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Purpose. The main objective of this study was to obtain self-assembled biodegradable nanoparticles by a

direct dialysis method for the delivery of anticancer drug. The in vitro cellular particle uptake and

cytotoxicity to C6 glioma cell line were investigated.

Methods. Self-assembled anticancer drugsVpaclitaxel-loaded poly(D,L-lactic-co-glycolic acid) (PLGA)

and poly(L-lactic acid) (PLA) nanoparticlesVwere achieved by direct dialysis. The physical and

chemical properties of nanoparticles were characterized by various state-of-the-art techniques. The

encapsulation efficiency and in vitro release profile were measured by high-performance liquid

chromatography. Particle cellular uptake was studied using confocal microscopy, microplate reader,

and flow cytometry. In addition, the cytotoxicity of this drug delivery system was evaluated using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on C6 glioma cell line to predict the

possible dose response of paclitaxel-loaded PLGA and PLA nanoparticles.

Results. PLGA and PLA nanoparticles with or without vitamin E tocopherol polyethylene glycol

succinate (TPGS) as an additive were obtained, in which the sustained release of paclitaxel of more than

20 days was achieved. The coumarin6-loaded PLGA and PLA nanoparticles could penetrate the C6

glioma cell membrane and be internalized. The cytotoxicity of paclitaxel-loaded nanoparticles seemed to

be higher than that of commercial Taxol\ after 3 days incubation when paclitaxel concentrations were 10

and 20 mg/ml.

Conclusions. Direct dialysis could be employed to achieve paclitaxel-loaded PLGA and PLA

nanoparticles, which could be internalized by C6 glioma cells and enhance the cytotoxicity of paclitaxel

because of its penetration to the cytoplasm and sustained release property.
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INTRODUCTION

Paclitaxel is FDA-approved for clinical use in ovarian
(1) and breast cancer (2). It has shown cytotoxic activity
against common solid tumors and a number of leukemias,
Walker 256 carcinosarcomas, lung tumors (3), and human
hepatocellular carcinoma cell lines (4). Paclitaxel is a potent
inhibitor of cell replication that works by blocking cells in the
late G2 or M phase of the cell cycle (5,6) and binding to
cellular microtubules for promoting the polymerization of
microtubules (7). In addition, it was reported that Taxol\, a
tubulin drug with higher specificity for bII-tubulin than for

other b-tubulin isotypes, irreversibly decreases nuclear bII-
tubulin content in a concentration-dependent manner in C6
glioma cells (8). However, there were two main problems in
the applications of paclitaxel. One is supply and the other is
formulation. The problem of supply has been resolved by
means of semisynthetic approaches based on the taxane
skeleton, which is widely available from more abundant
relatives of the Pacific Yew. More recently, developments in
plant biotechnology have enabled the use of plant tissue
culture to produce relatively large amounts of paclitaxel in a
controlled bioreactor, thus protecting the environment by
reducing the need to cut down more trees (9). The problem
of formulating paclitaxel, however, still remains a large
obstacle because of the widespread use of the drug. Paclitaxel
is currently administered in a vehicle formulation composed
of 1:1 blend of Cremophor EL (polyethoxylated castor oil)
and ethanol, which is diluted with 5- to 20-fold in normal
saline or dextrose solution (5%) for administration. This
formulation is stable in unopened vials for 5 years at 4-C.
However, there are lots of problems employing this vehicle
(10,11). This is mainly because Cremophor EL has a number
of associated side effects including hypersensitivity reactions,
nephrotoxicity, neurotoxicity, and cardiotoxicity. Because of
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the many problems associated with the current formulation
of paclitaxel, novel drug delivery device systems will be
developed in this study. Nanoparticulate carriers could be an
ideal solution for intravenous injection delivery of paclitaxel
and other central nervous system drugs (12). The use of
polymeric particles has shown to be promising in cancer
chemotherapy (13,14). Nanoparticles have been prepared
mainly by two methods: (1) dispersion of the performed
polymers, such as solvent evaporation method (15), sponta-
neous emulsification/solvent diffusion method (16), nano-
precipitation method (17Y19), supercritical fluid technology,
etc.; and (2) polymerization of monomers (20,21). Common-
ly, emulsion solvent evaporation method is widely employed
for the preparation of nanoparticles. In this method, large
amounts of emulsifiers are required to stabilize the dispersed
oil droplets. In particular, polyvinyl alcohol (PVA) is most
frequently used as a stabilizing emulsifier to fabricate nano-
particles. However, PVA has some problems in that it
remains at the surface of the nanoparticles and is difficult
to remove subsequently. It is known that PVA existing on the
surface of nanoparticles changes biodegradability, biodistri-
bution, particle cellular uptake, and drug-release behavior
(22,23). Recently, dialysis method was developed for the
simple preparation of drug carriers such as liposomes and
polymeric micelles (24). However, little work has been
performed to fabricate nanoparticles using direct dialysis
methods (25,26). The objective of this work was to develop
the biodegradable PLGA and PLA polymeric nanoparticu-
late drug delivery system by direct dialysis. Furthermore, in

