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Preparation of Amphiphilic Poly(L-lactide)-graft-Chondroitin
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Novel polymeric amphiphilic copolymers were synthesized using chondroitin sulfate (CS) as a hydrophilic segment
and poly(L-lactide) (PLLA) as a hydrophobic segment. Micelles of those copolymers were formed in an aqueous
phase and were characterized'ByNMR spectra, fluorescence techniques, dynamic light scattering (DLS), atomic
force microscopy (AFM), and confocal microscopy. Their critical aggregation concentrations (CAC) are in the
range of 0.00430.0091 mg/mL at 25C. The partition equilibrium constantk,, of the pyrene probe in the
aqueous solution were from 3.651C° to 1.41x 1P at 25°C. The mean diameters of the micelles were below

200 nm, and their sizes were narrowly distributed. The AFM images revealed that the self-aggregates were spherical.
Additionally, the C&-PLLA micelles can efficiently transport within the cells via endocytosis as observed from
confocal microscopy.

Introduction Hydrophilic
‘/mmna (CS)
Polymeric micelles derived from a block copolymer in an :
aqueous phase have recently attracted much interest, becaus o r—
of not only their unique morphological behaviors, but also their g
potential applications in drug delivety? Analogous to sur- / Hydrophobic
factants of low molecular weights, various polymeric am- PLLA core (PLLA)

phiphiles have a corecorona structure which contains a Figyre 1. Schematic structure of nanoparticle of amphiphilic copoly-
hydrophobic internal core and a hydrophilic corona. This mer of chondroitin sulfate and poly(L-lactide) in an aqueous medium.
amphiphilicity makes it possible for the block or graft copoly-
mers to form micelles in aqueous solution so that the inner core
can serve as a microcontainer for various substances. Thereforeost against the toxicity of the drdg*Natural polysaccharides,
interest in the design and characterization of novel amphiphilic including dextran and heparin, have been modified with
copolymer45 and the use of modified water-soluble polymers hydrophobic moieties, such as cholesteryl groups and alkyl
to form micelles or micelle-like aggregates inan aqueous phasechains, to form micelles and nanopal’tides. For instance, Marie
has been growin§’ et al. synthesized chitosan-gr_afted copolymers vi_a mini-emulsion
Amphiphilic copolymers are well-known to form micelle to generate sglf-aggregates in an aqueous medium, and they are
structures at much lower critical aggregation concentrations Potential carriers for hydrophobic drugs.
(CAC)® than surfactants of low molecular weight. These  Chondroitin sulfate (CS) is a physiologically specific gly-
amphiphilic copolymers are thermodynamically stable in physi- cosaminoglycan (GAG). It is comprised of alternating units of
ological solution because of their low critical aggregation A-1,3-linked glucuronic acid ang{1,4) N-acetyl-galactosamine
concentration§ Accordingly, the solubility of the micelles and ~ (GalNac) with sulfation at either the 4- or 6-position of
the interaction of micelles with the external environment are GalNac'®Itis present mostly on the surface of the cells and in
determined by the chemical and physical nature of the hydro- the extracellular matrix (ECMJ’ it is the most abundant GAG
philic outer shell® Micellar aggregates prepared from am- Mmolecule in the human body.
phiphilic copolymers are very small. In particular, these small-  This study reports the synthesis and characterizations of self-
size micelles can easily escape from renal exclusion and theaggregated amphiphilic GFLLA copolymers. These am-
reticuloendothelial systedt,which makes them ideal for drug  phiphilic grafted copolymers with CS as the hydrophilic segment
carriers. Moreover, nanosized particles permeate more ef-and PLLA as the hydrophobic segment could form micelles in
fectively into endothelial cells in the vicinity of solid tumao¥s. aqueous milieu. Figure 1 schematically depicts thg-BS_A
Polymeric micelles composed of block copolymers have been micelles. The strategy for synthesizing LA graft copoly-
intensively investigated as drug delivery vehicles because of mers in this investigation may allow the preparation of polymeric
such characteristic advantages as small size, thermodynamidiomimetic surfactants which can be used as drug carriers. These
stability, ability to dissolve hydrophobic molecules, ability to novel polymeric amphiphilic conjugates were physicochemically
protect a bioactive drug from the host, and protection of the characterized by fluorescence techniques, dynamic light scat-
tering, and atomic force microscopy. The specific cellular uptake
* Corresponding author. Tel.+886-3-571-3204. Fax:+886-3-571- behaviors of the flutamide-loaded micelles via endocytosis were
5408. E-mail: ydlee@che.nthu.edu.tw. examined by confocal scanning imaging as well.
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Scheme 1. Reaction Scheme for the Synthesis of the Grafted Copolymers.
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Experimental Section
Materials. L-Lactide was purchased from Lancaster and recrystal-

