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Purpose. The aim of this work was to prepare paclitaxel-loaded PLGA nanoparticles and determine
cytotoxicity of released paclitaxel for two hypoxic human tumor cell lines: breast carcinoma (MCF-7) and
carcinoma cervicis (HeLa).
Methods. Poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles containing paclitaxel were prepared by
o/w emulsification-solvent evaporation method. Physicochemical characteristics of nanoparticles were
studied. Cellular uptake of nanoparticles was evaluated by transmission electronic microscopy and
fluorescence microscopy. Flow cytometry quantified the number of cells held in G2/M phase. Cell
viability was determined by the ability of single cell to form colonies. Biodistribution of nanoparticles in
mice was evaluated by fluorescence microscopy.
Results. The nanoparticles were spherical with average diameter 318±5.1 nm. The encapsulation
efficiency was 88.52%. The drug release profile in vitro exhibited a biphasic pattern. Cellular uptake was
observed. Co-culture of tumor cells with paclitaxel-loaded nanoparticles demonstrated that released
paclitaxel retained its bioactivity to block cells in G2/M phase. Paclitaxel-loaded nanoparticles exhibited
cytotoxic effect on both hypoxic MCF-7 and HeLa cells and its cytotoxicity was more significant than that
of free paclitaxel. Fluorescent nanoparticles were mainly distributed to liver and spleen of mice.
Conclusions. Paclitaxel-loaded PLGA nanoparticles may be considered a promising drug delivery system
to eradicate hypoxic tumor cells.
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INTRODUCTION

Overwhelming clinical and experimental data demon-
strate that tumor hypoxia, i.e. low tissue oxygen concentration,
is associated with poor treatment outcome as hypoxic cells are
refractive to chemo- and radiotherapy (1–5). The amount of
evidence points to hypoxia as a potent physiological stimulus
that promotes tumor progression, driving genetic change and
selecting for malignant phenotypes (3,4,6). Hypoxia is also
known to be a prognostic indicator, as hypoxic human tumors
are more biologically aggressive and are more likely to recur
locally and metastasize. Consequently, an important goal for
cancer research has been to develop treatment strategies that
selectively target this resistant tumor cell population. However,

the agents andmethods tested to target hypoxic tumor cells have
little success, the reasons are as following: (a) the administration
of inadequate drug in order to limit patient toxicity (7); (b)
inability of the agent to access hypoxic tissues due to vascular
insufficiency or acute changes in blood flow (8,9); (c) drug
hydrophilicity (10); and/or (d) inability to compete against high
tumor thiol levels (11–13).

The unique vascular structural changes associated with
the pathophysiology of a tumor may provide opportunities for
the use of nanoscale delivery systems. The abnormal tumor
vasculature breaks all of the rules of normal blood vessel
construction (14,15). One manifestation of this abnormality is
a leaky endothelium (16–20), which is largely attributable to
endothelial cells of tumor vessels having loose interconnec-
tions and focal intercellular openings. The extravasations of
intravenously administrated nanoparticles are restricted to
sites where the endothelial barrier has an open fenestration,
such as inflammatory tissues and tumors, because normal
tissues have tight endothelial junctions (21). Tumors have
openings between defective endothelial cells ranging in size
from 100 to 1,000 nm, with the majority of the gaps being
between 200 and 900 nm (16), which strongly suggests that
nanoparticles would more selectively extravasate in a tumor.

Nanoparticles of biodegradable polymers are widely
investigated for controlled and targeted delivery of various
drugs. The advantages of such a formulation include the
sustained drug action on the lesion, reduced systemic side
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effects, facilitated extravasation into the tumor, high capabil-
ity to cross various physiological barriers as well as controlled
and targeted delivery of the drug (22–24). PLGA is an
excellent synthetic biodegradable copolymer, which has been
widely applied to formulate hydrophobic as well as hydro-
philic drugs due to its excellent biocompatibility and biode-
gradability (25).

