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A star polymer of poly[(R,S)-3-hydroxybutyrate] (PHB) with
adamantyl end-terminals extended from an a-cyclodextrin (a-CD)
core is designed.
controllable and uniform nanovesicles induced by host-guest
interaction between heptakis(2,6-di-O-methyl)-B-CD and the
adamantyl ends. The nanovesicles are suitable for loading and

It subsequently self-assembles to form

intracellular delivery of anticancer drug doxorubicin.

Self-assembly of block copolymers has attracted sustained attention
due to their immense potential applications,l'3 especially for
biomedical purposes such as drug and gene delivery.‘l'8 In the past
decades, numerous self-assembled nanostructures, including
micelles, vesicles and spheres have been developed.g'12 The
diversity of polymer chemistry provides possibilities to tune the
morphology of these self-assembled structures with a “bottom up”
approach.la'15 The morphology and property of the self-assembled
nanostructures are primarily determined by the polymer
architecture and chemical composition.le'19 Micelles and vesicles
self-assembled from linear block copolymers are the most widely
studied nanostructures, although nanostructures constructed from

. . 20-23 .
nonlinear block copolymers, with star shaped, linear-
.. 24-26 18 .
dendritic, or comb shaped™ architectures, have also been
reported.

Novel polymer architecture of nonlinear block copolymer may
potentially lead to self-assembled morphology and property not
accessible by a linear counterpart.y‘29 In a previous work, we
reported an amphiphilic star-block copolymer comprising a star-
shaped poly(ethylene glycol) (PEG) core extended with adamantyl
(Ada)-terminated poly[(R,S)-3-hydroxybutyrate)] (PHB), which
shows self-assembly behavior leading to formation of nanogel-like
large compound micelles (LCMs) and cyclodextrin (CD)-induced
vesicles.*® However, the highly hydrophilic PEG core caused
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complexity in controlling the morphology of the self-assembly i
aqueous environment, leading to formation of mixed morpholog -~
In this work, we have designed a star polymer architectur~
based on a compact a-CD core with multiple PHB arms and ~uu
terminals (CD-s-PHB-Ada) (Scheme 1a), which was interestingly
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Scheme 1. (a) Synthetic route of PHB based star polymer (CD-s-
PHB-Ada) with peripheral adamantyl moiety. On the lower right corne:
are GPC traces of CD-s-PHB-Ada and its precursors; (b) Schemat’
representation on the formation of DM-3-CD/CD-s-PHB-Ada
nanovesicles.
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found to form controllable and uniform nanovesicles induced by the
supramolecular host-guest complexation between heptakis(2,6-di-
O-methyl)-B-cyclodextrin (DM-B-CD) (Scheme S1 in Supporting
Information) and the Ada ends, transforming the hydrophobic Ada
to very hydrophilic and bulky end caps (the DM-B-CD/Ada
complexes) (Scheme 1b). The nanovesicles not only mimic liposome
self-assembly, but also are superior to liposomes due to the highly
hydrophobic PHB arms restricted by the a-CD core which form a
thick, stable, and less permeable vesicle wall. In addition, with the
biodegradable PHB and the suitable nanoscale size, the
nanovesicles are hypothesized to be robust for drug loading and
intracellular delivery. To prove the hypothesis, the nanovesicles
were employed to load anticancer drug doxorubicin (DOX), and the
intracellular drug delivery and cellular toxicity were investigated. It
is also interesting that cyclodextrin serves dual roles in the system:
a-CD as a structural unit for the star architecture, and B-CD as a
host to induce the nanovesicle self-assembly, and both are critical
factors leading to such self-assembly behaviors.

The star polymer consisting of a-CD core and PHB arms (CD-s-
PHB-Ada) was synthesized through alkyne-azide coupling reaction
between heterofunctionalized PHB and azide-functionalized a-CD
(CD-s-N3), as shown in Scheme 1a. Heterofunctionalized PHB, with
telechelic adamantyl moiety and alkynyl functionality, was
synthesized in a one pot fashion by anionic ring opening
polymerization (ROP) of racemic B-butyrolactone, according to the
procedure we reported earlier.® The degree of polymerization (DP)
and M, of PHB were evaluated to be 9 and 1.01 kD, respectively,
based on the intensity ratio of PHB methine proton at around 6 5.2
ppm to alkynyl end group protons at around & 4.7 ppm in the 'y
NMR spectrum (see Figure S1 in Supporting Information). CD-s-N;
was synthesized by substitution reaction. The number of azide
groups in each CD molecule was estimated to be around 13 by 'y
NMR and elemental analyses (EA) measurements. The molecular
weight of CD-s-N; was evaluated to be 2.23 kDa. The successful
syntheses of all the macromolecules were first demonstrated by Bc
NMR as shown in Figure S2 (Supporting Information).