lized twice from ethyl acetate, and then it was stored in a vacuum before
use. Chondroitin sulfate (CS) (average = 12000 g/mol, GPC, DMF)

concentration of CSPLLA conjugates was kept constant at 1 mg/mL.
The polydispersity indexy,/T'?, was determined using the cumulant
method. The measurements were averaged in triplicate.
Measurement of Critical Aggregation Concentration (CAC).The
critical aggregation concentration was determined using pyrene as a

was obtained from Calbiochem and dried at a reduced pressure at 90fluorescence probe. Pyrene partitioned preferentially in the hydrophobic

°C under RBOs for one night before use. Pyrene was obtained from
Sigma Chemical Co. Stannous octoate (SpOetas purchased from
Sigma and used without further purification. Dimethyl sulfoxide
(DMSO) (Aldrich Chemical Co., anhydrous), tetrahydrofuran (THF),
ethyl acetate, hexane, and chloroform were used as received.
Synthesis of C&PLLA Graft Copolymers. The grafted copoly-
mers of chondroitin sulfate/L-lactide (G®LLA) were prepared
according to the method described by Donabedian and McCérthy
(Scheme 1). Chondroitin sulfate was modified with L-lactide via ring-
opening polymerization, and Sn(Ogtjvas used as the catalyst.
Chemical grafting of the PLLA chains onto chondroitin sulfate was
expected to follow the initiation of the ring-opening polymerization
by the hydroxyl functions of the chondroitin sulfate. Briefly, a 25-mL
tri-neck flask with a reflux condenser was charged with different masses
of L-lactide and chondroitin sulfate dissolved in a minimal amount
(about 2 mL) of anhydrous DMSO. The flask was placed in an oil
bath at 70°C in a vacuum to degas for around 40 min; then it was
heated in another oil bath of 14C for about 15 min, and 0.01 wt %
of the Sn(Oct) catalyst was injected. The reaction was continued for
another 3 h. After the polymerization time, the product was cooled to
room temperature. The reaction mixture was recovered and dialyzed

core of aggregates (micelles) and changed the photophysical properties
of the micelles under investigation. Pyrene was first dissolved in acetone
and then added to deionized water to a concentration of1®-" M.
Acetone was subsequently removed by reducing the pressure and
stirring for more tha 5 h at 30°C. The concentration of GSPLLA in

the water was varied from 0.0001 to 0.1 g/L. The pyrene angt CS
PLLA in the water were conjugated and equilibrated at room temper-
ature for 1 day before measurement. The fluorescence spectra were
obtained at room temperature using a fluorescence spectrophotometer
(Hitachi, F-2500). The fluorescence excitation spectra of pyrene were
measured at a fixed emission wavelendth)(of 339 nm. The emission
spectrum of pyrene was obtained at a fixed excitation wavelehgih (

of 390 nm.

Atomic Force Microscopy (AFM). Atomic force microscopy (AFM,
SEIKO, SPA 400) experiments were performed in a tapping mode. A
volume of 5uL of the micelle solution was dropped on a clear glass
slide surface and air-dried at room temperature.

Fluorescence Labeling of MicellesFlutamide was used as the
fluorescence label for the G®LLA micelles. It was incorporated into
the micelles by a solvent evaporation method.