Paclitaxel is a potent anticancer chemotherapeutic agent,
originally derived from the bark of the Pacific yew tree
(Taxus brevifolia) (26), that is widely used in the treatment of
solid tumors, particularly of the breast and ovaries (27).
Paclitaxel exerts its cytotoxic effects by inducing tubulin
polymerization resulting in unstable microtubules, which
interferes with mitotic spindle function and ultimately arrests
cells in the G2/M phase of mitosis (27). Tumor cells exposed
to paclitaxel treatment, as a result, then undergo programmed
cell death or apoptosis (28). Because paclitaxel has profound
effects on the process of mitosis, rapidly dividing cells such as
those in tumors and those in highly proliferative normal
tissues (such as bone marrow and oral mucosa) are most
frequently affected by exposure to paclitaxel. Due to its high
hydrophobicity, an adjuvant such as Cremophor EL has to be
used to prepare injection as its clinical dosage form. Unfortu-
nately, Cremophor EL causes serious side-effects and leads to
hypersensitivity reactions in many patients (29–32). Moreover,
it has been reported that Cremophor EL is able to block cells
at the G1 phase of the cell cycle preventing them to enter G2/M
phases and thus hampering the therapeutic effect of paclitaxel
(33–35).

Some studies on the use of nanoparticles as carriers for
paclitaxel have been published (36–40). In the previous work,
we reported the radiosensitizing effect of paclitaxel-loaded
nanoparticles on hypoxic tumor cells (41–43). Nevertheless,
to our knowledge there are no studies on the literature
regarding the cytotoxicity of paclitaxel-loaded nanoparticles
on hypoxic tumor cells.

To overcome this therapeutically refractive cell popula-
tion, the main goal of this work was to prepare paclitaxel-
loaded PLGA nanoparticles and determine cytotoxicity of
paclitaxel released from nanoparticles on hypoxic tumor cells.

MATERIALS AND METHODS

Materials

Drugs and Chemicals

Paclitaxel of 99.8%purity was purchased from Xi’an Bio-
sep Biotechnology (Shaanxi Province, China). PLGA (L/G=
50/50, Mw=25,000) was from Chengdu Institute of Organic
Chemistry, Chinese Academy of Science (Sichuan Province,
China). 1,6-Diphenyl-1,3,5-hexatriene (DPH), propidium io-
dide (PI) and polyvinyl alcohol (PVA, Mw=30,000–70,000)
were from Sigma-Aldrich (St. Louis, MO, USA). Dichloro-
methane (DCM, analytical grade) was purchased from
Tianjin Chemical Factory (Tianjin City, China).

Cells

MCF-7 and HeLa cells were kindly provided by Dr. JY
Liu and cultured as monolayers in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), penicillin and streptomycin in a
humidified atmosphere of 95%air and 5%CO2 at 37°C. The
cells were subcultured twice weekly. For experiments, the
cells were grown in glass culture flasks and used when in
exponential growth phase.

Animals

Male BALB/c mice (20±2 g) were supplied by the
Experimental Animal Center of Fourth Military Medical
University (Xi’an city, China). The animal were acclimatized
at a temperature of 25±2°C and a relative humidity of 70±5%
under natural light/dark conditions for 1 week before dosing.
The study protocol was approved by and performed in
accordance with the Committee of the Use of Live Animals
in Teaching and Research at the Fourth Military Medical
University.

Methods

Preparation of Paclitaxel-Loaded Nanoparticles

The preparation of PLGA nanoparticles incorporating
paclitaxel was based on oil in water (o/w) emulsification-
solvent evaporation method. Five milligrams of paclitaxel
was dissolved in 4 ml DCM containing 2.5% (w/v) of
PLGA. The resulting organic phase was poured into 20 ml
aqueous phase containing 1% (w/v) of PVA whilst stirred
and sonicated. The resulting emulsion was placed on the
magnetic stirrer plate and continuously stirred at room
temperature to evaporate DCM for 6 h. The nanoparticles
were collected by centrifugation and washed four times with
distilled water. The nanoparticles were then lyophilized and
stored at 4°C before further analysis. In the present study,
radiation with 60Co source was used for the sterilization of
nanoparticles.

Preparation of Fluorescent Nanoparticles

Fluorescent nanoparticles were prepared adding 10 mg
of DPH (0.25% (w/v) calculated on the whole microemul-
sion) as fluorescent marker to the internal phase of DCM
containing 2.5% (w/v) of PLGA and maintaining the other
components of the formulations fixed. The fluorescent nano-
particles were obtained as described above for drug-loaded
nanoparticles.

