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Abstract An amphiphilic poly((lactic acid)-b-hyaluronic
acid) diblock copolymer, poly(LA-b-HA), was synthesized
from short-chain hyaluronic acid and poly(lactic acid). The
synthesis was conducted by coupling the N, N′- dicyclohex-
ylcarbodiimide activated poly(lactic acid) to a short-chain
hyaluronic acid which was pre-aminated with 1, 2-
ethylenediamine at the reducing end followed by NaCNBH3

reduction. The poly (LA-b-HA) copolymers synthesized
were verified by the spectral analyses of FTIR and 1H
NMR. The poly(LA-b-HA) molecules can self-assemble
into micelles in aqueous solution. The average diameters of
polymeric micelles were estimated to be 116±17 and 98±
11 nm for the polymeric micelles derived from the poly
(lactic acid)s of MW 3,200 and MW 16,900, respectively.
The poly(LA-b-HA) copolymeric material is non-cytotoxic
and can be used as micellar drug carriers. The drug
encapsulation capabilities of these poly(LA-b-HA) micelles
were demonstrated by using ellagic acid and lidocaine
chloride as model compounds. These new biodegradable
micelles have a great potential to be used as drug delivery
carrier for biomedical applications.
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Introduction

One class of the drug and gene delivery systems that has
received wide spread attention over the past few decades is
the polymeric micelle delivery system. Polymeric micelles
have recently emerged as a novel carrier for both
hydrophobic and amphiphilic drugs [1]. AB and ABA type
amphiphilic block-copolymers can spontaneously self-
aggregate to form micelles in a selective solvent. Amphi-
philic synthetic block copolymers have got tremendous
impetus on the ongoing research in the area of drug
delivery technology due to their capability to provide a
delivery vehicle having a broad range of amphiphilic
characteristics, as well as targeting the drugs to a specific
site [2]. Amphiphilic block copolymer micelles are of
special interest for a number of reasons. First of all,
hydrophobic drugs can be physically entrapped in the core
of micelle and transported at a concentration exceeding
their intrinsic water solubility. Secondly, the hydrophilic
blocks can form hydrogen bonds with the aqueous
surrounding and form a tight shell around the micellar
core. Lastly, the block copolymer micelle can also target
their payload to specific tissues through either passive or
active means [3]. The drug delivery from micelles can be
divided into three different routes: (1) the micelles remain
outside the cells where the drug is released [4, 5], (2) the
micelles enter the cells and (3) the micelles enter the
nucleus. The release rate of drug from micelles depends on
the physical/chemical properties of both the drug and the
block copolymer [6].

Poly(lactic acid) (PLA) has been widely studied for use
in medical applications because of its bioabsorbable,
biodegradable and biocompatible properties. Recently,
biodegradable micelles prepared using the copolymers such
as PLA or PLGA (poly(lactic-co-glycolic acid)) copoly-
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merized with PEG (poly(ethylene glycol)) have been
employed extensively to deliver bioactive ingredients to
the cells. The polymeric micelles thus formed have a PEG
outer corona, which results in a prolonged plasma circula-
tion times. Drugs using this type of approach, commonly
known as “stealth” therapeutic strategy, can be delivered to
the non-RES (reticuloendothelial system) sites with im-
proved efficiency of immunospecific targeting [7–10].
Conjugation of proteins with PEG has been proved to
result in prolonged protein circulation life and reduced
immunogenicity and antigenicity [11–14]. In addition, PEG
conjugated with an anti-tumor drug loaded microspheres
were also of great interest since it could improve the water-
solubility and stability of such microspheres, thus eliminat-
ing undesired side effects.

Hyaluronic acid (HA), a linear polysaccharide composed
of repeating units of N-acetyl-glucosamine and D-
glucuronic acid, is a major component of ECM. It has
been widely used in biomedical applications such as
scaffolding for wound healing and tissue engineering,
ophthalmic surgery, arthritis treatment and as a component
in implant materials [15–17]. Copolymer of HA and PLA is
expected to be of great use for medical applications since
both HA and PLA can be degraded into the metabolites.
Recently, a graft copolymer consisted of HA as a
hydrophilic backbone and PLA as hydrophobic polyester
branches has been synthesized by Fabio et al. [18].
However, the capability of micelle formation of this
branched copolymer has never been demonstrated.