vitro experiments (paclitaxel in vitro release, particle cellular
uptake, and particle cytotoxicity) were performed to study
drug transport, particle uptake efficiency, and to evaluate
the cytotoxicity of this dosage form using C6 glioma cell line.
The formulations generated from this work may be consid-
ered for intratumoral or intravenous injection administration
of paclitaxel.

MATERIALS AND METHODS

Materials

Paclitaxel used in the present study was purchased from
Dabur India (Uttar Pradesh, India). Polymers such as
poly(D,L-lactic-co-glycolic acid) (PLGA) with L/G molar
ratio of 50:50 (MW = 90,000Y120,000) and poly(L-lactic acid)
(PLA; MW = 85,000Y160,000) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Vitamin E tocopherol
polyethylene glycol succinate (TPGS) was purchased from
Eastman Chemical Company (Kingsport, TN, USA). Phos-
phate-buffered saline (PBS) buffer used for in vitro release
study was bought from Sigma Aldrich containing 0.1 M
sodium phosphate and 0.15 M sodium chloride, pH 7.4.
Commercial Spectro/Por\ membrane (molecular weight
cutoff: 3500) was bought from Spectrum Laboratories Inc.
(Rancho Dominquez, CA, USA). Propidium iodide (PI) and
coumarin6 were obtained from Molecular Probes and Poly-
sciences Inc. (Warrington, PA, USA), respectively. Dime-
thylformamide (DMF) and acetonitrile of high-performance
liquid chromatography (HPLC)/Spectro grade were acquired
from Tedia (Fairfield, OH, USA). All other materials and
reagents used were of analytical grade.

Preparation of Nanoparticles

Amounts of 10Y1000 mg of polymer and paclitaxel (10%
or 5%) with and without vitamin E TPGS (5%) as an
additive were dissolved in 10 ml of DMF. The resulting
solution, with the organic phase, was subsequently loaded
into the dialysis membrane. Following this, the dialysis
membrane was placed into the external aqueous phase of
water. The organic solvent diffused out of the membrane,
leading to precipitation and separation of the polymer
molecules out of solvent to gather and self-assemble to form
spherical nanoparticles. The external water phase was gently
stirred using a magnetic stirrer to aid diffusion. The organic
phase was dialyzed against the aqueous phase for 24 h, with
changes of the aqueous phase every 2Y3 h until the organic
solvent had been completely removed by diffusing out of the
dialysis membrane. Then, the sample solution in the mem-
brane was collected and centrifuged at 11,500 rpm for 30 min
in Eppendorf Centrifuge 5810R. The nanoparticles were
obtained as the pellet and further freeze-dried.

Morphology of Nanoparticles

The morphology of nanoparticles was observed using
scanning electron microscopy (SEM). SEM (Jeol JSM
5600LV) requires an ion coating with platinum by a sputter
coater (JFC-1300, Jeol, Tokyo) for 40 s in a vacuum at a
current intensity of 40 mA after preparing the sample on
metallic studs with double-sided conductive tape. The
accelerating voltage ranged from 5 to 15 mV during scanning.

