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he covalent convergence of three

chemically distinct polymeric seg-

ments at a common juncture point
gives mixed (mikto) arm star (u-ABC) ter-
polymers. If one of the blocks is water-
compatible, p-ABCs can self-assemble
into an assortment of multicompartment
micelle structures (supramolecular aggre-
gates with subdivided hydrophobic
cores) in aqueous dispersions that tran-
scend the default core—shell—corona
structures observed in linear ABC terpoly-
mers with one water-compatible
block.” ' For example, we have recently
demonstrated the formation of multi-
compartmented hamburger, segmented
wormlike, raspberry, multicompartmen-
talized wormlike, and nanostructured bi-
layer micelles from p-[poly(ethyl-
ethylene)][poly(ethylene oxide)]-
[poly(perfluoropropylene oxide)] (-EOF)
terpolymers.®’'~1* We also explored
blends of w-EOF with the corresponding
EO diblock copolymers and showed how
multicompartment micelle structure can
be tuned by this blending strategy.'* We
proposed chain-packing motifs to ac-
count for the various multicompartment
micelle structures based on the key fea-
tures that (i) the miktoarm star architec-
ture enforces the formation of structures
in which the three immiscible domains
intersect along curves in three dimen-
sions, and (ii) the relative interfacial ten-
sion of the hydrophobic E and F blocks
against water controls the packing of E
and F domains within the micellar cores.'?
On the one hand, multicompartment mi-
celles represent a first step toward much
more elaborate multifunctional self-
assembled structures, inspired by nature
(e.g., eukaryotic cells)." On the other
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ABSTRACT Multicompartment micelles with segmented wormlike structures consisting of alternating
poly(ethylethylene) (PEE) and poly(ry-methyl-€-caprolactone) (PMCL) layers were formed upon dispersing samples
of pu-[PEE][poly(ethylene oxide)][PMCL] (jr-EOC) miktoarm star block terpolymers in neutral water. Subjecting
these dispersions to a pH 12 aqueous buffer at 50 °C led to the hydrolytic degradation of the PMCL chains. After
4 weeks, the majority of the p-EOC molecules were degraded into PEE-b-poly(ethylene oxide) (EO) diblocks and
PMCL homopolymers. Although the resulting EO diblocks were expected to assemble into simple cylindrical
micelles, the actual “daughter micelle” morphologies were much richer. The initial segmented wormlike micelles
evolved into raspberry-like vesicle structures composed of spherical PMCL subdomains embedded in a PEE matrix.
This dramatic change in the morphology of the multicompartment micelles is due to rearrangement of .-EOC/E0/
PMCL composite micelles to a structure that minimizes unfavorable interfacial interactions between the three
mutually immiscible polymers. This type of micelle-to-micelle morphological evolution induced by block
degradation in a miktoarm star terpolymer system holds promise for the development of “smart” delivery
capabilities.

KEYWORDS: block copolymer - miktoarm star terpolymer - multicompartment
micelles - degradable polymers

hand, we have proposed that n-ABC sys-
tems represent a powerful strategy for
the formation of hierarchically structured
micelles for advanced applications; dis-
tinct A and B domains can be used to
store, transport, and deliver different pay-
loads to the same site at the same time.'®
It is possible to expand this strategy by
making the multicompartment micelles
stimuli-responsive, such that the contents
of distinct domains can be released at dif-
ferent times. The incorporation of stimulus-
responsive polymeric segments into am-
phiphilic diblock copolymers and more
complex linear ABC terpolymers can lead
to micelles that adopt various structures de-
pending on, for example, temperature, pH,
and ionic strength. This approach has re-
ceived a great deal of attention due to the
attractive technological potential of such
“smart polymeric micelles”."” ~'° For ex-
ample, responsive block polymer systems
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TABLE 1. Molecular Parameters of EO Diblock and p-EOC
Triblock Copolymers

Npgo? Wona®  M?  PDIf

E0(2-5) 43 109 032 0.68 74 112
w-E0C(2-5-14) 43 109 110 011 023 066 214 117

sample ID* Npg” Newa®  Woe  Wpeo"