The goal of our research was to synthesize the novel
poly(LA-b-HA) block copolymers with unique physico-
chemical property. PLA is a hydrophobic, biodegradable
polymer which will become amphiphilic when covalently
bonded with HA. We believed that these amphiphilic
diblock copolymers could self assemble into micelles of
hydrophilic shell and hydrophobic core and thus useful as
potential drug carriers. Two poly(LA-b-HA) copolymers
were synthesized and designated as poly(sLA-b-HA) and
poly(lLA-b-HA) derived from two different molecular
weights of PLA (sPLA, MW 3,200 and lPLA, MW
16,900). The synthesized poly(LA-b-HA) linear diblock
copolymers were characterized and used to encapsulate
ellagic acid and lidocaine chloride to demonstrate their
potential biomedical applications.

Materials and methods

Materials

Stannous octoate, N, N′-dicyclohexylcarbodiimide ,1,2-
ethylenediamine, sodium cyanoborohydride, and MTT(3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide

thiazolyl blue) were all purchased from Sigma-Aldrich
(St. Louis, MO) and used without further purification.
Hyaluronic acid (HA) of low molecular weight (∼MW
6,500) was obtained from Lifecore Biomedical Inc.
Dialysis membranes (Spectra Por_6 regenerated cellulose,
MWCO 1,000 and 6,000∼8,000) were purchased from
Spectrum Laboratories, Inc. (Rancho Dominguez, CA).
Poly(lactic acid) with different molecular weights were
synthesized by the direct condensation of lactic acid
using stannous octoate as a catalyst [19, 20] and the
molecular weight distributions of the polymers were
determined in tetrahydrofuran by size exclusion chroma-
tography using polystyrene as the standard (sPLA; MW∼
3,200 and lPLA; MW∼16,900).

Experimental procedures

Poly(LA-b-HA) linear diblock copolymers were synthe-
sized by two steps (Scheme 1), a reductive amination of
hyaluronic acid by 1,2-ethylenediamine followed by the
coupling of aminated HA with PLA through the amide
bond coupling reaction. For the coupling reaction of
diamine to hyaluronic acid, there is only one coupling site
at the reducing end of HA. The occurrence of the HA
dimerization by 1,2-ethyldiamine could be eliminated by
raising the molar ratio of diamine to HA in the reaction
mixture [21]. In this study, an excess amount of 1,2-
ethyldiamine was reacted with hyaluronic acid.

Poly(lactic acid) activated by DCC/NHS

Poly(lactic acid)(PLA) and DCC (N,N′-dicyclohexylcarbo-
diimide,1.1 equiv.) were loaded into a flask, dissolved by
DMSO (dimethyl sulfoxide) and then mixed with a
magnetic stirrer. After 4 h mixing, an aliquot of NHS (N-
hydroxy-succinimide, 1.1 equiv.) was added to activate the
PLA and then the reaction was conducted overnight at
ambient temperature.

Reducing-end amination of hyaluronic acid

An aliquot of 1, 2-ethylenediamine (∼10 equiv of the HA)
was first dissolved in PBS buffer (pH∼9.5) and the HA
(MW∼6,500) solution (10 mg/ml) was then added drop-
wisely into the pre-mixed solution and stirred for more than
4 h [22–25]. Sodium cyanoborohydride was added into the
mixture incubated in an ice-bath and then the reaction
proceeded at room temperature for overnight. The excess
diamine and water were evaporated by rotary evaporator
and then dialyzed (Spectra Por_6 regenerated cellulose,
MWCO 1000) in PBS buffer solution for two days. After
dialysis, the solution was dried by lyophilization to obtain
the modified HA oligomers (hyaluronic acid-amine).
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Coupling reaction of PLA with hyaluronic acid-amine

The coupling reaction of the hyaluronic acid-amine reactant
(∼1.1 equiv of the activated PLA ) with the NHS-activated
PLA was carried out in a mixing solution of DMSO
(dimethyl sulfoxide) and PBS (phosphate buffered saline)
(1/10; v/v) at room temperature for 24 h to obtain poly(LA-
b-HA) linear diblock copolymer. The product compound
was precipitated by methanol, dialyzed (Spectra Por_6
regenerated cellulose, MWCO 6,000∼8,000) for another
two days and then lyophilized. The finished products were
characterized both by FTIR (Perkin Elmer T1 type FTIR
spectrophotometer) and 1H NMR (Bruker Avance 300-
MHz NMR spectrometer).