Drug Physical Status Characterization

This characterization was performed by jointly measur-
ing the differential scanning calorimetry (DSC) and X-ray
diffractometry (XRD) patterns. To carry out DSC tests, 8 mg
of sample was sealed in standard aluminum pans with lids.
The sample was purged with pure dry nitrogen at a flow rate
of 20 ml/min. The temperature ramp speed was set at 10-C/
min, and the heat flow was recorded from 0 to 250-C. Indium
was used as the standard reference material to calibrate the
temperature and energy scales of the DSC instrument. The
X-ray powder diffraction patterns for pure paclitaxel and
different drug loading samples were obtained with a model
XRD-2000 X-ray powder diffractometer, Rigaku (Tokyo,
Japan). The measurements were performed in the 2Y40- 2q
range at a rate of 2- 2q/min using CuKa radiation (45 kV, 40
mA) as X-ray source.

Zeta Potential Analysis

Particles (1.5 mg) were suspended in 1.5 ml KCl solution
(1 mM); the suspension was loaded into an optical well and
detected by Zeta Potential analyzer (Zeta Plus, Brookhaven
Instruments, Holtsville, NY, USA). A higher zeta potential
value indicates more negative charges on the surface of
particles and hence more stable particle suspension could be
obtained. Under such conditions, particles are less likely to
aggregate and form flocculation or coagulation and can be
well suspended in water-based solution. Well-suspended
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particles may be taken up by cells more easily than aggre-
gated ones.

In Vitro Paclitaxel Release Studies

Nanoparticles (10 mg) were dispersed in 10 ml of PBS
(pH 7.4) containing 1% of Tween 80 to enhance the solubility
of paclitaxel. The buffer solution was kept at constant
temperature of 37.2-C. At given time intervals, three tubes
of each formulation of nanoparticles were withdrawn and
centrifuged at 11,500 rpm for 10 min. The precipitated
nanoparticles were taken and resuspended in 10 ml of fresh
release medium and placed back in the shaker. The
supernatant solution was retained for HPLC analysis. Pacli-
taxel in the release medium was first extracted with 1 ml of
dichloromethane (DCM). A mixture of acetonitrile and
water (50:50 v/v) was added to the extracted paclitaxel after
the DCM had evaporated. The resulting solution was
analyzed using HPLC, in which C-18 column was used and
the mobile phase was delivered at a rate of 1 ml/min. One
hundred microliters of sample was injected by an autosam-
pler, and the column effluent was detected at 227 nm using
an ultraviolet (UV) detector. The data from detection were
corrected according to the extraction efficiency.

Cell Culture

C6 glioma cells (courtesy of Singapore General Hospital,
passages 6Y10) were grown and routinely maintained at 37-C
in 75-cm2 culture flasks, in Dulbecco’s Modified Eagle Me-
dium (DMEM) supplemented with 10% fetal calf serum, 1%
penicillinYstreptomycin in atmosphere of 5% CO2, and 90%
relative humidity. The cells were harvested with trypsinY
ethylenediaminetetraacetic acid. Medium was changed every
other day.

Particle Cellular Uptake Studies

For the cell uptake experiment, the cells were seeded in
the 96-well plate (black) incubated with coumarin6-loaded
particle suspension (250, 500, and 1000 mg/ml in medium,
pH 7.4). The particle cellular uptake efficiency of particles
was determined by a microplate reader (GENios, Groedig,
Austria). Cells were transferred to 96-well plate first to
ensure 1 � 104 cells per well. Medium was changed every
other day until 80% confluence was reached. The medium
was then replaced with 100-ml medium with coumarin6-
loaded nanoparticles of different concentrations. The plate
was incubated for 1 or 2 h. For each type of particles, one
control was kept by adding particle solution in the well. At
different time intervals, suspension was removed and the
wells were washed three times using PBS. After adding
100 ml 0.5% triton X-100 in NaOH to break the cells, the
plate was measured using a microplate reader. The
excitation wavelength and emission wavelength was 430
and 485 nm, respectively, for coumarin6. As the coumarin6
was assumed dispersed evenly in particles, the amount of
particles was assumed to be linearly proportional to the
microplate readings. The cellular uptake efficiency was
given by the ratio between the amount of particles taken
up in cells and the amount of those in control. For confocal