The successful synthesis of the CD-s-PHB-Ada star polymers was
further evidenced by gel permeation chromatography (GPC)
analyses. As shown in Scheme 1a, the size of CD-s-PHB-Ada shifted
to higher molecular weight region as compared to its two
precursors. GPC measurement gave a narrow molecular weight
distribution (PDI=1.07) for the star polymer, indicating an efficient
and uniform PHB conjugation onto the a-CD core. The chemical
structure of the CD-s-PHB-Ada copolymer was elucidated by 'y
NMR spectroscopy (Figure S3, Supporting Information). All signals in
the spectrum can be ascribed to protons belonging to either PHB, a-
CD, linkage segment or adamantyl end group. In particular, the
appearance of triazole proton signal at & 7.8~8.0 ppm attested to
the successful alkyne-azide coupling reaction. In addition, the
decrease of azide functionality after coupling reaction as evidenced
by FTIR in Figure S4 (Supporting Information) further indicates the
successful PHB conjugation onto a-CD core. The M, and arm
number of the star polymer were estimated to be 9.28 kDa and 7.0,
respectively, by 'H NMR and EA measurements.

Due to the high hydrophobicity of PHB, CD-s-PHB-Ada with a
high fraction of PHB cannot be dissolved in water directly. To
prepare micellar solutions, CD-s-PHB-Ada was first dissolved in
DMF, then diluted with water to induce self-assembly. As CD-s-PHB-
Ada is terminated by adamantane (Ada), B-CD derivatives are
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supposed to modulate the self-assembly behavior of CD-s-PHB-Ada
in aqueous solution via host-guest interaction.**** Here we choose
the highly hydrophilic DM-B-CD which has a donut-shaj-'
molecular structure with a hydrophobic cavity that binds strongly t~
Ada. A series of DM-B-CD/CD-s-PHB-Ada micellar solutions &
various weight ratios were prepared by adding 900 uL of water to
100 pL of CD-s-PHB-Ada and DM-B-CD in DMF. The CD-s-PHB-AcA
concentration was fixed and the volume ratio of DMF is 10 % in tk
final aqueous solution.

The particle size of freshly prepared DM-B-CD/CD-s-PHB-Aa.
micellar solutions were determined by using dynamic ligh”
scattering (DLS). The hydrodynamic radii (R;) (z-average) of DM-|
CD/CD-s-PHB-Ada micellar solutions as a function of compositic=
(weight ratio of DM-B-CD to CD-s-PHB-Ada) are plotted and shown
in Figure 1(a). Firstly, the CD-s-PHB-Ada star polymers were found
to self-assemble into particles with R, at around 60 nm in tt.»
absence of DM-B-CD. The particle size increased abruptly when a
small quantity of DM-B-CD was added, giving large R, values at tt :
DM-B-CD/CD-s-PHB-Ada weight ratio from 1 — 5. The particles
formed within this ratio range precipitated quickly. The R, bec:
smaller and stable when the DM-B-CD/CD-s-PHB-Ada weight ratir
reached 7.5 or higher. It is noted that CD-s-PHB-Ada with relati. ..,
high hydrophobicity can form nanoparticles which may be stabilized
by the hydrophilic CD part. The addition of DM-B-CD should F._.
broken the previous hydrophilic-hydrophobic balance and induce '
re-self-assembly. The morphologies of the aggregates at different
DM-B-CD/CD-s-PHB-Ada  weight ratio were observed L
transmission electron microscopy (TEM), as shown in Figure 1(b*.
The colloidal solution of CD-s-PHB-Ada (ratio 0) was found to forin
solid particles. The morphologies of DM-B-CD/CD-s-PHB-AC 1
aggregates at ratios 7.5 and 15 were found to be irregular hollow
structures, while more regular and spherical vesicles formed at rati .
20 or higher.