“The numbers in parentheses correspond to the molecular weights of PEE, PEO, and
PMCL blocks, respectively, in kg/mol. °Number-averaged degree of polymerization
calculated using 'H NMR spectroscopy. The w denotes weight fraction of each block.
YCalculated using "H NMR spectroscopy. “Determined by SEC using PS standards
and CHC; as an eluent at 35 °C.

containing an ezymatically cleavable group,?® redox-
active groups,?' and photochemically sensitive groups?
have been recently reported. We recently developed a
responsive u-ABC system that adopts different micelle
structures upon changes in pH through the incorpora-
tion of poly(2-(dimethylamino)ethyl acrylate).? In an ef-
fort to develop a responsive p-ABC terpolymer that
was susceptible to hydrolytic degradation, and thus
more amenable to biomedical applications, we pre-
pared p-[poly(ethylethylene)][poly(ethylene
oxide)][poly(y-methyl-e-caprolactone)] (u-EOC) terpoly-
mers.2* Like other aliphatic polyesters, poly(y-methyl-g-
caprolactone) (PMCL) is sensitive to high and low pH
conditions and can degrade through simple ester
hydrolysis.>% Furthermore, poly(ethylene oxide) is
well-established as a biocompatible polymer.?” We
demonstrated that, in neutral water, n-EOC micelles
formed stable hamburger, raspberry, and segmented
wormlike micelles as in the related p-EOF systems. In
this report, we subject a dispersion of u-EOC multicom-
partment micelles to an aqueous pH 12 buffer solution
at 50 °C and demonstrate how degradation of the PMCL
block leads to a remarkable and unexpected evolution
of the multicompartment micelle structure. We end
with a proposed mechanism for the formation of the
observed “daughter” micelle structures.

RESULTS AND DISCUSSION

A mid-hydroxyl-functionalized poly(ethylethylene)-
b-poly(ethylene oxide) (EO) diblock copolymer was pre-
pared by two successive living anionic polymeriza-
tions, and the p.-EOC terpolymer was obtained through
one controlled ring-opening polymerization using the
EO diblock copolymer as macroinitiator, as reported in
detail elsewhere.?* The characteristics of the polymers
employed in this study are summarized in Table 1, and
the chemical structure of the miktoarm star is illus-
trated in Figure 1.

Representative cryogenic transmission electron
microscopy (cryoTEM) images for a 0.5 wt % aque-
ous dispersion of w-EOC(2-5-14) are shown in Figure
2 and Figure S1 (Supporting Information). p-EOC(2-
5-14) forms predominantly elongated, multicom-
partmented wormlike micelles. We attribute the al-
ternating dark and light stripes observed in the core
of the micelles to PMCL and PEE domains, based on
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Figure 1. Chemical structure of p-EOC(2-5-14).

their respective electron densities of 0.60 and 0.50
mol e~ cm 3. The predominant wormlike micelles
have lengths ranging from 100 nm up to 1 wm. The
average width of the wormlike structures is 36 = 10
nm, which exceeds two times the fully stretched av-
erage PEE block (ca. 11 nm); thus, the structures are
flat and segmented (i.e., tapeworm-like), rather than
cylindrically symmetric. Given the anticipated
(super)strong segregation in these structures, we ex-
pect that the PEE chains are quite stretched, lead-
ing to thickness of the (tape)wormlike structures of
approximately 20 nm, although this cannot be inde-
pendently verified.?* The spherical-like end caps ap-
parent in the elongated structures in Figure 2 have
also been observed in diblock copolymer derived
wormlike micelles.?® Dispersions of p-EOC(2-5-14) in
neutral water at room temperature retained the pre-
dominant wormlike structures after 7 weeks, and

no degradation was observable by SEC over this
same time period.

To effect the degradation of the PMCL block, we
subjected 2 mL of a 0.5 wt % dispersion of the w-EOC
structures in neutral water to a high pH solution by di-
luting it with 1 mL of pH 12 Na,HPO,/NaOH buffer. The
dispersion was degassed, sealed in a glass tube, and
then stirred at 50 °C. Samples of the dispersion were re-
moved and analyzed by cryoTEM as a function of time
in the degradation solution. The degradation products
at each time interval were also analyzed by SEC post-
lyophilization of the samples.