microscopy experiment, C6 glioma cells were incubated in
4-well glass slides. After 80% confluence was reached in
each well, the medium was replaced with 400-ml particle
suspension (250 mg/ml). After incubation for 1 or 2 h, the
suspension was removed and 10 ml of 70% ethanol solution
was added into each well to fix cells. Cells with ethanol
solution were kept in 37-C for 20 min, then ethanol solution
was removed and PBS was used to wash wells for three
times; subsequently, 10 ml (5 mg/ml) propidium iodide (PI)
was added to stain cell nucleolus for 30Y40 min. After PI
was washed three times using PBS, the 4-well glass slides was
observed by confocal laser scanning microscopy (Zeiss LSM
410) using Fluoview FV300 software. Coumarin6-loaded
particles and PI-staining cell nucleus showed green color and
red color, respectively. For flow cytometry experiment, C6
glioma cells were cultured in T25 culture flask till 80% con-
fluence. Coumarin6-labeled PLGA nanoparticles (250 mg/ml)
were incubated with C6 glioma cells. At different time
intervals, the cells were washed with cold PBS three times.
The cells were harvested using trypsin and fixed by 1% of
paraformaldehyde PBS solution. Finally, the cells were
measured by flow cytometry.

Cytotoxicity Studies

The cell viability was determined by a microplate reader
(GENios). Cells were transferred to 96-well plate first to
ensure 1 � 104 cells per well. Medium was changed every
other day until 80% confluence was reached. Then the
medium was changed with 100-ml medium with paclitaxel-
loaded nanoparticles of different concentrations. The plate
was incubated for 1, 2, and 3 days. One row of 96-well plates
was used as control without adding nanoparticles. At
different intervals, suspension was removed and the wells
were washed three times using PBS. Ten microliters of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay and 90 ml of medium were then added to the
wells. After incubation for around 3Y4 h, solution was
removed, leaving the precipitate. One hundred microliters of
isopropanol or DMSO was then added to the wells before the
plate was observed using microplate reader. Cell viability was
determined by

Cell viability %ð Þ ¼ Abs test cells=Abs control cellsð Þ � 100

ð1Þ

where Abs test cells and Abs control cells represent the
amount of formazan determined for cells treated with the
different formulations and for control cells (nontreated),
respectively (18).

RESULTS AND DISCUSSION

Surface Morphology and Particle Size

The morphology of paclitaxel-loaded and coumarin6-
loaded nanoparticles fabricated by dialysis method was
examined by SEM, which was shown in Fig. 1. The nano-
particles appeared to be spherical in shape and the surface
was smooth. The mean size of PLGA and PLA nanoparticles
obtained in this study is about 300 nm, which was measured
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by laser scattering analysis (shown in Table I). In the
fabrication process, the controllable particle size from 200
to 1000 nm could be achieved by adjusting the polymer
concentration. In addition, pure paclitaxel and different drug-

loading PLGA particles were observed by SEM, which
indicated that some paclitaxel could not be encapsulated in
the polymer matrix in higher drug-loading samples (30 and
20%; as shown in Fig. 2).

Drug Physical Status Characterization

Figure 3 shows the DSC thermogram analysis, which
provided qualitative and quantitative information about the
physical status of the drug in the nanoparticles. The drug
loading of the samples in DSC experiment is about 5.7%.
The pure paclitaxel shows an endothermic peak of melting at
223.0-C. There was no peak observed at the temperature
range of 150Y250-C for the samples. The DSC study did not
detect any crystalline drug material in the nanoparticle
samples. It could thus be concluded that the paclitaxel
formulated in the samples was in an amorphous or disor-
dered-crystalline phase of a molecular dispersion or a solid
solution state in the polymer matrix after fabrication.
Moreover, the glass transition temperature of the polymers
employed in paclitaxel-loaded PLGA and PLA nanoparticles
was obviously not influenced by the procedure.

Fig. 1. Scanning electron microscopy (SEM) images of paclitaxel-loaded polymeric

nanoparticles. (a, b) Paclitaxel-loaded poly(D,L-lactic-co-glycolic acid) (PLGA) nano-

particles; (c, d) paclitaxel-loaded poly(L-lactic acid) (PLA) nanoparticles; (e) coumarin6-

labeled PLGA nanoparticles; (f) coumarin6-labeled PLA nanoparticles.