Dynamic light scattering measurements (DLS)

Aqueous dispersions of the polymeric micelles were
prepared by a precipitation/solvent evaporation technique
without any added surfactants for the investigation of their
ability of forming polymeric micelles. A diblock copolymer
solution in dichloromethane was added dropwisely to
double de-ionized water under ultrasonication. Dichloro-
methane was removed at lower pressure. The solution
was sufficiently diluted so that the multiple scattering
due to high concentration of micelle may not occur. All
dispersions were filtered using disposable 0.80 mm
Millipore filters to avoid any effect on the particle yield
or size distribution. The mean size and size distributions
of empty and loaded micelles were determined by a DLS
Instrument (Brookhaven 90Plus) using 35 mW diode
laser with a scattering angle of 90°. The zeta potential of
the micelles was measured by 90 Plus Zeta Size
Analyzer (Brookhaven Instruments Corporation). All
analyses were performed on samples diluted with PBS

solution (pH 7.4) in order to maintain a constant ionic
strength. For each sample, the mean value SD of three
determinations was established.

Transmission electron microscopic (TEM) observation
of dispersed micelles

The morphology of poly(LA-b-HA) micelles were exam-
ined by using a transmission electron microscopy (TEM)
instrument (JEOL). Specimens were prepared by discharg-
ing a drop of the micelle solution onto carbon coated EM
grids. The solution on the grid was frozen in liquid nitrogen
and lyophilized. The micelles on the grid were stained by
2 wt% of phosphotungstic acid and the specimen was then
vacuum dried before examination.

Determination of the drug loading content (DLC)

Ellagic acid (EA, an antioxidant) and lidocaine (LD, an
anesthetic) were chosen as model drugs to study the drug
encapsulation capability of the polymeric micelles because
of both drugs had solubility problems. Apart from poor
solubility, EA also had poor stability at a physiological pH
of 7.4 [26, 27]. To overcome these limitations, encapsula-
tions of these two compounds with poly(LA-b-HA)
micelles were studied. The two series of poly(LA-b-HA)
block copolymers of 0.2 g were dispersed in 20 ml of
double de-ionized water together with 0.01 g of EA and LD
to give a drug loading content of 5% (w/w) and a final drug
solution with a concentration of 0.05% (w/v) . Excess EA
and LD were removed by ultra-filtration (MW 1,000) in a
buffered mixture (phosphate buffer/ethanol (7:3), pH 7.4)
for 2 days. The UV absorbance of the solution was
measured at 230 nm and 210 nm to determine EA and
LD concentrations, respectively. The amount of drug

Scheme 1 Synthesis pathway
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loading content (DLC) was calculated using the equation
below:

DLC ¼ Weight of loaded LD in polymeric micelles=
Weight of micelles � 100%

Determination of drug released from the polymeric micelles

Test of the EA released from polymeric micelles was
carried out by incubating the solution of EA-loaded
polymeric micelles at 37 °C in a shaking water bath
reciprocating with a speed of 100 rpm. Approximately 1 mg
ellagic acid was encapsulated in the 10 mg of poly (LA-b-
HA) micelles and then dispersed into a 10 ml phosphate
buffer (pH 7.4). At the designated time interval, the sample
solution was centrifuged at 5,000 rpm for 5 min and a 200 μl
aliquot was removed from the tube and assayed using
Beckman Coulter DU800 UV–VIS spectrophotometer. The
amount of EA released into the aqueous solution was
determined using the EA calibration curve (230 nm). The
percentage of released EA was calculated by dividing the
amount of EA released in the solution by that of the initial
loaded. These tests were carried out in triplicate. The data
represents the means from three independent experiments.