The SEC data for the starting p.-EOC, the EO diblock
precursor, and the degradation products as a function
of degradation time at 50 °C are shown in Figure 3. The
SEC data for the degradation products suggest that
PMCL chains were cleaved close to the star terpolymer
junction, leaving a mixture of w-EOC triblock, EO
diblock, and PMCL homopolymer. This is particularly
evident in the sample after 28 days that gives a dis-
tinct peak at an elution volume between p-EOC and EO.
If this peak was due to PMCL homopolymer, the peak
molar mass (based on SEC calibration with related
PMCL homopolymers) would be 12 kg mol~, which is
close to 14 kg mol ™" of the PMCL chains in p-EOC. In
fact, we were able to model the SEC traces of the deg-
radation products using SEC data from the w-EOC tri-
block, the EO diblock, and a representative PMCL homo-
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Figure 2. CryoTEM image of a 0.5 wt % dispersion of p-EOC(2-5-14) in neutral water. Scale bars indicate 100 nm.

polymer sample with a number average molar mass of
12 kg mol~! (PDI = 1.15), as shown in Figure 4.

When it is assumed that the degraded p-EOC
molecules underwent a single cleavage event at
the juncture, the mole fractions of w-EOC, EO, and
PMCL calculated from the SEC data after 28 days in
the hydrolysis solution are approximately 0.20, 0.55,
and 0.25, respectively. As the mole fractions of PMCL
and EO chains should be the same under the as-
sumption of a single cleavage event at the junc-
ture, the actual process is likely more complicated.
While the ester bond at the juncture of the pn-EOC tri-
block must be close to the interface with water,
cleavage of the PMCL chains could also occur some
repeating units away from the juncture, leaving a
somewhat smaller PMCL fragment and a w-EOC frag-
ment with a short PMCL chain. In fact, the peak in
the SEC associated with the EO diblock from the deg-
radation process is centered at slightly lower elu-
tion volume than the parent EO, consistent with this
hypothesis. In addition, the cleaved PMCL chains

14 days

Differential Refractometer Signal

p-EOC(2-5-14)

elution volume (mL)

Figure 3. SEC curves obtained from dilute dispersions (0.33
wt %) of n-EOC(2-5-14) after hydrolysis in pH 12 buffer solu-
tions at 50 °C for prescribed times.
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could undergo further degradation and be spread
under the EO peak. The 'H NMR data from the deg-
radation products are consistent with some reduc-
tion in the PMCL content (Supporting Information
Figure S2). In summary, these data are consistent
with cleavage of the PMCL chains close to the
core—corona interfaces in the wormlike structures,
to give a mixture of EO diblock, PMCL homopolymer,
and some remaining n-EOC chains with varying
PMCL chain lengths.

We examined the morphological evolution of u-EOC
micelles by cryoTEM as a function of time in the pH 12
buffer (Figure 5 and Figure S3). Inmediately after addi-
tion of the buffer, the segmented structures previously
observed (Figure 2) were retained. After 2 days, how-
ever, the original segmented structures transform into
an array of irregularly shaped micelles with clear inter-
nal structure (Figure 5a). After 7 days, the predominant

u-EOC(2-5-14)
28 days degradation

p-EOC(2-5-14)

Differential Refractometer Signal

18 19 20 21 22 23 24
elution volume (mL)

Figure 4. SEC curve modeling: SEC curve of p-EOC(2-5-14)
micelles after 28 days of degradation (black); SEC curve of
the EO(2-5) (red); SEC curve of the p-EOC(2-5-14) (green);

SEC curve of PMCL(12) (blue).
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Figure 5. CryoTEM images obtained from dilute dispersions (0.33 wt %) of n-EOC(2-5-14) after hydrolysis in pH 12 buffer
solutions at 50 °C for prescribed times: (a) 2 days, (b) 7 days, (c) 14 days. Scale bars indicate 100 nm.

structures appear as circular objects with two distinc-
tive features: cores, containing isolated dark (PMCL) do-
mains, and thin wormlike features emanating from the
cores (Figure 5b). After 14 days, the structured assem-
blies appear to have more uniform sizes and most are
connected to a single wormlike structure. No further
significant changes in the structures were observed af-
ter 28 days.