The AFM image further confirmed the vesicular structure of th .
DM-B-CD/CD-s-PHB-Ada (20:1) aggregates (Figure 2). The cross
section profile of AFM image showed that the height decrease
from the outer edges to the center of the particles, indicating th.
hollow nature of the vesicles (Figure 2b). The AFM results showed
good agreement with the TEM images of the DM-B-CD/CD-s-F =-
Ada nanovesicles (Figure 2c). Considering both the restrictive
nature of the star architecture and the hydrophobic properties of
PHB, we propose a possible model for the supramolecular sel
assembly of DM-B-CD/CD-s-PHB-Ada (20:1), as illustrated in
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Figure 1. (a) Ry (z-average) of DM-B-CD/CD-s-PHB-Ada micellar
solutions as a function of composition (weight ratio of DM-3-CD to CL
s-PHB-Ada). All the samples were measured after freshly preparec
(b) TEM images of DM-3-CD/CD-s-PHB-Ada complexes at various
weight ratios. The scale bars represent 500 nm.
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Figure 2. (a) AFM image of DM-B-CD/CD-s-PHB-Ada (20:1)
aggregates and (b) the corresponding cross-section profile; (c) TEM
image of DM-B-CD/CD-s-PHB-Ada (20:1) aggregates; (d) Schematic
representation on the self-assembly of DM-3-CD/CD-s-PHB-Ada
nanovesicles.

Figure 2(d). The vesicle wall was formed by PHB aggregation with
the embedded a-CD core while its exterior and interior surfaces
were covered with hydrophilic DM-B-CD through forming stable
inclusion complex with the Ada moiety. The vesicles formed by DM-
B-CD/CD-s-PHB-Ada (20:1) had a size of around 100 nm, which is
favorable for their application as drug carrier systems. In order to
observe the influence of preparation methods on the vesicle
formation, we prepared DM-B-CD/CD-s-PHB-Ada (20:1) self-
assemblies by three other methods to compare with the above
used method. The three methods are (a) simply injecting DMF
solution of DM-B-CD/CD-s-PHB-Ada (20:1) into an aqueous solution,
(b) rehydrating CD-s-PHB-Ada film with DM-B-CD aqueous solution,
and (c) adding water (pH=3) to DMF solution of DM-B-
CD/fluorescein-labeled CD-s-PHB-Ada (CD-s-PHB-Ada-FITC) (20:1)
and dialyzing against water (pH=7) for DOX loading and DMF
removal. Compared to the original method used in this study, we
changed the sequence of adding DMF and water in method (a). The
influence of solvent was excluded in method (b). Method (c) was
developed for drug loading and cellular uptake study. DLS and TEM
measurements confirmed the formation of nano-sized vesicles by
any of these methods, as shown in Figure S7 (Supporting
Information).

One of the main strategies to target specific morphology of
amphiphiles is to alter the packing parameter (p).34’ * In the case of
block copolymers, hydrophilic block fraction (fuygropniic) reflecting
the packing factor is preferred to be used rather than p.36‘ 7 To
further understand the self-assembly behavior of the CD-s-PHB-Ada
star polymer with DM-B-CD and its morphology, we synthesized a
control polymer, CD-s-PHB-MPEG, with methoxy-PEG replacing Ada
of CD-s-PHB-Ada (Figure S5, Supporting Information). The chemical
structures of CD-s-PHB-MPEG and its precursor PHB-MPEG were
elucidated by 'H NMR spectra (Figure S6, Supporting Information).
The PHB length and arm number of CD-s-PHB-MPEG were close to
those of CD-s-PHB-Ada, and the hydrophilicity of MPEG (1.9 k) was
much higher than Ada/DM-B-CD complex, so the hydrophilic
fraction (fuydrophic) of CD-s-PHB-MPEG is higher than that of DM-f-
CD/CD-s-PHB-Ada. The star polymers with/without DM-B-CD in this
study are arranged in order of fi,grophiic; @5 shown in Figure 3.

It is reported that, by adjusting the packing factor of linear
diblock copolymers, vesicles are favored when figrophiiic is around

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. The ordering of fryaropniic Of Star polymers in this study and
their corresponding self-assembled morphologies. The scale bars
represent 500 nm.

35+10 %, while micelle is formed when fy grophiic > 45%. In th,
study, DM-B-CD/CD-s-PHB-Ada (20:1) that had moderate fuydrophiic
was found to form vesicles. The CD-s-PHB-MPEG that had .-
highest fiyaropniic Should form conventional core-shell micelles, while
CD-s-PHB-Ada with very high hydrophobicity should f
nanospheres. The TEM images in Figure 3 provide evidence that
specific morphologies could be targeted by adjusting fuydrophiiic Of
star polymer architectures.

The DM-B-CD/CD-s-PHB-Ada (20:1) nanovesicles were used to
load the anticancer drug, doxorubicin hydrochloride (DOX), 11
evaluate their potential for drug delivery application. DOX is 1
fluorescent compound that can be easily traced in the process cr
intracellular uptake. Here CD-s-PHB-Ada was also labeled &,
fluorescein. A pH-gradient method® was used to facilitat-
encapsulation of DOX into the nanovesicles. The drug loadin,
efficiency and loading content were estimated to be 38.8% an.
0.31%, respectively, at drug/nanovesicles feed ratio of 0.8/10"
(wt/wt). As indicated in Figure S7(c), DM-B-CD/CD-s-PHB-Ada-FIT °
(20:1) kept the vesicular structure even after drug loading an”
organic solvent removal.