Table I. Particle Characterizationa

Sample

Encapsulation

efficiency (%)

Drug

loading (%)

Particle

size (nm)

S1 57.9 5.7 310 T 28

S2 58.9 5.7 291 T 32

S3 75.9 4.2 280 T 28

S4 90.1 2.0 290 T 25

S5 69.0 4.1 286 T 10

S1: Paclitaxel-loaded PLA nanoparticles; S2: paclitaxel-loaded

PLGA nanoparticles; S3: paclitaxel-loaded PLGA nanoparticles,

vitamin E TPGS (5%) as an additive in the fabrication progress;

S4: paclitaxel-loaded PLGA nanoparticles, vitamin E TPGS (5%) as

an additive in the fabrication process; S5: paclitaxel-loaded PLGA

nanoparticles.
a Each data point shown is the average of three samples.
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The X-ray patterns of pure paclitaxel and different drug-
loading PLGA particles are shown in Fig. 4. It was observed
that a small peak around 6- 2q could appear in higher drug-
loading PLGA nanoparticles (30 and 20%), a characteristic
peak of pure paclitaxel. This finding suggested that some
amount of drug could not be encapsulated in the polymer
matrix and kept a crystalline form when the drug loadings
were 20 and 30%. The small peak around 6- 2q could not be
found when drug loading was less than 10%. This indicated
that no crystalline drug was detected, in accordance with DSC
results of paclitaxel-loaded PLGA nanoparticles.

Drug Loading and Encapsulation Efficiency

It was observed from Table I that drug encapsulation
efficiencies of paclitaxel-loaded PLGA and PLA nanopar-
ticles were 58.9 and 57.9%, respectively. This suggested that
PLGA and PLA polymer could have similar capability to
encapsulate paclitaxel using a direct dialysis method when
drug loading was around 10%. However, the encapsulation
efficiency of paclitaxel-loaded PLGA nanoparticles was
69.0% when the drug loading was reduced to about 5%
(see sample S5, Table I). This suggested that the encapsula-

tion efficiency could increase with decreasing drug loadings.
From Table I, it was seen that the encapsulation efficiency of
the sample with vitamin E TPGS as an additive (75.9%) was
higher than that of the sample without additives (69.0%),
although their drug loadings were similar. This indicated that
vitamin E TPGS as an additive could enhance the capability
of drug encapsulation in the fabrication process. Therefore,
the highest encapsulation efficiency (90.1%) in this study was
achieved under the conditions of combined low drug loading
(2%) and use of vitamin E TPGS.

Zeta Potential Analysis

Zeta potential is a useful indicator of surface charge
property and can be employed as an index to the stability of
the nanoparticles. In most circumstances, the higher the
absolute value of the zeta potential of the particles, the larger
the amount of charge on their surface. These might result in
stronger repellent interactions among the particles, and
hence, higher stability of the particles is achieved. It was
observed that PLGA and PLA nanoparticles fabricated in
this study show negative surface charge (about j20 mV) on
the surface. The zeta potential of paclitaxel-loaded PLGA

Fig. 2. SEM pictures. (a) Pure paclitaxel; (b) 30% paclitaxel-loaded PLGA nanoparticles;

(c) 20% paclitaxel-loaded PLGA nanoparticles; (d) 10% paclitaxel-loaded PLGA nano-

particles; (e) 5% paclitaxel-loaded PLGA nanoparticles; (f) blank PLGA nanoparticles.
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Fig. 3. Differential scanning calorimetry thermogram. S1: Paclitaxel-loaded PLA nanoparticles; S2:

paclitaxel-loaded PLGA nanoparticles. Inserted chart is the enlargement of the part that indicates

that the Tg of the polymer changes little after drug encapsulation.

Fig. 4. X-ray diffractometry pattern. Black line: pure paclitaxel; red line: 30% drug-loading

paclitaxel-loaded PLGA nanoparticles; green line: 20% drug-loading paclitaxel-loaded

PLGA nanoparticles; dark blue line: 10% drug-loading paclitaxel-loaded PLGA nano-

particles; light blue line: 5% drug-loading paclitaxel-loaded PLGA nanoparticles; pink line:

blank PLGA nanoparticles.
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with vitamin E TPGS as an additive was similar with the
sample without vitamin E, although vitamin E TPGS as a
surfactant in the fabrication process could affect the surface
properties of the nanoparticles by adhering on the surface of
the nanoparticles. The negative zeta potential values imply
negative charge on the surface and may be attributed to the
presence of ionized carboxyl groups on the particle surface
(27). Zeta potential of fluorescence-loaded nanoparticles
(j40 mV) seemed to be more negative than that of
paclitaxel-loaded particles. Therefore, to enhance the particle
cellular uptake, the surface of particles might be modified by
positively charged surface functional groups (28).

