, we concluded a micelle structure
with a rectangular cross-section was present.

A rectangular model was used to fit the SAXS data from a
concentrated solution of PFTMCxo-b-PEG220 micelles. This pro-
vided a robust fit allowing the average micelle width of these
micelles to be determined and the resulting value of 21 nm was
reasonable agreement with the widths measured by TEM and
AFM. Using the height and width of the micelle core, as deter-
mined by SAXS, we were able to calculate the average area of
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the micelle cross-section. Combining this value with density of
PFTMC and M, of the PFTMC, core-forming block gave a
Naggn. Of 17 molecules/nm, a value larger than that generally ob-
served for cylindrical micelles with a crystalline PFS core (typ-
ically Nagg = 2-3.5 molecules/nm).%%77 The comparatively high
Nagg,L Of the PFTMC20-b-PEG220 micelles studied, can likely be
explained by these structures possessing a greater cross-sec-
tional area than typical cylindrical PFS-core micelles (cylindri-
cal micelles with a PFS core typically have a radius of ~4 nm,”
this corresponds to cross-sectional area of ~50 nm, whereas
PFTMC-b-PEG2, micelles exhibit a cross-sectional area of
~100 nm) and being comprised of a BCP with a relatively low
molecular weight core-forming block with comparable density
to PFS (pPFTMC =1.33 g/cm‘3, PPFs = 1.36 g/cm‘a).78

Having determined the micelle core dimensions and used mo-
lecular mechanics to predict the average length of a PFTMCy
chain, we were also able to propose a core structure comprised
of PFTMC chains orientated parallel to the height dimension of
the core with on average one chain fold as shown in Figure 7.
Further structural detail pertaining to the brush density of coro-
nal domains was obtained by allowing the SLD of the corona in
Model 2 to refine. A value lower than that of pure PEG homo-
polymer, but higher than that of the self-assembly solvents
(MeOH:DMSO) was obtained, equating to a PEG volume frac-
tion of 0.12+0.01 (see Supporting Information). Based on our
proposed chain folded core structure (Figure 7) and given that
each PEG chain will possess a solvent swollen coil confor-
mation, it seems likely that the actual volume fraction of PEG
chains within the domains defined in Model 2 will be <0.25.
This is consistent with the value determined from the refined
SLD, and thus supports the plausibility of our proposed struc-
ture for PFTMCy-b-PEG, micelles.

Cytotoxicity of Fiber-Like PFTMC-b-PEG Micelles. As are-
sult of the colloidal stability of PFTMCx-b-PEGag micelles in
water, we were able to investigate the toxicity of these struc-
tures towards healthy human cells (WI-38 fetal lung fibro-
blasts), and the widely studied HelLa cervical cancer cell line.
Monodisperse 119 nm (Lw/L, = 1.04) fiber-like micelles exhib-
ited no significant cytotoxicity at concentrations up to and in-
cluding 100 pg/mL. Furthermore, whilst the likely metabolite
of PFTMC, 9H-fluorene-9,9-dimethanol, does have some cyto-
toxicity, this was limited to higher concentrations (Figure S19).
As PFTMC,0-b-PEGag is comprised of only ~20 wt% PFTMC,
we anticipate that any toxicity of 9H-fluorene-9,9-dimethanol
should not present a barrier to most potential biomedical appli-
cations.

CONCLUSIONS

In summary, we have reported the first example of monodis-
perse 1D BCP micelles with a crystalline polycarbonate core.
By harnessing the living CDSA of PFTMC, we were able to
access low dispersity fiber-like micelles and block comicelles
with controlled lengths, ranging from ~40 nm to over 1500 nm.
We have also provided a detailed structural analysis of these
micelles showing that they possess a rigid rectangular PFTMC
core and a solvent swollen PEG corona. This core shape differs
from that generally found for fiber-like micelles of PFS, the
most well-studied crystallizable polymer used for living CDSA,
where a more circular cross-section is normally preferred.”®
The rectangular core characteristic of the PFTMC fiber-like mi-
celles leads to the interesting phenomenon where they can lie in
two different orientations on a substrate, either on their largest



face or on their edge (Figure 2). As a result of the solubility of
PFTMC-b-PEG micelles in water, we were able to show that
short fiber-like micelles exhibit a lack of any detectable cyto-
toxicity to both primary and cancerous cells. We also reported
the formation of metastable spherical micelles from a fiber-like
micelle forming PFTMC-b-PEG copolymer. This highlights the
opportunity to study the behavior of different micelle morphol-
ogies in vivo using this system, without the added complication
of concurrently comparing different polymer compositions, as
has typically been the case during studies of this kind.8! The
results discussed in this work represent a significant develop-
ment not only for the field of BCP self-assembly, but also for
the larger field of nanomedicine, due to the promising biocom-
patibility and potential biodegradability of the structures dis-
cussed.>® With this in mind, future work will focus on adapting
the coronal chemistry of these micelles for biomedical applica-
tions and the study of micelles with alternative crystalline ali-
phatic polycarbonate cores.
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