Hela cells were cultured with the DOX-loaded FITC-labeled
nanovesicles over different periods of time. In Figure 4(a), tii --
dependent confocal microscopic images were used to investigate
the intracellular uptake of the DOX-loaded nanovesicles and the
delivery of DOX from the nanovesicles. Free DOX with equivaler .
concentrations were used as comprison (Figure 4b). The location ¢~
DOX can be tracked from the red fluorescence, and the informa *
about nanovesicles can be obtained from the green fluorescence i
the FITC channel. At the beginning (1 h), DOX was internalized int
Hela cells with the nanovesicles, and the red fluorescence appeare”’
where the nanovesicles were. After 2 h incubation, the increasir_
number of nanovesicles and DOX appeared inside the cells. It ic
noted that the red fluorescence was localized together with tf »
green fluorescence in the cytoplasm at the early stages (1 and 2 h)
only weak red fluorescence was observed in the nucleus at 2 |
After 4 h incubation, both cytoplasm and nucleus were dyed red,
while green fluorescence was only seen in the cytoplasm, indicatir ;
that the nanovesicles could not enter the nucleus. The reu
fluorescence in the nucleus was attributed to the release of DC .
from the nanovesicles. Then after 8 h incubation, most rec
fluorescence was found to locate in the nucleus, indicating ==
most DOX was released from the nanovesicles and entered the

J. Name., 2013, 00, 1-3 | 3
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Figure 4. Confocal microscopy images of Hela cells treated with (a)
DOX-loaded nanovesicles and (b) free DOX with equivalent DOX
concentration (4 ug/mL) for 1, 2, 4, and 8 h.

nucleus. The gradual release of DOX from the nanostructures
intracellularly was also reported by other researchers.®® % In
contrast, free DOX was taken by the cells and delivered to the
nucleus in a much less efficient manner (Figure 4b).

The cytotoxicity effect of DOX-loaded nanovesicles was studied
in vitro with Hela cells using the MTT assay. For comparison, the
cytotoxicity of free DOX and blank nanovesicles was also evaluated.
The blank nanovesicles were prepared through the same process as
that for the DOX-loaded nanovesicles except for adding DOX, and
the nanovesicles concentration was adjusted to be the same after
dialysis. The serial blank nanovesicles without DOX were prepared
by stepwise dilution from blank nanovesicles with the same initial
concentration as that of DOX-loaded nanovesicles. From Figure 5, it
was found that the cytotoxicity of DOX-loaded nanovesicles was
higher than that of the free DOX, while the blank nanovesicles
showed no cytotoxicity within the tested concentrations. The
reason that the nanovesicles enhanced the cytotoxicity may be
attributed to the efficient intracellular uptake of the DOX-loaded
nanovesicles, by an endocytosis mechanism,*” *? compared to a
passive diffusion mechanism involved in the free DOX delivery.

4| J. Name., 2012, 00, 1-3
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Figure 5. Cytotoxicity of DOX-loaded nanovesicles (¢), free DOX with
equivalent concentrations (M) and blank nanovesicles ( &) on Hela
cells. The serial blank nanovesicles without DOX were prepared by
stepwise dilution from blank nanovesicles with the same initial
concentration as that of DOX-loaded nanovesicles.

Conclusions

In summary, we have constructed a star polymer of PHB wit"
Ada end-terminals extended from a-CD core, which formed
inclusion complexes with DM-B-CD to give a supramolecul r
amphiphilic star architecture comprising multiple highiy
hydrophobic PHB arms restricted by the a-CD core and hydrophil .
and bulky end caps (the DM-B-CD/Ada complexes). The
supramolecular amphiphilic star architecture subsequently sel
assembled to form controllable and uniform nanovesicles whici.
were found to be suitable for loading and intracellular delivery ¢
anticancer drug DOX. Through efficient intracellular uptake, thc
DOX-loaded nanovesicles were much more powerful in killing
cancer cells compared to free DOX. It is also interesting = -t
cyclodextrin serves dual roles in the system: a-CD as a structural
unit for the star architecture, and B-CD as a host to induce the
nanovesicle self-assembly. We believe that the host-gue .
interaction directed nano-morphology control and nanovesicle
formation demonstrated here encompasses a robust and mod....
strategy that could be adopted for design of self-assembly systen .
and construction of other useful nanostructures.
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