A 5-mg quantity of flutamide and 20 mg of copolymer were

against demineralized water. Various nonsolvents were used to recoverdissolved in dichloromethane. This solution was added to 50 mL of
the polymers, depending upon the extent of modification of CS. deionized water, and the mixture was stirred vigorously in an ice bath
Copolymers with a large amount of lactide modification are insoluble for 10 min. The organic solvent was removed by evaporation at reduced
in water, and the products were extracted with an ethyl acetate/waterpressure. Dialysis was carried out to remove the unlabeled flutamide,

(6:4) mixture. The products were further purified to remove any and micelles were recovered by centrifugation at 30000 rpm for 30
unreacted monomer and poly(L-lactide) homopolymer that might have min at 15°C.

formed. The unreacted L-lactide monomer was extracted (with a Soxhlet Endocytosis of Micelles.The cellular uptake and distribution of
device for 24 h) twice with hexane, and the PLLA homopolymer was fjyorescence-labeled micelles in HS68 human fibroblast were examined
removed by washing in toluene. Finally, the copolymer was precipitated py confocal microscopy (Axiovert 100 M). HS68 human fibroblasts
in hexane and was dried in a vacuum (1 mmHg) at@0for 24 h. were cultured in DMEM supplemented with 10% FBS, streptomycin
IH NMR Spectroscopy and Thermal Analysis. The *H NMR at 100ug/mL, penicillin at 100 IU/mL, and 2 mM L-glutamine. Cells
spectra of the copolymers were obtained using a 500-MHz NMR were maintained at 37C in a humidified 5% C@ atmosphere. An
(VARIAN, UNIYTINOVA-500 NMR). *H NMR spectra were also amount of 5x 10* cells per well were seeded in a 24-well plate with
obtained inds-DMSO and DO separately in a concentration of 0.5wt  slides in 2 mL of DMEM with 10% FBS. They were incubated for 24
% to characterize the structure of the amphiphilic micelles. The thermal h before further experiments were performed. After the medium had
properties were investigated by using differential scanning calorimetry been replaced with fresh serum-free medium, the flutamide-labeled
(DSC) with a Thermal Analyzer 2920 at a heating rate o Cmin micellar aggregates were added at a concentration pg20L. After
under nitrogen. various periods, the medium was discarded and the cells were washed
Light Scattering and {-Potential Measurements.The effective several times with PBS. The cells were fixed by 4% glutaraldehyde
hydrodynamic diameter of the micelles was measured &C2with a (in PBS) followed by incubation at 4C for 20 min. They were then
Zetasizer 3000ES (Malven Instruments, Malvern, U.K.) and an argon washed with PBS, and the individual cover slides were mounted on
laser beam of 670-nm wavelength with a detector angle 6f Bbe clean glass slides and visualized with an Axiovert 100 M conf%e)lv
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Figure 2. H NMR spectroscopy of CSis4-PLLA nanoparticles in (a) ds-DMSO and (b) D20.

microscope. A laser with an excitation line at 488 nm was used
introduce red fluorescence.

Results and Discussion

Synthesis of C&-PLLA Graft Copolymers. Preparation of

to PLLA moiety (—CH(CH3)O—CO—), another peak at = 5.2
ppm with a quartet is attributed to the internal methine proton
of the PLLA(~CH(CH 3)O—CO-) and the peak ad = 4.1
ppm with a quartet belongs to the terminal methine proton of
PLLA (—CH(CH3)OH). The methine and methylene proton
signals of the chondroitin sulfate observediat 3 and 5 ppm

the CS-PLLA graft copolymer was carried out according to are extremely broad and weak because the content of chondroitin
Scheme 1. Chondroitin sulfate was grafted with L-lactide by sulfate in the copolymer is very low and the mobility of the

ring-opening polymerization, and Sn(Octjvas used as the
catalyst. Figure 2a shows the representativélMR spectrum

of the graft copolymer (C34+PLLA). The proton signals
belonging to the—CH or —CH, of disaccharide units in
chondroitin sulfate are in the range-8 ppm, and the peak at
1.9 ppm corresponds to the methyl group. While the peak

chondroitin sulfate in organic solvent is poor. The content of
the chondroitin sulfate in the graft copolymer can also be
described by the degree of substitution (DS) and the degree of
polymerization (DP). The degree of substitution was calculated
via IH NMR spectroscopy on the basis of the area ratio of
at signals from methine protons of PLLA segments at 5.2 ppm