In Vitro Release Profile

The release curves for PLGA and PLA nanoparticles
are shown in Fig. 5. High initial burst was attributed to the
immediate dissolution and release of paclitaxel adhered on
the surface and located near the surface of the nanoparticles.
From Fig. 5, it was observed that paclitaxel may release faster
from PLA nanoparticles than from PLGA nanoparticles.
This could be due to different properties between PLA and
PLGA polymers. The release profile can be optimized by
modulating a surfactant in controlling the release profile
(29,30). To realize this purpose, vitamin E TPGS (a natural
emulsifier) was used as an additive in the fabrication process
to tailor the release rate. It is seen from Fig. 5 that the
release rate of the sample with vitamin E TPGS was higher
than that without additives under similar drug loadings. The
release rate of high drug-loading sample seemed to be
slightly higher than that of low drug-loading sample. Because
the degradation time scale of polymer is about 1Y2 months,
the release by polymer matrix erosion was not significant
during this release period.

Particle Cellular Uptake

Particles labeled with fluorescent dyes are frequently
used to study cellular uptake quantitatively by microplate

reader and flow cytometry (31,32). Several measures have
been taken on qualitative uptake studies using confocal
microscope (33Y39). Particle cellular uptake could be affect-
ed by many factors, such as particle size (40Y42), different
cell lines and cell densities (42), different compositions of the
particles (41), surface properties (surface hydrophobic/hy-
drophilic balance, surface charge, zeta potential) (28,41),
temperature (31), etc. Residual PVA on the particle surface
also affects cellular uptake (43). Because the nanoparticles
were fabricated by direct dialysis, no residual PVA was on
the particle surface.

Based on an earlier study, less than 0.6% of the
incorporated dye could leach out from the nanoparticles
over 48 h under in vitro sink conditions (44). Nanoparticles
loaded with coumarin6 were characterized for the leaching of
dye in two different pH buffers, suggesting the suitability of
coumarin6 as a marker for nanoparticles (41,45,46). Couma-
rin6-labeled nanoparticles can be used to study the intracel-
lular distribution through colocalization techniques. Using an
organelle-specific dye with contrasting fluorescence, it is
possible to study the colocalization of nanoparticles in the
particular organelle. As a result, the intracellular fluores-
cence could not be due to the uptake of dye released or
dissociated from nanoparticles.

The morphology of the coumarin6-loaded particles was
observed by SEM as shown in Fig. 1e and f. C6 glioma cell
line was used to evaluate the cellular uptake efficiency for
PLGA and PLA nanoparticles. Nucleus staining was per-
formed using propidium iodide (PI) and observed under
confocal microscope using a two-channel mode. The fluores-
cein isothiocyanate channel was used to observe the particles,
and neutral red channel was used to observe the cells. Fig.
8 shows that efficiency of particle cellular uptake could
decrease with increasing particle concentration. In contrast,
particle cellular uptake efficiency may increase with the
increase in incubation time. PLGA nanoparticle uptake
progress is shown in Fig. 6aYd at different time intervals, 1
and 2 h, respectively. To verify whether the nanoparticles are
located just outside the top surface of the cells or entrapped
intracellularly, confocal images for three orthogonal axes of
the particle uptake process are shown in Fig. 7 (green color
indicates PLGA nanoparticles). These images verify that
these particles were indeed entrapped within the intracellular
space. It was evident that much more particles were engulfed
by cells after 2 h than after 1 h because of extended exposure.

