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Temperature-triggered reversible micellar self-assembly
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Polymeric micelles based on a thermoresponsive linear—dendritic
block copolymer were completely disrupted into unimers upon
cooling the solution to a temperature below its LCST and
reversibly regenerated upon heating again.

There has been considerable interest in controlling nanostruc-
tured molecular self-assembly of double-hydrophilic block co-
polymers (DHBCs) by external stimuli.! A DHBC is generally
composed of two blocks with different chemical natures where
one block is hydrophilic and the other block is stimuli-
responsive. When various types of external stimuli such as
temperature,>> pH,*> and light® are applied, DHBCs become
amphiphiles by switching the hydrophilic character of the
stimuli-responsive block to hydrophobic, which induces rever-
sible self-assembly into micelles or vesicles in aqueous solu-
tion.”® Of special interest are thermoresponsive polymers whose
solubility depends on temperature, since temperature is a simple
external trigger for achieving reversible solvation and desolva-
tion, which in turn leads to conformational changes. These
polymers are soluble in aqueous solution below their lower
critical solution temperature (LCST) through hydrogen bonding
with water molecules, but become dehydrated and insoluble
when heated above the LCST, resulting in abrupt phase separa-
tion. '* Dendrimers are repeatedly branched, three-dimensional
molecules with structural perfection.'® Due to their precise
architecture as well as highly functional periphery, dendrimers
are very promising materials for biomedical applications such as
drug and gene delivery.'>'® While numerous architectures of
block copolymers have been reported, most studies were focused
on DHBCs with a linear—linear block structure due to their facile
synthetic accessibility; however, the introduction of a dendritic
structure as one component of a building block of DHBCs is
particularly attractive since the aggregated morphologies can be
further tuned through precise manipulation of dendritic struc-
tures.'”?* Furthermore, linear—dendritic block copolymers
allow one to take advantage of dendritic multivalency to create
functional exteriors with high ligand densities for targeted drug
delivery while keeping the phase segregated morphological
behavior of traditional block copolymers.?*>

In this communication, we demonstrate that an entirely
PEO-based biocompatible linear—dendritic block copolymer
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with a thermoresponsive linear block and a hydrophilic den-
dritic block can self-assemble into polymeric micelles by simply
heating to a temperature above the LCST of the thermore-
sponsive linear block. The resulting polymeric micelles can be
completely disrupted into unimers upon cooling to a tempera-
ture below its LCST and regenerated upon heating again. The
entire process is depicted schematically in Scheme 1a.

The strategy employed in this study is schematically illu-
strated in Scheme 1b. A double-hydrophilic linear—dendritic
block copolymer was synthesized based on poly(2-(2’-methox-
yethoxy)ethyl methacrylate) (PMEO2MA) as a temperature
responsive linear block and a multivalent hydrophilic polye-
ster dendron block modified with poly(ethylene glycol). As
shown in Scheme 1b, the dendritic initiator, B16Br 2 was
synthesized by the reaction between the dendritic acid,
B16COOH 1 and 2-hydroxyethyl bromoisobutyrate. Follow-
ing this, the PMEO2MA-extended dendron, PMEO2MA-
b-B16 3 was prepared by atom transfer radical polymerization
(ATRP)® from B16Br 2. This polymerization was carried out
in 50 vol% of anisole to MEO2MA, and in the presence of
CuBr and 4,4'-bis(5-nonyl)-2,2-bipyridine (dNbpy) as a
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Scheme 1 (a) Schematic representation of reversible formation and
disruption of the linear—dendritic polymeric micelles triggered by tem-
perature. (b) The synthetic route toward the temperature-responsive
linear—dendritic block copolymer, PMEO2MA-b-B16PEO 4.
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Fig. 1 GPC traces of B16Br 2, PMEO2MA-/-B16 3, and PMEO2MA-
b-B16PEO 4.

catalyst. The MEO2MA] : [B16Br 2] ratio was fixed at 100 : 1.
The polymerization was stopped when monomer conversion
reached 40%. Finally, after deprotection of the acetonide
groups of 3 by Dowex H™ resin, the resulting hydroxyl groups
were reacted with an excess of bis(carboxymethyl) ether
(HOOC-PEG-COOH, MW = 600 g mol™ ') to give the
linear—dendritic block copolymer, PMEO2MA-bh-B16PEO 4.

The molecular weight and molecular weight distribution of
the reaction products 2, 3, and 4 were obtained by gel
permeation chromatography (GPC) in tetrahydrofuran
(THF) with conventional calibration based on polystyrene
standards. Fig. 1 shows the GPC curves of B16Br 2 (M, =
1800 g mol™'; PDI = 1.05), PMEO2MA-b-B16 3 (M, =
8500 g mol~'; PDI = 1.18), and PMEO2MA-/-B16PEO 4
(M, = 11100 g mol~!; PDI = 1.15) (data shown in Table 1).
A shift to higher molecular weight was observed after each
chain extension step. The correlation between theoretical and
experimental M, values was excellent for PMEO2MA-/-B16
3, demonstrating the controlled nature of the polymerization.
For PMEO2MA-b-B16PEO 4, however, apparent M, was
much smaller than theoretical M. This result is common for
globular, compact molecules such as dendrimers and molecu-
lar brushes since the hydrodynamic volume is lower than
linear polymers with equivalent molecular weight, giving a
smaller apparent molecular weight.?”>