1.5 ppm with a doublet corresponds to the methyl group of the (H) and methyl proton of the chondroitin sulfate at 1.9 pErBV
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Table 1. Composition and Characterizations of CS,-PLLA Conjugates

feed CS a ce
sample ratio? DS DP content ? (%) (nm) unll? d (mV) Ky
CS 11-PLLA 500 1.88 152.17 11 180 +£ 5.2 0.1951 —18.3 N.D.f
CS 23-PLLA 400 1.42 94.10 2.3 163 £ 8.1 0.1192 —-19.4 1.41 x 108
CS 57-PLLA 200 1.18 44.27 5.7 149 + 6.6 0.1485 —24.8 5.88 x 10°
CSi15-PLLA 100 1.12 21.45 115 127+ 2.9 0.0957 —30.4 4.65 x 10°
CSi54-PLLA 50 1.08 15.75 15.4 92 £3.7 0.0961 —49.4 3.65 x 10°

a Feed ratio = PLLA/CS molar ratio. ? Content of CS units in wt % = (chondroitin sulfate in g/grafted copolymer in g) x 100. ¢ Mean diameter measured
by dynamic light scattering with three different samples. ¢ Polydispersity factors. € ¢-potential of the CS,-PLLA conjugated in deionic water at 1 mg/mL.
"N.D.: not determined.
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Figure 3. DSC thermograms of CS, PLLA, and CS,-PLLA with Figure 4. Excitation spectra of pyrene in the presence of an
heating scans at 10 °C/min. amphiphilic grafted copolymer at a fixed emission wavelength (lem)

of 390 nm. The concentration of pyrene was 5.0 x 107 M, and the

graft copolymer concentration was varied from 0.0001 to 0.1 g/L.
(3H) (Figure 2a). This value indicates the average numbers of
the hydroxyl groups on the disaccharides of CS that have been

. > of methyl groups, internal methine groups, and terminal
reacted with L-lactide. The DS for these copolymers ranged

SESY methylene groups of PLLA are observed at 1.5, 5.2, and 4.1
from 1.08 to 1.88 (see Table 1). The degree of polymerization ,m “respectively. However, when the micelles are dissolved
of L-lactide was also calculated usitl NMR spectroscopy iy the D,O (Figure 2b), these peaks disappear, indicating that
on the basis of the area ratio of the terminal methine proton yhe p| | A segments form a solid core which causes a broadening
signal of PLLA at 4.1 ppm to the internal methine proton signal eftect due to the restricted proton mobility of PLLA chains, in
of PLLA segments at 5.2 ppm (see Table 1), which indicates o NMR spectroscopy. On the other hand, characteristic peaks
the average length of every PLLA branch. The contents of CS ¢ ihe protons of the chondroitin sulfate, belonging to t@H
in the copolymer were low, and the majority of the graft —CH, of the disaccharide units, are in the rangeS3ppm
copolymers were PLLA. while that of the methyl group appears at 1.9 ppm (Figure 2b).
To show the existence of the GBLLA graft copolymer,  Thus, these results suggest that the amphiphilic grafted copoly-
samples were analyzed by DSC. Figure 3 shows DSC heatingmer (C$-PLLA) aggregates can be reasonably considered to
scans of the graft copolymers and equivalent homopolymers of have a corecorona structure with chondroitin sulfate on the
CS and PLLA. PLLA exhibits a sharp melting peak at T€3 surface in an aqueous phase (Figure 1). This structure gf CS
and CS shows a broad endothermal peak. When the CS contenpLA aggregates is similar to that of amphiphiles of low
in the copolymer increases, the melting temperature decreasesnolecular weight and PEG-PLLA block copolyméfsThese
gradually and the width of the peak becomes broader. Thely NMR spectra are consistent with other polymeric am-
decrease in melting temperature should be a result of a changghiphiles which form micelles in the aqueous ph#sé3
in the crystalline morphology of the PLLA segment: the  verification of Micelle Formation Using a Fluorescence
lamellae become thinner and more imperfect as the content ofprobe Technique. The formation of amphiphilic micelles in
CSincreases in the copolymer. These thermograms also confirman aqueous phase and the critical aggregation concentration
that the PLLA is grafted onto the CS and only graft copolymer (CAC) for CS-PLLA micellar aggregates were confirmed by
remains after purification as described in previous rep8i%.  the fluorescence technique with pyrene as a fluorescence #robe.
Formation of CSy-PLLA Aggregation Micelles. To evi- The fluorescence of pyrene is known to be sensitive to changes
dence the structure of the micelles in the agueous media, thein the microenvironmerf® When the micelles are formed in
amphiphilic conjugate of GSPLLA graft copolymer and the  an aqueous phase, pyrene molecules are preferentially located
limited mobility of the PLLA chain in the core of the micelle  within or close to the hydrophobic microdomain of the micelles.
were explicated vialH NMR spectra in different solvent  Consequently, the photophysical characteristics of pyrene
systems, that isgs-DMSO and DO. As presented in Figure  molecules in a hydrophobic surrounding differ noticeably from
2a, the copolymer is dissolved ith-DMSO, where micelle those in an aqueous phase. Figure 4 shows the excitation spectra
formation is not expected. Characteristic peaks of the protons of pyrene in solutions of GEPLLA with various concentrationsCDV