PLA particles show similar properties and behavior with
PLGA nanoparticles (shown in Fig. 6e and f). This could be
explained in the following way. Endocytosis is usually
considered to occur either constitutively by the continuous
fluid-phase (pinocytic) pathway (less than 150 nm) or by
phagocytosis, a ligand-induced process responsible for the
uptake of large particles (larger than 200 nm) (47). Also,
phagocytosis function was observed in C6 glioma cells in vitro
and in vivo (48,49). Phagocytosis, the process by which cells
engulf foreign particles (47,50), could have major contribu-
tions to the particle cellular uptake. Based on the fluores-
cence measurements (shown in Fig. 8), a significant fraction
of the administered nanoparticles could be taken up through
nonspecific phagocytosis by the cells.

Similar result was confirmed by flow cytometry experi-
ments where coumarin6-labeled PLGA particle cellular

Fig. 5. Paclitaxel release curve. S1: Paclitaxel (5.7%)-loaded PLA

nanoparticles; S2: paclitaxel (5.7%)-loaded PLGA nanoparticles; S3:

paclitaxel (4.2%)-loaded PLGA nanoparticles with vitamin E TPGS

as an additive; S4: paclitaxel (2%)-loaded PLGA nanoparticles with

vitamin E TPGS as an additive. Each data point shown is the average

of three samples.
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uptake kinetics was quantified in the following way (Fig. 9).
In Fig. 9a, BEvents^ indicate cell numbers. Because the
nanoparticles were all loaded with fluorescent agent couma-
rin6, the index Bfluorescence intensity^ is directly propor-
tional to the number of particles internalized by the cells. The
number of cells in this figure represents the normalized
number of cells (out of a fixed amount of cell samples)
exhibiting a given fluorescence intensity. In contrast, Fig. 9b
illustrates the median fluorescence intensity vs. time. This
plot is computed based on the median fluorescence intensity
shown in Fig. 9a.

The shifting of peak to the right along x-axis (Fig. 9a)
suggested that the median fluorescence intensity increased
with increasing incubation times (Fig. 9b). These results
illustrate that coumarin6-loaded PLGA and PLA nano-
particles could penetrate through C6 glioma cell membrane
and be internalized by phagocytosis process.

Cytotoxicity Test

A previous study confirmed that C6 glioma cells could
grow very fast and achieve monolayer in about 5 days (51).

Fig. 6. Confocal fluorescence images of C6 glioma cells with coumarin6-labeled nano-

particles (200Y300 nm) with different exposure times. (a, b) PLGA nanoparticle incubated

for 1 h; (c, d) PLGA nanoparticle incubated for 2 h; (e, f) PLA nanoparticle incubated for

2 h. The images were collected from the fluorescein isothiocyanate channel and neutral

red channel simultaneously.
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The G1 phase of the cell cycle is 11Y12 h in length, with a
doubling time estimated to be 18 T 2 h in asynchronous
populations of C6 glioma cells (51). The nanoparticles were
sterilized by g irradiation before cytotoxicity test. g irradia-

tion of the samples for sterilization was performed using 60Co
with a total dose of 15 kGy. The cytotoxic activity of
paclitaxel-loaded PLGA and PLA nanoparticles fabricated
in this study (shown in Fig. 10) was evaluated by assessing
cell viability using the MTT assay on C6 glioma cell line. To
facilitate the basis for comparison, cells were incubated with
concentrations of nanoparticles that contained the same
amount of drug as that of Taxol\ sample with paclitaxel
concentrations of 10, 20, and 40 mg/ml, respectively. The
concentrations selected were in the range corresponding to
plasma levels of the drug achievable in humans (18,52). From
Fig. 10, it was observed that the paclitaxel-loaded PLGA
nanoparticles without additives and with vitamin E TPGS as
an additive could have lower cell viability than Taxol\ when
the paclitaxel concentrations were 10 and 20 mg/ml,
respectively. The Taxol\ seemed to be more cytotoxic than
paclitaxel-loaded PLGA nanoparticles when paclitaxel
concentration was 40 mg/ml.