Determination of Drug Content in the Nanoparticles

Five milligrams of paclitaxel-loaded nanoparticles were
dissolved in 1 ml of DCM. Then 3 ml of the mixture of
acetonitrile: water (50:50, v/v) was added and extracted. A
nitrogen stream was introduced to evaporate the DCM and
a clear solution was obtained. The mixture containing the
drug was determined using high-performance liquid chro-
matography (HPLC). The HPLC assay (Agilent 1100
series, CA, USA) was performed on a reverse phase
Zorbax® C18 column. The mobile phase was a mixture of
acetonitrile: water (50:50, (v/v)) delivered at a flow rate of
1.0 ml/min. Paclitaxel was detected at 227 nm with a
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variable wavelength detector (VWD). The calibration curve
for the quantification for paclitaxel was linear over the
range of standard concentration between 50 and 100,000 ng/ml

with a correlation coefficient of R2=1.0. Loading efficiency
and encapsulation efficiency (EE) were calculated as
following:

Loading efficiency %ð Þ¼ amount of drug in nanoparticles=amount of drug loaded nanoparticlesð Þ�100

Encapsulation efficiency %ð Þ¼ amount of drug in nanoparticles=initial amount of drugð Þ�100

Morphology and Particle Size

Nanoparticle morphology was examined by scanning
electron microscope (SEM) (JSM-6700F, JEOL, Japan).
Nanoparticles were analysed for their size distribution using
photon correlation spectroscopy technique in a particle size
analyzer (Zetasizer Nano S, Malvern Instruments, UK).

In Vitro Release

The release rate of paclitaxel from nanoparticles was
measured in phosphate buffer saline (PBS) medium (pH 7.4)
by an HPLC assay in triplicate. Paclitaxel-loaded nano-
particles were suspended in 10 ml of PBS in screw capped
tubes, then placed in an orbital shaker maintained at 37°C
and shaken at 120 rpm. At predetermined time intervals, the
tubes were taken out of the shaker and centrifuged at
3,000 rpm for 5 min. The supernatant was taken for analysis
of paclitaxel concentration. The precipitated nanoparticles
were resuspended in 10 ml of fresh buffer and placed back in
the shaker. The supernatant was extracted with 1 ml of DCM.
Other procedure and HPLC analysis were conducted as
previously described.

Fluorescence Microscopy

The cellular uptake of nanoparticles was studied using
fluorescence microscopy. MCF-7 and HeLa cells were grown
on coverslips for 24 h in a six-well tissue culture plate at 37°C.
The cells were then cultured for 24 h with the fluorescent
nanoparticles at a concentration of 2 mg/ml employed in the
experiment. After rinsing with PBS, the cells were fixed by
95% ethanol solution for 30 min. The nuclei of the cells were
then stained using 5 μg/ml of PI for 8 min at 37°C. The
stained coverslips were mounted on a glass slide and photo-
graphed using fluorescence microscope (TE2000-S, Nikon,
Japan). DPH and PI show blue and orange, respectively.

Transmission Electronic Microscopy (TEM)

The cellular uptake of nanoparticles was further studied
using TEM. MCF-7 and HeLa cells were plated at 1×105 cells
per well in six-well tissue culture plates for 24 h. The cells
were incubated with paclitaxel-loaded nanoparticles for 24 h.
The cells were washed twice with PBS and harvested by
trypsinization. The cells were centrifuged at 1,000 rpm for
10 min. At this point, special care was taken when removing
the precipitated cells. The pellets of cells were fixed by 3%
glutaraldehyde solution. Fixed cells were washed with PBS
and dehydrated three times sequentially in a graded series of
ethanol solutions (50%, 70%, 90%, 95% and 100%). The

cells were then soaked overnight in a 1:1 ratio of 100%
alcohol and embedding resin. The resin-embedded cells were
placed in capsules and the capsules were placed in a Pelco
UV-2 Cryo Chamber at 4°C for 48 h for polymerization of the
resin by UV radiation. The polymerized blocks were sectioned
and the ultrathin sections were prepared. The cellular uptake
of nanoparticles was evaluated by transmission electronic
microscope (JEM-2000EX, JEOL, Japan).