Self-Aggregated Amphiphilic CS,-PLLA Copolymers Biomacromolecules, Vol. 7, No. 4, 2006 1183

1004 CS_PLLA copolymer 1.08 4 ,-'i
concentration (g/L) M
0.1 .
--------- 0.04 ]
80 o 1.06 A
- 0.01 n
0.005
>e64 | Y = 10,002 , 1.041 »
i ——0.001 =
8 ——— 0.0005 3 .
---------- .0001 = . ;
= 40- 000 1.02- C=5.01x10° g/L
204 1.00 o - .
: CAC
0 , : i : i . _ o8l — p -— +— — +—
350 400 450 500 550 30 28 26 24 22 20 18
Wavelength (nm) Log c (g/l)

Figure 6. The intensity ratio of 338 nm/335 nm in the excitation
spectra as a function of logarithm of the grafted copolymer concentra-
tion (CS2.3-PLLA).

Figure 5. Fluorescence emission spectra of pyrene in the presence
of CS;-PLLA copolymer at a fixed excitation wavelength of 339 nm.
The concentration of pyrene was 5.0 x 1077 M, and the graft
copolymer concentration was varied from 0.0001 to 0.1 g/L.

of micelles in aqueous solutidi.The CAC of the micelles

When the concentration is below the CAC (0.001 g/L), the total obtained in _this investigation is similar to that of the_poly-
fluorescence intensity exhibits no significant change. However, (ethylene oxideypoly(b-benzyl L-aspartate) copolymer micelle

the fluorescence intensity increases substantially with an increasd CMC = 0.005-0.01 mg/mLJ):® but it is much lower than that

of CSPLLA concentration, indicating the formation of micelle ~ ©f Poloxamers (CMG= 1-24 mg/mL);* suggesting that this
and the incorporation of pyrene in the hydrophobic core of the Micelle is relatively stable. However, PLLA is a crystalline
micelle. The partition of pyrene causes the excitation peak of POlymer which does not easily equilibrate at room temperature.
the (0,0) band to shift from 335 to 338 nm (red shift), which ndeed, PLLA crystallites in the core of polymeric micelles are
means that PLLA chains grafted on CS start to form hydro- stabilized by strong van der Waals interactions and adopt a more
phobic domains and coreorona structure of the graft copoly- ~€ompact conformation than enantiomeric crystals, allowing
mer are formed in aqueous solution. The band change of pyrened€nser polymeric packing. To aid the system to attain

is more sensitive to the critical micellization concentration than €quilibrium, it can be promoted by increasing the length of the
lifetime measurements or fluorescence emission changes. Thelydrophobic segmerit, varying the solvent evaporation rate,
transfer of pyrene from the polar environment to a nonpolar éducing the preparation temperatétend so forth. On the
region significantly changes the intensity ratiolefylsss due basis of the preparative technique, the crystalline polymer in
to the increase in the quantum yield of the fluorescence. the core of the micelles should make it possible to reach
Moreover, due to the difference in the local polarity (the Ham €quilibrium. The obtained structures are stable since their
effec®), the pyrene molecular emission spectrum varies with characteristics remain the same even after months, implying that
the formation of the polymeric micelle as well. Figure 5 shows thermodynamic equilibrium should be reached.