The structures evident in Figure 5 are remark-
able and certainly not in accordance with naive ex-
pectations. For example, as shown in Figure 6, the
pristine EO(2-5) diblocks form “conventional” cylin-
drical wormlike micelles. As the PMCL blocks are pro-
gressively degraded, one might have anticipated
the “parent”, segmented wormlike multicompart-
ment micelles to have spawned simply “daughter”
EO worms and PMCL degradation products. As the
PMCL chains are not themselves water-soluble, they
could have undergone a combination of phase sepa-
ration and further degradation to soluble, small mol-
ecule byproducts. However, the microscopy results
are unequivocal in showing that a different outcome

U e 9 ;
Figure 6. CryoTEM image obtained from a dilute dispersion (1
wt %) of EO(2-5) in water. Scale bar indicates 100 nm.
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is realized. In fact, the daughter micelles are them-
selves multicompartment, with distinct spherical
PMCL domains arranged in near regular patterns
around overall larger spherical assemblies. Thus, the
cleaved PMCL chains are retained within the mi-
celle structures, and the new degree of freedom af-
forded by decoupling one block allows the system to
undergo a micelle-to-micelle morphological change
to reduce the overall free energy. From the cryoTEM
images, it is not possible to discern whether the
PMCL spheres prefer the surfaces completely or are
incorporated to some extent within the interior of
the larger assembilies; certainly, the fact that many
PMCL domains clearly protrude from the larger
spheres suggests the former. It is also not obvious
from the images whether the larger spherical assem-
blies are solid or actually vesicle-like. However, the
hydrophobic chains are not long enough to allow
the larger micelles to be both solid and spherical;
they could be disk-like, however, in analogy to the
flattened parent segmented worms. The visible
worms in Figure 5 are fully consistent with the ex-
pected EO cylindrical micelles (Figure 6); for ex-
ample, the average diameter of the worms protrud-
ing from the spotted structures is about 11.5 = 2.5
nm, consistent with that of the wormlike micelles
formed from pristine EO(2-5) micelles (12.9 + 2.1
nm). The fact that these cylinders protrude from the
larger spherical assemblies is fascinating in its own
right, suggesting that these micelles nucleate at the
initial site of PMCL block cleavage.

On the basis of the degradation process suggested
above, we propose the following mechanism for the evo-
lution of the micelle structures, illustrated schematically
in Figure 7. After the initial PMCL cleavage at or near the
w-EOC juncture, the cores of the segmented wormlike
micelles must accommodate PMCL homopolymer inclu-
sions. These appear as spherical features in the cryoTEM
images (Figure 5). The unperturbed p-EOC triblocks and
those with short PMCL chains resulting from degradation
serve to stabilize the resultant structures by lowering the
interfacial tension between the free PMCL chains and the
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Figure 7. Schematic cartoons illustrating the morphological transition of p-EOC micelles during the hydrolytic degradation.

PEE from the EO diblocks. The cryoTEM images in Figure
5a,b suggest that the initially flat worms expand laterally
to give sheets. The presence of EO diblock is apparent
from the wormlike micelles that protrude from these
sheet-like structures. This indicates that some of the EO
diblock in the micelles can be extruded from the sheets
and adopt its native form. We posit that the structures ob-
served after both 14 and 28 days are the result of either
the sheets folding into small nanostructured vesicles we
have previously observed in -EOF systems or disk-like
micelles with structured cores. In either case, as noted
above, they are too large to be spherical raspberry
micelles.