In vitro cytotoxicity test

A MTT assay using a tetrazolium dye was conducted to
evaluate the in vitro cytotoxicity of the polymeric micelles.
For each well of a 96-well plate, 100 μl of L929 fibroblast
cells (105 cells/ml) in Minimum Essential Medium (MEM),
was added. After cultured for 24 h in an incubator (37 °C,
5% CO2), 100 μl culture medium (MEM) containing 1 mg/
ml of poly (LA-b-HA) block copolymers was charged to
each well and further incubated for 24 h and 48 h. After that,
each well was rinsed and replaced by fresh MEM and 50 μl
of MTT solution (5 mg/ml) was added to the L929 cells.
After incubation for 4 h, 100 μl of DMSO was added and the
mixture was agitated in a shaker at room temperature. The
optical density (OD) was measured at 570 nm with a
Microplate Reader Model Powerwave XS (BIOTEK). The
cell viable rate was calculated by the following equation:
viable rate ¼ ODtreated=ODcontrolð Þ � 100%, where ODtreated

was obtained in the presence of copolymers and ODcontrol

was obtained in the absence of copolymer.

Cellular binding of poly(LA-b-HA)polymeric micelles

MDA-MB-435S cells, highly expressed in HA-receptor,
were cultured on coverslips and then incubated with poly
(LA-b-HA) polymeric micells for 3 h. For subsequent
observation, the cells were fixed in 1% paraformaldehyde

in PBS followed by washes in PBS containing 5 mM
NH4Cl. The cells were examined by confocal microscopy
[22]. Confocal microscopic images of the cells were
obtained using a computer-interfaced, laser-scanning mi-
croscope (Leica TCS4D).

Skin penetration experiments

Transdermal drug delivery systems offer many advantages
over conventional dosage forms in improving patient
compliance and reducing side effects. In this study, we have
evaluated the skin penetration rate of polymeric micelles by
using lidocaine as a model drug to find out the potential of
polymeric micelles as a skin permeation enhancer.

Animals

Adult female hairless mice (BALB/c, 18–22 g) were used
in this study and they were obtained from Charles River
Laboratories, Japan. They were housed and fed with a
standard diet.

In vivo nude mice fluorescence image observation

Prior to experiments, animals were anaesthetized with
ketamine (2 mg/kg) and their backs were cleaned by an
electric shaver and ethanol solution (70%, v/v). A fixed
concentration of NR (nile red) (0.1% w/w) was used in all
experiments. Freshly prepared topical formulations were
uniformly applied on the back of the mice, each covering
an area of approximately 1 cm2. After an application time
of 3 h, the excess of the formulation was washed off, the
mice were sacrificed and treated skin samples excised.

In vitro Franz-type diffusion cells preparation

The hairs of the mice were shaved and their skins excised
from the dorsal regions with the fatty layers removed before
use. The skin specimens were placed on Franz-type
diffusion cells, with a nominal diffusion area of 0.75 cm2

and a receptor chamber containing 10 mL of buffer solu-
tion (phosphate buffer/ethanol (7:3), pH 7.4). The receptor
medium was maintained at 37±1 °C and magnetically
stirred. At each designated time interval, an aliquot of
200 μL were collected and the same volume of fresh
phosphate buffer solution (pH 7.4) was refilled. Three
replicates were determined for each formulation.

Results and discussion

In this study, we have synthesized a new amphiphilic poly
(LA-b-HA) copolymer by selective reducing-end amination
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Fig. 1 a FTIR spectra of
hyaluronic acid, poly(lactic ac-
id) and poly(LA-b-HA) block
copolymers. b 1H NMR spec-
trum of poly(sLA-b-HA) block
copolymer (D2O). c

1H NMR
spectrum of poly(sLA-b-HA)
block copolymer (DMSO-d6/
D2O 30/70)
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of HA and then coupled with NHS-activated PLA
(Scheme 1). The final products were verified by the spectra
of FTIR and 1H NMR. To determine the size effect of
hydrophobic chain on the properties of copolymers, two
poly(LA-b-HA)s, poly(sLA-b-HA) and poly(lLA-b-HA),
were synthesized by coupling HA to PLA of average
molecular weights of 3,200 and 16,900, respectively.