The amount of paclitaxel released from PLGA nano-
particles without additive was about 15, 16, and 18% after 1,
2, and 3 days, respectively. On the other hand, the amount of
paclitaxel released from PLGA nanoparticles with vitamin E
TPGS as an additive was about 14, 23, and 28% (shown in
Fig. 5). According to the amount of drug released from the
nanoparticles, the cytotoxicity of paclitaxel-loaded nano-
particles seemed to be higher than that of Taxol\ even at
the paclitaxel concentration of 40 mg/ml. No significant
difference in cytotoxicity was observed between paclitaxel-
loaded PLGA and PLA nanoparticles after incubation of 24
and 48 h, although the amount of paclitaxel released from
PLA nanoparticles was a little higher than that from PLGA
nanoparticles (data not shown). From Fig. 10, it is seen that
higher concentration in the range from 10 to 40 mg/ml could
more significantly reduce cell viability. The antitumor effect
of paclitaxel is dependent on sustained therapeutic concen-
trations of the drug rather than maximal plasma concen-
trations because paclitaxel toxicity requires entry of cells into
the M phase (4). It was reported that increasing the time of
paclitaxel exposure results in increasing paclitaxel cytotox-
icity (53). Because the cumulative drug release of the PLGA
nanoparticles with and without additives is 18 and 28%,
respectively, after 3 days, the cell viability of the samples

Fig. 8. The variations of particle cellular uptake efficiency with

incubation time. Each data point shown is the average of four

samples. (a) PLGA NP; (b) PLA NP. PLGA NP 250: concentration

of coumarin6-loaded PLGA nanoparticles = 250 2g/ml; PLGA NP

500: concentration = 500 2g/ml.; PLGA NP 1000: concentration =

1000 2g/ml; PLA NP 250: concentration of coumarin6-loaded PLA

nanoparticles = 250 mg/ml; PLA NP 1000: concentration = 1000 2g/

ml; PLA NP 500: concentration = 500 2g/ml.

Fig. 7. Confocal images showing the cellular uptake of PLGA nanoparticles. Optical

sections are displayed in three orthogonal projections [xy-projections (top left corner

panel), xz-projections (down panel), and yz-projections (right panel)] to distinguish

between extracellular and internalized nanoparticles. (a) 1 h; (b) 2 h.
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should be calculated by the actual amount released. Based on
this normalization, the cell viability caused by vitamin E
TPGS-incorporated nanoparticles was lower than that of the
nanoparticles without additives after 3-day incubation. The
cytotoxicity of the paclitaxel-loaded nanoparticles was dom-
inated by the actual intracellular drug concentration caused
by either particle cellular uptake or extracellular drug release
from nanoparticles. Because the paclitaxel-loaded nanopar-
ticles could have higher cytotoxicity than Taxol\, they might
have advantages over Taxol\ because of the sustained
release properties shown in Fig. 5.

CONCLUSIONS

Paclitaxel-loaded PLGA and PLA nanoparticles were
obtained successfully by direct dialysis without using an

emulsifier such as PVA. The coumarin6-loaded PLGA and
PLA nanoparticles could penetrate through C6 glioma cell
membrane and be internalized. The results of cytotoxicity
test showed that the cytotoxicity of paclitaxel-loaded nano-
particles seemed to be higher than that of Taxol\ after 3 days
incubation when paclitaxel concentrations were 10 and 20
mg/ml. These results could be useful for predicting possible

Fig. 10. Cell viability of C6 glioma cells treated with nanoparticle

samples at the paclitaxel concentration of (a) 10 2g/ml, (b) 20 2g/ml,

and (c) 40 2g/ml. S2: Paclitaxel-loaded PLGA nanoparticles; S3:

paclitaxel-loaded PLGA nanoparticles with vitamin E TPGS as an

additive. Each data point shown is the average of eight samples.

Fig. 9. Coumarin6-labeled PLGA particle cellular uptake kinetics

quantified by flow cytometry. (a) Events vs. fluorescence intensity.

BEvents^ indicate cell numbers. Because the nanoparticles are all

loaded with fluorescent agent, the index Bfluorescence intensity^ is

directly proportional to the number of particles internalized by the

cells. The number of cells represents the normalized number of cells

(out of a fixed amount of cell samples) exhibiting a given

fluorescence intensity. (b) Median fluorescence intensity vs. time.
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dose response of paclitaxel-loaded PLGA nanoparticles in
in vivo test or clinical trial administration. Based on these
studies, the formulations fabricated in this work could be
promising for in vivo paclitaxel delivery. The surface of
nanoparticles in this study will be modified, and animal test
of the nanoparticles will be investigated by intratumoral or
intravenous administration in the future work.
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