SUMMARY
We have demonstrated a remarkable multicom-
partment micelle to multicompartment micelle mor-

EXPERIMENTAL METHODS

-EOC Micelle Solution Preparation. Micelle solutions of p.-EOC(2-
5-14) were prepared by a dialysis technique. In a typical proce-
dure, 0.15 g of the p-EOC terpolymer was dissolved in 15 mL of
tetrahydrofuran (THF), and subsequently 30 mL of distilled water
was added to the polymer/THF solution using a syringe pump
ata rate of 5 mL/h with gentle stirring. The solution started to be-
come turbid at 20—30 vol % water. The addition of water contin-
ued until the water content reached 67 vol %. The micelle solu-
tion was subsequently placed into a dialysis tube (Spectra/Por,
molecular weight cutoff = 2 kDa) and dialyzed against distilled
water to remove THF. Distilled water was changed twice a day for
5 days. After dialysis, the polymer/water concentration was ad-
justed to be 0.5 wt % by evaporation of water under N, purge
and stirred for at least 1 week at room temperature prior to fur-
ther analysis.

Hydrolytic Degradation of p-EOC Micelles. The hydrolytic cleavage
of the PMCL chains from the p-EOC micelles was investigated
as follows. Two milliliters of the p-EOC micelle solution was fil-
tered through a 0.45 pum hydrophilic filter into a dust-free 0.5 in.
diameter glass tube and mixed with T mL of pH 12 (pH 11.3 at
50 °C) Na,HPO4/NaOH buffer solution (Fluka). The tube was filled
with Ar by three vacuum-refill cycles to remove air. Subse-
quently, the tube was sealed off and left in an oil bath at 50 °C
with gentle stirring. After the prescribed time, the micelle solu-
tion was characterized by cryogenic transmission electron micro-
scopy. Then 1.5 mL of micelle solution was lyophilized and ana-
lyzed by size exclusion chromatography (SEC) and proton
nuclear magnetic resonance spectroscopy ("H NMR) without
purification.

Molecular Characterization. SEC measurements were carried out
on a Hewlett-Packard 1100 series liquid chromatograph fitted
with a Hewlett-Packard 1047A refractive index detector and
three PLgel columns. The calibration curve was obtained using
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phology transition upon pH-induced chemical deg-
radation of a sacrificial block. The evolution of n-EOC
multicompartment micelles from segmented worm-
like structures to raspberry-like vesicles or disks
upon the cleavage of PMCL chains in pH 12 buffer
at 50 °C is clearly revealed by cryoTEM. Most of the
PMCL chains are cleaved at or near the juncture with
the E and O blocks, producing EO diblocks (some
with shorter PMCL blocks) and significant amounts
of PMCL homopolymer. The striking morphology
change is driven by minimization of the unfavor-
able interfacial energy between three immiscible
blocks, under the release of the constraint that the
PMCL chains are connected to the other two. This
work illustrates the potential for stimulus-induced
micelle-to-micelle transitions.

both poly(styrene) and poly(y-methyl-e-caprolactone) stan-
dards. Chloroform was used as an eluent at a flow rate of 1 mL/
min at 35 °C. 'H NMR spectra were recorded on a Varian INOVA-
500 spectrometer at room temperature. All samples were
dissolved in CDCls.

Cryogenic Transmission Electron Microscopy (cryoTEM). The cryoTEM
samples were prepared in a controlled environment vitrification
system (CEVS) at room temperature under saturated water.3® An
aliquot of the micelle solution was placed onto a lacey carbon-
supported TEM grid. Excess solution was blotted with a filter pa-
per, resulting in films with thicknesses of ca. 100—300 nm on
the grid. After allowing at least 15 s for relaxation of the films,
the grid was quickly plunged into a reservoir of liquid ethane
cooled by liquid nitrogen. Vitrified specimens were stored in lig-
uid nitrogen prior to transferring and mounting on a cryogenic
sample holder (Gatan 626) and then were examined with a JEOL
1210 TEM operated at an acceleration voltage of 120 kV at about
—178 °C. Images were recorded on a Gatan 724 multiscan CCD
camera and processed with Digital Micrographs version 3.3.1.
Phase contrast was enhanced by acquiring images at an
underfocus.
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