IR and NMR spectroscopic analyse of the poly(LA-b-HA)
diblock copolymer

The FTIR and NMR spectra of poly(LA-b-HA) are shown
in Fig. 1. For FTIR spectra (Fig. 1a) of poly(LA-b-HA)
copolymer, there exist extra absorbance peak at
1,650 cm−1 assigned to C-N of HA, as well as a broad
stretching absorbance at 3,200–3,400 cm−1(νas OH+νas

NH of HA). These results of FTIR spectra demonstrate
that HA has been coupled to PLA. To further characterize

micelle formation, we also analyzed the 1H-NMR spectra
of the poly(LA-b-HA) block copolymers, both in D2O
(Fig. 1b) and DMSO-d6/D2O mixed solvents (30/70)
(Fig. 1c). The characteristic features (Fig. 1b and c) are
almost the same except a little chemical shift caused by
solvent effect: δ=3.21∼4.67 (4H, OH of HA), δ 4.20 (br,
2H, NCH2–CH2O), δ 3.39 (br, 2H, NCH2CH2O), δ 1.85
(s, 3H, NHCOCH3 of HA), δ 1.32 and δ 1.26 (d, 3H,
CHCH3 of PLA) ppm (Fig. 1c) [28]. Note that the peaks
of the poly(lactic acid) repeat units are not obviously
visible in D2O as compared with that in the DMSO-d6/
D2O mixing solvent. These results are in agreement with
the view that the structure of the micelles, when dispersed
in an aqueous solution, is indeed of the core-shell type
with the HA chains extending out into the aqueous
environment [29]. This is also an evidence that the block
copolymer of poly(LA-b-HA) has been successfully
synthesized.

Fig. 2 TEM images of the poly(LA-b-HA) polymeric micelles in the
aqueous solution (left) and the size distribution determined with a
dynamic light scattering (DLS) instrument (right). a poly(sLA-b-HA)/

micelles, the size is 116±17 nm; b poly(sLA-b-HA)/micelles loaded
with EA (ellagic acid), the size is 265±34 nm. (bar=2 μm)
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Characteristics of the poly(LA-b-HA) polymeric micelles

Average size of micelles

Amphiphilic block copolymers have the capability to self-
associate when placed in a specific solvent. The size
distribution of polymeric micelles is an important parameter
in controlling the rate of drug release from the micelles.
The size distribution of poly(sLA-b-HA) polymeric
micelles was determined and shown in Fig. 2. The mean
size of the poly(sLA-b-HA) polymeric micelles was 116 ±
17 nm (Fig. 2(a)) and increased to 265±34 nm (Fig. 2(b))
and 193±26 nm after the entrapment of ellagic acid (EA)
and lidocaine chloride (LD). The morphology of the poly
(sLA-b-HA) polymeric micelle was examined using a
transmittance scanning electron microscopy (TEM JEOL
JSM-6335F). As shown, the polymeric micelles prepared
from the diblock copolymer of poly(LA-b-HA) are almost
spherical with a core—shell structure.

Zeta potential analyses

Zeta potentials of poly(LA-b-HA) polymeric micelles were
listed in Table 1. All micelles had a negative zeta potential,
which may be attributed to the presence of ionized carboxyl
groups of HA on the micelle surface.

The drug loading content (DLC) of polymeric micelles

The total ellagic acid (EA) contents in the micelles obtained
from a constant initial drug loading (5% w/w) were 2.8±
0.3% w/w (280 μg/ml) and 3.6±0.4% w/w (360 μg/ml) for
the poly(sLA-b-HA) and poly(lLA-b-HA) polymeric
micelles, respectively. The drug loading content and
entrapment efficiency depend on the composition of the
copolymer, but the effects are rather complicated and could

be affected by many factors, such as molecular weights, the
ratio of hydrophobic segment to hydrophilic segment and
crystallinity. As compared with poly(sLA-b-HA), poly(lLA-
b-HA) yielded a higher drug loading level, driven by the
more stronger hydrophobic interactions between the drug
and hydrophobic block of polymers. Strong polymer—drug
interactions might be part of the reasons that the EA-loaded
micelles prepared by poly(lLA-b-HA) achieved a higher
drug loading level.