the typical fluorescent emission spectra of pyrene in the presence Partitioning of Pyrene in the Hydrophobic Core of

of CS-PLLA micelles at a fixed excitation wavelength of 339 ~ Micelles. Hydrophobicity of the inner core of self-aggregated
nm. The fluorescent emission spectra of pyrene in water exhibit MCelles is one important factor in its application as a drug
five predominant peak¥ Pyrene is poorly soluble in water, ~Carmer. In this study, the partition equilibrium constalit)(of

but emits strongly when hydrophobic microdomains are formed PYrene in the hydrophobic core of micelles was estimated
in an aqueous solution, because it preferably lies close to (or2¢cording to the method reported by Wilhelm et%aind Lee

n e 1, DE . ; : 34 i ici

inside) the hydrophobic microdomai#&The intensity of the €t @l and it could be related to the hydrophobicity of the
third highest vibrational band as well as the total emission Micellar core. The equilibrium constak(, for partitioning of
intensity of pyrene starts to increase drastically above a certainPYréné between the aqueous and micellar phases is one of the
concentration (CAC) of GSPLLA. In other words, the intensi- _crltlcal parameters related to mlce_lle stability. Above CAC, the
ties of the emission spectra remain virtually constant below the INcréase in signal due to the binding of pyrene becomes larger
CAC. As the concentration of the copolymer exceeds the CAC, than the random error in determining the intensity of unbound
the intensities of fluorescence increase substantially, suggestingcompon_ent' Th'_s S_qu?StS that pyrene interacts with |nd|\_/!dual
the formation of micelles. Figure 6 plots the intensity ratigs( polymeric amphiphiles in a self-assembly, followed by partition-
ls32) for the pyrene excitation spectra versus the logarithm of INg into the inner core of the polymeric micelle. The binding
CSsPLLA concentration. The apparent CAC was obtained of pyrene to micelles has_been considered to be a simple
from the crossover point in the low-concentration range. Thus, €ailibrium between the micellar phase and the water. The
the CAC values for all CSPLLA were in the range of 0.0043 b_|nd|ng of pyrene to a micelle is .assumed to result from the
0.0091 mg/mL, and they decreased with an increasing amountSIMPle equilibrium between the micellar phase of voluivig)(

of hydrophobic segments (PLLA). The CAC, which is the and the water phase of volum¥.. Thus, the ratio of the
threshold concentration of self-assembled formation by intra- concentration of pyrene in the micellar phase to that in the water

or intermolecular association, was determined from the changephase ([Pyl/[Pylw) can be expressed as the ratio of the volumes

of the intensity ratio lsglsss) of the pyrene in the presence of  ©f the two phases,
the amphiphilic copolymer. The very low CAC values indicate

a very strong tendency of the graft copolymers toward formation [PY1/[PYl= KVo/Viy @ CDV
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Figure 8. AFM image of CSjs54-PLLA nanoparticles on glass slide
(topography).

The equation for the simple equilibrium of the pyrene in each
phase can be rewritten as follows:

[Py]./[Py],=K,x(c-cac)/1000 2)

wherex is the weight fraction of hydrophobic PLLA in the
grafted copolymer ang is the density of the hydrophobic
PLLA, which is assumed to be the value of the bulk poly(L-
lactide) &1.248 g/mL).

Lee et al.

When the polymer concentration exceeds the CAC, the ratio
of fluorescent intensityssdlsss increases dramatically. Hence,
[Pyl/[Pylw can be written as

[PYIn/[PY]w= (F = Frin) (Frnax = F) ®3)

whereF, ., andFmi, are the average intensity ratibgg nnflsss
nm in the regions of low and high polymer concentrations,
respectively, and- is the intensity ratidssg nnfl3ss nmin the
intermediate polymer concentration region.

Combining eqgs 2 and 3 yields
(F — Frin)/(Frax— F) = K x(c-cac)/1000 (4)

where theK, values of pyrene can be determined using a plot
of (F — Fmin)/(Fmax — F) versus the copolymer concentration
(as shown in Figure 7).

Table 1 summarizes th&, values for graft copolymers, and
they are between 3.65 1P and 1.41x 10°. As shown in Table
1, Ky increases with increasing PLLA content in the copolymer,
indicating the increase of hydrophobicity of the micelles. The
Ky values of the CSPLLA micelles are in the same order as
those of other micelles\(10P),? revealing similar hydrophobici-
ties in these micellar cores.

