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a b s t r a c t

Amphiphilic linear and dumbbell-shaped poly(ethylene glycol)–poly(lactide-co-glycolide) (PEG–PLGA)
copolymers were simply synthesized by the ring-opening polymerization of lactide and glycolide using
PEG or tetrahydroxyl-functionalized PEG as the macroinitiator and stannous octoate as the catalyst.
The copolymers spontaneously self-assembled into spherical micelles in phosphate-buffered saline at
pH 7.4. The self-assembly behavior was dependent on both the polymeric topology and composition.
Doxorubicin (DOX), an anthracycline antitumor drug, was loaded into micelles through nanoprecipita-
tion. The in vitro release behavior could be adjusted by regulating the topology or composition of the
copolymer, or the pH of the release medium. The effective intracellular DOX release from DOX-loaded
micelles was confirmed by confocal laser scanning microscopy and flow cytometry in vitro. DOX-loaded
micelles displayed great cellular proliferation inhibition efficacies after incubation for 24, 48 or 72 h. The
hemolysis ratio of DOX was significantly reduced by the presence of copolymer. These properties indi-
cated that the micelles derived from linear or dumbbell-shaped copolymers were promising candidates
as smart antitumor drug carriers for malignancy therapy.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Malignancy (i.e. cancer) is one of the most serious worldwide
diseases, threatening human health and longevity [1,2]. In spite
of the vigorous exploitations of various antitumor drugs, their clin-
ical efficacy is unsatisfactory due to their life-threatening side ef-
fects, such as leukemia and cardiotoxicity [3]. To reduce the
severe side effects, many kinds of nanocarriers, such as micelles
[4–7], vesicles [8,9] and nanogels [2,10], have been developed as
vehicles to transport antitumor drugs.

It is well known that the amphiphilic copolymers can self-
assemble into various nanoscale aggregations, such as micelles
[11–15] and vesicles [16–18], in the aqueous environment domi-
nated by the topological structures, proportions, compositions
and physicochemical properties of both hydrophilic and hydropho-
bic moieties. For intravenous drug delivery applications, the hydro-
philic segments of amphiphilic copolymers are composed of
zwitterionic materials or polyethylene glycol (PEG), which can re-
sist nonspecific protein adsorptions (i.e. nonfouling properties) and
prolong the circulation times of nanoparticles in the complex

in vivo circumstances [19,20]. Aliphatic polyesters, such as
poly(e-caprolactone) (PCL) [21], polylactide (PLA) [22] and
poly(lactide-co-glycolide) (PLGA) [23], are the most commonly
chosen hydrophobic moieties that work as the sustained release
reservoirs of bioactive agents benefiting from their good biocom-
patibilities and biodegradabilities. Of all the aforementioned nano-
vehicles, micelles have emerged as one of the most promising
nanocarriers for various antitumor drugs. The micelles are usually
associated with several merits as polymeric drug carriers, such as
improved drug solubility in water, prolonged circulation time, en-
hanced accumulation in tumor sites, decreased side effects, and
elevated drug bioavailability and efficacy [24–26].

So far, the major research works have been focused on the mi-
celles based on amphiphilic linear di/triblock copolymers in the
realm of drug delivery [27,28]. As a typical example, the micelles
from diblock copolymers of PEG and PLA for delivery of paclitaxel
have been approved in Korea (Genexol�-PM) for the treatments of
ovarian and metastatic breast cancers, and are in phase IV clinical
trials in the USA as a safer alternative to Cremophor� EL and Taxol�

[29,30]. Prostate-specific membrane antigen-targeted PEG–PLA
and PEG–PLGA mixed micelles containing docetaxel for the treat-
ment of patients with solid tumors are in ongoing phase II clinical
trials [31]. However, the relatively poor stabilities and low drug
loading capabilities of micelles based on linearcopolymers affect
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their wide application as drug carriers [32]. Amphiphilic miktoarm
star-shaped copolymers, composing of three or more hydrophilic
or hydrophobic arms linked to the same junction point, have at-
tracted much attention because the diverse topologies may im-
prove the properties of micelles [21,22]. Although many studies
on micelles originating from linear or star-shaped copolymers have
been undertaken [15,21,33], systematic comparisons of the proper-
ties of micellar drug carriers made from copolymers with different
topologies have rarely been reported [22].

In this study, amphiphilic linear and dumbbell-shaped copoly-
mers composed of hydrophilic PEG and hydrophobic PLGA were
efficiently synthesized by the ring-opening polymerization (ROP)
of lactide (LA) and glycolide (GA) with PEG or tetrahydroxyl-func-
tionalized PEG ((OH)2–PEG–(OH)2) as the macroinitiator and stan-
nous octoate (Sn(Oct)2) as the catalyst [21,22]. The obtained
copolymers were employed as novel polymeric surfactants, and
spontaneously self-assembled into micelles in phosphate-buffered
saline (PBS) at pH 7.4. Doxorubicin (DOX), an anthracycline antitu-
mor drug, was loaded into the cores of micelles with tunable drug
loading efficiency (DLE) associated with the topologies and compo-
sitions of copolymers [15,22]. In vitro DOX release from DOX-
loaded micelles in PBS was revealed to beaccelerated with the lin-
ear polymeric topology, the decrease of PLGA content, or in tumor
tissular or intracellular acidic condition, which indicated their po-
tential usages as the smart tissular and intracellular targeting drug
carriers [34]. The cytocompatibilities and hemocompatibilities of
copolymers, and the cellular proliferation inhibitions of DOX-
loaded micelles were also revealed to be desirable. These proper-
ties indicated that the amphiphilic linear or dumbbell-shaped
copolymers were promising vehicle matrices in antitumor drug
delivery.

2. Materials and methods

2.1. Materials

Poly(ethylene glycol) (PEG90, Mn = 4000) was purchased from
Sigma–Aldrich (Steinheim, Germany) without further purification.
Dowex 50 W-X2 ion exchange resins were obtained from Sigma–
Aldrich (Steinheim, Germany) and used after methanol rinse. 2,2-
Dimethoxypropane (DMP; Sinopharm Chemical Reagent Co. Ltd,
Shanghai, China), 2,2-bis(hydroxymethyl) propionic acid (BHPA;
Sinopharm Chemical Reagent Co. Ltd, Shanghai, China), 4-dimethy-
lamiopryidine (DMAP; GL, Biochem Co. Ltd, Shanghai, China) and
Sn(Oct)2 (>95%, Sigma–Aldrich, Steinheim, Germany) were used
as obtained. Acetonide-2,2-bis(hydroxymethyl) propionic anhy-
dride (ABHPA) was prepared from DMP and BHPA according to
the literature procedure [35]. LA and GA were recrystallized with

ethyl acetate before use. Doxorubicin hydrochloride (DOX�HCl)
was purchased from Zhejiang Hisun Pharmaceutical Co. Ltd (Zhe-
jiang, China) and used as obtained. Toluene was stored over cal-
cium hydride and purified by vacuum distillation. All the other
reagents and solvents were purchased from Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China) and used without further
purification.
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Scheme 1. Synthesis pathway for dumbbell-shaped PEG–PLGA copolymer.

Fig. 1. 1H NMR (A) and FTIR spectra (B) of (OH)2–PEG90–(OH)2 (a), dsP1 (b) and
dsP2 (c).
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