In vitro release studies

The in vitro drug release profiles of the EA from the
poly(LA-b-HA) copolymer micelles were shown in
Fig. 3. As shown, a slightly burst release (∼13.8%) was

Fig. 3 The release profiles of EA (ellagic acid) from poly(sLA-b-HA)
and poly(lLA-b-HA) polymeric micelles into buffer solutions (a
phosphate buffer/ethanol (7:3), pH 7.4, 37 °C). The initial concentra-
tion of EA charged was 0.1%w/v

Table 1 Characterization of poly(LA-b-HA) copolymers

Polymers PLA MW (gmol−1) PLA Polydispersity DLS diameter (nm) Zeta potential (mv) Loading content %c

sPLA 3,200a 1.32 – –

lPLA 16,900a 1.36 – –

poly(sLA-b-HA) 9,700b – d 116±17 −20.5±2.9 –

poly(sLA-b-HA)/EA – – 265±34 −21.0±1.3 2.8±0.3

poly(sLA-b-HA)/LD 193±26 −25.1±3.3 4.2±0.3

poly(lLA-b-HA) 23,400b – d 98±11 −23.2±3.8 –

poly(lLA-b-HA)/EA – – 198±35 −18.4±2.1 3.6±0.4

a Determined by size exclusion chromatography
b Determined by calculation from a size exclusion chromatography
c Determined by equation 1 with 5%wt drug applied
d The limited solubility of poly (sLA-b-HA) in an eluent of PLA (THF) prevents the direct analysis of the MWD under standard conditions of SEC

A novel biodegradable amphiphilic diblock copolymers 465



observed at the beginning followed by a slower release
from poly (sLA-b-HA) polymeric micelles. After the
initial burst, the release of EA exhibited an initial rapid
release followed by a slower and linear release behavior.
The release profile was biphasic with a higher release
rate in the first 24 h. In this fast releasing period, less
than half (about 44.5±1.1% of EA loaded) was released
from the poly(sLA-b-HA) micelles. The remaining
amount of drug was released during the second phase
(24–168 h, about 85.8±0.9% of EA loaded). On the
other hand, the extent of the initial burst release of EA
from poly(lLA-b-HA) micelles was slightly higher than
that from poly(sLA-b-HA) micelles, poly(lLA-b-HA)
micelles exhibited a slower release of 33.8% of drug
within 24 h and 73.5% in 7 days. It appears that as the
chain length of PLA block (the core-forming block)
increases, the release became slower. Larger PLA segment
could cause greater polymer aggregations and enhanced
the interactions between block copolymers and drugs,
resulting in a stronger PLA–EA interaction and thus
decreased the drug release rate [30, 31]. The drug release
profile is governed by many factors such as solubility of
drug, degradation of polymer, and polymer–drug interaction,

Fig. 5 Confocal images of
435S cells incubated with
1 mg/ml of fluorescent poly
(sLA-b-HA)-polymeric micelles
(MW∼9,700) for 3 h: a cells
cultured with poly(sLA-b-HA)
micelles loaded with NR(Nile
red), b cells pretreated with
3 mg/ml hyaluronic acid for 1 h
before adding the NR-loaded
poly(sLA-b-HA) micelles.
Slides were sectioned optically
at 3 μm intervals through the
cell monolayer to obtain the
appropriate focal depth. An ar-
gon/krypton mixed-gas laser
with excitation lines at 560 nm
was used to induce fluorescence.
Excitation of the red fluores-
cence (Nile red signal) was
achieved by the 560-nm excita-
tion line. Images were digitized
with Leica scanware

Fig. 4 Cell viability measured using MTT assay. The L929 cells were
cultured with polymeric micelles of two different PLA chain lengths
for 24 h and 48 h. Each cultured medium contain 1% poly(sLA-b-HA)
polymeric micelles or poly(lLA-b-HA) polymeric micelles. Culture
medium without any added polymeric micelle is designated as TCPS
and used as a control
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and thus difficult to predict a drug release profile under the
current conditions [32]. These experimental results suggest
that both poly(LA-b-HA)s are good candidates for drug
delivery carriers.

Toxicity of poly (LA-b-HA) polymeric micelles

To examine the influence of poly(LA-b-HA) polymeric
micelles on cell viability, several methods are available. These
include exclusion of colloidal dyes [33], mitochondrial
functionality [34] and cytoplasmic leakage assays of cell-
introduced probes [35]. In this study, MTTassay was used for
evaluation of poly (LA-b-HA) polymeric micelles toxicity.
The cellular viability, as determined with an MTT assay, was
normalized to the viability of cells cultured without polymeric
micelles. Figure 4 displays the cell viability of L929 seeded
with poly(LA-b-HA)/micelles as well as on TCPS. No
significant cytotoxicity to L929 cells was observed for a
particle concentration at 1 mg/ml for both polymeric micelles
with seeding time intervals of 24 and 48 h.