Fig. 2 shows the values of LCST obtained for aqueous
solutions of PMEO2MA-b-B16 3 and PMEO2MA-h-B16PEO
4 (concentration was 10 mg mL~'). For PMEO2MA-b-B16 3,
a LCST of 28 °C was observed, which was the same as the

Table 1 GPC results and LCST data for B16Br 2, PMEO2MA-b-B16
3 and PMEO2MA-b-B16PEO 4

Entry Conv (%)* My app’ My/My)" My theo DPy theo” LCSTC

2 — 1800 1.05 2275 — —
3 40 8500 1.18 9795 40 28
4 — 11100 1.15 19075 40 39

“ Monomer conversion as determined by 'H NMR spectroscopy for
the ATRP of MEO2MA ((MEO2MA] : [B16Br 2] : [CuBr] : [dNbpy]
=100:1:1:2,50vo0l% anisole, T = 50 °C). * Determined by GPC
in THF. ¢ My theo monomer conversion X MWygooma X
[MEO2MA]o/[B16Br 2]y + MWy 65 2. ¢ DP (degree of polymeriza-
tion) of the linear block calculated by monomer conversion. ¢ LCST
as determined by UV-Vis spectroscopy by measuring % transmit-
tance at 600 nm for the aqueous solution with a concentration of
10 mg mL ™"
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Fig. 2 Plot of transmittance as a function of temperature (600 nm,

1.0 °C min~") measured for aqueous solutions (10 mg mL™!) of
PMEO2MA-b-B16 3 and PMEO2MA-b-B16PEO 4.

previously reported value for the homopolymer PMEO2MA .’
The LCST of PMEO2MA-b-B16PEO 4 increased to 39 °C
with the addition of hydrophilic PEG segments. All results are
summarized in Table 1.

The temperature-triggered formation, disruption, and re-
generation of the polymeric micelles were confirmed by atomic
force microscopy (AFM, Fig. 3; ESI{) prepared from an
aqueous solution at a concentration of 1.0 mg mL~'. This
initial aqueous solution of PMEO2MA-h-B16PEO 4 was
stirred continuously at 50 °C for 12 h before spin-coating onto
silicon wafer for AFM analysis. The AFM images of the
sample deposited after micellization at 50 °C revealed the
presence of uniform, well dispersed individual globular species
(micelles, Fig. 3a) with an average diameter of 24.8 + 4.3 nm.
After allowing the aqueous solution to cool down to 25 °C, a
sample was taken again for AFM analysis. The previous well-
defined globular micelles gave way to molecularly resolved
individual polymer chains that could not be directly imaged
with the AFM tips (Fig. 3b). This observation was consistent
with the disruption of polymeric micelles by lowering the

(a) (b)
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Fig. 3 AFM phase images of PMEO2MA-h-B16PEO 4 solutions
spin-coated on a silicon wafer under various conditions: (a) the
original micelles of PMEO2MA-b-BI6PEO 4 at 50 °C; (b) the
disrupted micelles after cooling to 25 °C; (c) the regenerated micelles
after heating to 50 °C for 1 min; (d) the regenerated micelles after
continuous heating at 50 °C for 120 min.
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Fig. 4 Plot of hydrodynamic diameter distributions of the regener-
ated micelles as a function of time.

temperature below the LCST of PMEO2MA. The same solu-
tion at 25 °C was then re-heated to 50 °C. After time points of
1 min, 60 min, and 120 min, samples were taken and quickly
spin-coated onto a silicon wafer. An AFM image of the sample
deposited immediately after 1 min showed the presence of
kinetically-controlled large aggregates (Fig. 3c). Continuous
heating at 50 °C for 120 min induced thermodynamically
stable micelles with an average diameter of 43.2 + 6.1 nm,
shown in Fig. 3d (see also ESI for the AFM image for
60 mint). The observed evolution of the morphology of the
micelles can be explained by the annealing/equilibration effect
accompanying the regeneration process.’®

Dynamic light scattering (DLS) was conducted using
photon correlation spectroscopy'® in order to correlate with
AFM results, which illustrate the micellar regeneration pro-
cess via observation of micelles in the dry state. The average
hydrodynamic diameter of the original micelles was 40 nm.
For the disrupted micelles, however, the autocorrelation func-
tions were not obtainable, proving the disruption of the
micelles upon decrease of temperature. The apparent hydro-
dynamic diameters (CONTIN plot)® were measured as a
function of time at 50 °C during the regeneration process of
the micelles. All the autocorrelation functions showed single
exponential decays, representing narrowly dispersed popula-
tions of particle sizes. As shown in Fig. 4, the hydrodynamic
diameters of the micelles continuously decreased from 110 to
30 nm at 50 °C for 120 min, which indicates that the initial
kinetically-controlled large aggregates eventually partition
into thermodynamically-stable individual micelles.

In conclusion, we have shown that the double-hydrophilic
linear—dendritic block copolymer, PMEO2MA-b-B16PEO,
undergoes a reversible thermal transition which is accompa-
nied by transformation between a double-hydrophilic and an
amphiphilic linear—dendritic block copolymer. Consequently,
polymeric micelles formed from an aqueous solution of
PMEO2MA-b-B16PEO at 50 °C were disrupted by cooling
down to 25 °C and regenerated by heating to 50 °C. This entire
PEO-based biocompatible linear—dendritic copolymer is

currently being investigated for temperature-induced con-
trolled release of therapeutic agents as well as for active
targeting by subsequent functionalization of the peripheral
acid groups with biospecific ligands.
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