DLS and Morphology Observation. The hydrodynamic
volume and the polydispersity facter,(I"?) of the micelles were
estimated by dynamic light scattering (DLS). The sizes of
amphiphilic core (PLLA)-corona (CS) micelles, with different
CS content, were all smaller than 200 nm (Table 1). The results
indicate that the mean diameter increases as the hydrophobic
segment (PLLA) content in the copolymer increases, because
CS (hydrophilic segment) has uniform chain length. The
polydispersity factors for all micelles of different compositions
are fairly low (below 0.2) (Table 1). The hydrodynamic radius
and the size distribution from dynamic light scattering show a
clear self-assembly of copolymers because the hydrodynamic
radius is larger than that of a single chain. However, the fact
that the size of the aggregates is always larger than that of a
single micelle should be due to the formation of a compound
micelle3® For all these copolymers, only very narrowly distrib-
uted particles were observed, implying they were well-defined,
presumably micelle-like coreshell nanostructures, with the
insoluble PLLA as the core and the soluble CS as the ghell.
Additionally, the surfaces of the micelles were negatively
charged, as reflected by tlgepotential values (Table 1) which
depended on the composition of the micelles. It is obvious that

.
-

Figure 9. Confocal images of cellular uptake of flutamide-loaded aggregates transported into HS68 human fibroblast cells for different time

intervals: (A)1h,(B)2h,(C)4h, (D)6 h, (E)8h, and (F) free flutamide for 4 h. The concentration of the polymeric aggregates was 20 ug/mL.

CbhVv
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the large negativei-potential of CEPLLA aggregates is  The mean diameters of the self-aggregated micelles were less
attributed to the presence of ionized carboxyl groups and than 200 nm with narrow size distribution, and the spherical
sulfonic acid groups on the micellar surface, which indicates shape was observed by AFM. Confocal scanning microscopy
that negatively charged chondroitin sulfate covers the self- revealed that the uptake of micelles inside the cell membrane
aggregates. Copolymer €SPLLA shows the lowest negative  was significant. Such a graft copolymer conjugate, with an outer
C-potential because it has the fewest carboxyl groups andshell of chondroitin sulfate, has potential for bioadhesion to

sulfonic acid groups on the surface of the micelles. Atomic force mucosa surfaces in the colon.

microscopy was also used to visualize directly the size and the
morphology of the micelles. Figure 8 demonstrates that the
micelles of C$s+PLLA were spherical with an average
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diameter of 85 nm. The morphological characteristics of the ment Program for Academia Grant 93-EC-17-A-17-S1-0009.

polymeric micelles were quite similar to those of other reported
synthetic micelle$’ The diameters of the micelles shown in
the AFM image are slightly smaller than those obtained from

DLS measurements, perhaps because water was removed from @

the micelles in AFM observation. Additional AFM images
confirmed the narrow size distribution of the micelles.

Cell Uptake and Distribution Studies. To visualize the
effect of internalization of the GEPLLA micelles into cells,
the intracellular distribution of the micelles in cells was
investigated by laser confocal microscopy. Flutamide-loaded
micellar aggregates were employed to elucidate the internaliza-
tion process of CSPLLA micelles into cells. HS68 human
fibroblast cells readily take up these micelles, as shown in Figure
9. The fluorescence-labeled micelles are distributed over the
intracellular space of the cytoplasm. Very few administered
micelles were present in the washing medium, so a large
proportion of the administered micelles were internalized by
the cells through nonspecific endocytosis. After 4 h, the
fluorescence image revealed a high concentration of micelles
localized in the cytoplasm and in the perinuclear region. The
rate of absorption is governed by the concentration gradient
across the cells. Furthermore, washing the cells with phosphate-
buffered saline did not eliminate the fluorescence, possibly
binding of the dye with an intracellular component. Confocal
microscopic observations demonstrate thag-€5LA micelles
can transport effectively within cells. In previous literature, it

has been found that the presence of a negative charge at the

surface of the micelle will enhance the extent of in-vitro uptake
into cells3® The amount of micelles transported increases with
time. Flutamide (without micelle encapsulation) transports into
cells more quickly (less than 4 h) because of its smaller size.
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