Binding and localization of poly(LA-b-HA) polymeric
micelles to the cell membrane is hyaluronan-dependent

Experiments of amphiphilic diblock copolymers with a
specific ligand at their hydrophilic chain ends have shown
capable of recognizing and interacting strongly with the
target cells. Saccharides are of great interest for drug
targeting by playing an important role in cell–protein and
cell–cell interactions. For example, Yonese prepared a
sugar-substituted poly(g-methylglutamate)-b-poly(ethylene
oxide) (PMG–PEO) block copolymer with a lactose residue
for the targeted drug delivery [36]. Here, we demonstrated
that our newly synthesized hyaluronic acid based polymeric
micelles are capable of binding to MDA-MB-435S (ATCC
No HTB-129; breast cancer cells) cells over-expressed with
HA receptors. MDA-MB-435S cells were incubated with
fluorescence encapsulated poly(sLA-b-HA) polymeric

micelles (MW 9700) at 37 °C. The binding of poly(sLA-
b-HA) micelles to the incubated cells could be detected
under a confocal laser scanning microscope (Fig. 5a). If the
cells pre-treated with 3 mg/ml hyaluronic acid for 1 h, the
total number of polymeric micelles bonded decreased
dramatically (Fig. 5b). These results demonstrate that
binding of poly(sLA-b-HA) polymeric micelles to MDA-
MB-435S cells was attributed to the hyaluronic acid
residues and that the recognition was carbohydrate specific.
This binding may take place via a hyaluronic acid receptor
CD44 on the cell membrane of MDA-MB-435S cells.

Skin penetration experiments: qualitatively and quantitatively

Qualitatively

Fluorescence photography in sections was obtained from
skin treated with NR (nile-red) containing formulations

Fig. 7 The uptake of LD (lidocaine) by hairless mice skin tissues.
The in vitro skin penetration test was conducted using a Franz cell.
The skin penetration rate of LD was enhanced 1.2 times by loading
lidocaine chloride into the poly(sLA-b-HA) micelles

Fig. 6 Skin penetration testing design (left) and penetration of NR
(Nile red)-loaded micelles into nude mice skin after 6 h. a NR only. b
Poly(sLA-b-HA)/NR. Fluorescence pictures were taken (10_ magni-

fication) using an inverted fluorescence microscope (Axiovert200,
ZEISS) equipped with a monochrome camera (AxioCam HR, ZEISS)
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(Fig. 6). After application of NR dispersion solution
(Fig. 6a), there was generally confined to the stratum
corneum (SC) only. On the contrary, poly(sLA-b-HA)/NR
loaded micelles penetrated into the viable epidermis
(Fig. 6b). In these two cases, accumulation of NR was also
seen in hair follicles and in sebaceous glands.

Quantitatively

The quantitative analysis of the free and micelle-entrapped
lidocaine penetrated through the skin was conducted by
employing a Franz type diffusion cell. The amount of the
lidocaine in the receptor chamber was measured by the light
absorbance at 210 nm. A calibration curve (peak area
versus drug concentration) was constructed by running
standard lidocaine solutions in a mixed solution (phosphate
buffer/ethanol (7:3), pH 7.4) for each series of chromato-
graphed samples. As shown in Fig. 7, the loaded micelle is
a better promoter of percutaneous lidocaine chloride
penetration than the unloaded one. By using poly(sLA-b-
HA), the total amount of lidocaine penetrated through the
skin increased 1.2 times after administration of 6 h.

Conclusion

We have synthesized poly(LA-b-HA) linear diblock
copolymers by coupling short chain HA to PLA. These
hyaluronic acid-conjugated polymeric micelles have the
ability to encapsulate drug with higher capacity when PLA
of higher molecular weight was used. The polymeric
micelles can bind to the membrane and transported inside
the cells expressed with HA-receptors, furthermore the
block copolymer with a HA moiety may also exhibit an
enhancing effect on the permeation the drug through the
skin. Consequently, this HA-conjugated polymeric micelle
material has a great potential for biomedical application.
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