Flow Cytometry Study

MCF-7 and HeLa cells were plated at 1×106 cells per
well in six-well tissue culture plates for 24 h. Then cells
were incubated with blank nanoparticles, free paclitaxel
(80 ng/ml) and paclitaxel-loaded nanoparticles (60.18 ng/ml
paclitaxel released at 24 h) for 24 h. The cells were fixed
according to the unary-color staining procedure. Briefly, the
cells were mechanically removed from the tissue culture
plates and centrifuged at 1,000 rpm for 5 min. The
supernatant was aspirated and the pellet was resuspended
in 1 ml of PBS. The suspension was mixed continually
while 2 ml of cold ethanol was added. The cells were
stored at 4°C. Before flow cytometric analysis, the cells
were stained with PI as fluorescent marker. Flow cytometry
analysis was performed using an ELITE ESP machine
(Beckman-Coulter, USA). The experiment was repeated
three times. All the data are presented as means plus or
minus SD. Significance of differences between the groups
were determined with the One-Way ANOVA (SPSS10.0
statistical software), with the level of significance set at
P<0.05.

Cell Survival Assay

Cell viability was measured by the ability of single cell to
form colonies in vitro. The MCF-7 and HeLa cells were
plated at 500 cells per well in six-well tissue culture plates for
24 h. Then cells were incubated in hypoxic condition for 12,
24, 48, 72, and 120 h with paclitaxel-loaded nanoparticles
(45.93, 60.18, 76.17, 89.60, and 110.65 ng/ml paclitaxel
released at 12, 24, 48, 72, and 120 h, respectively), free
paclitaxel (60 ng/ml), blank nanoparticles and nothing as a
negative control. To obtain hypoxia, the incubator was
flushed with 95%N2 and 5%CO2 for 12, 24, 48, 72, and
120 h. Following administration, the media with paclitaxel-
loaded nanoparticles, free paclitaxel and blank nanoparticles
were removed, the fresh media were added. The cells were
allowed to grow under standard culture conditions for
10–14 days. After this time interval, macroscopic colonies
were stained with Giemsa and were counted manually. The
experiment was repeated three times.
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Biodistribution of Nanoparticles in Mice

Biodistribution of fluorescent nanoparticles in BALB/c
mice (n=5) was evaluated by fluorescence microscope. For
administration, nanoparticles were suspended in a certain
volume of PBS (pH 7.4) in order to obtain the required
concentration. The formulation was injected through the tail
vein at the dose of 25 mg/kg mouse (1 mg/ml). After 2 h, the
mice were killed by cervical dislocation and then tissues
(brain, heart, lung, liver, kidney and spleen) were removed.
Frozen sections were prepared immediately. The sections
were placed at −20°C until further study. The sections were
stained using 5 μg/ml of PI for 30 min at 37°C for the nuclei of
the cells. The stained glass slides were mounted on the
coverslips and photographed using fluorescence microscope
(TE2000-S, Nikon, Japan).

RESULTS AND DISCUSSION

Characterization of Nanoparticle Delivery System

In order to increase therapeutic efficiency and reduce
side effects, much effort has been devoted to optimization of
the amount of drug incorporated into biodegradable poly-
meric particle delivery system. In this study, the drug EE and

the loading efficiency for paclitaxel were 88.52% and 4.58%,
respectively. Previous studies have reported similar high
drug loading with paclitaxel in nanoparticles prepared with
various polymers, such as poly(L-lactic acid) (PLLA), poly
(ε-caprolactone) (PCL) and PLGA (36–40). The high EE of
paclitaxel is due to its high partition coefficient and
retention in the organic phase as the nanoparticles solidify.

Particle size plays an important role in determining the
drug release behavior of the paclitaxel-loaded nanoparticles
as well as their fate after administration. Smaller particles
tended to accumulate in the tumor sites due to the facilitated
extravasation (23) and a greater internalization was also
observed (24). In addition, smaller particles make intravenous
injection easier and their sterilization may be simply done by
filtration (44,45). In the study, SEM showed that the nano-
particles were spherical in shape and had relatively smooth
surface as shown in Fig. 1. The average diameter of the
nanoparticles was 318±5.1 nm and the polydispersity index
was 0.115 (Fig. 2).

In the release study, the release behaviour of paclitaxel
from the polymer matrix exhibited a biphasic pattern
characterised by a fast initial release during the first day
(approximately 15%), followed by a slower and continuous
release (Fig. 3). The amount of cumulated paclitaxel release
over 14 days was about 30%. The initial release of drug could
be explained by the release of some drug loosely bound on
the surface of the nanoparticles by a mechanism of diffusion.
This initial release was later followed by more controlled
release for the 2-week study period. This drug release was a

Fig. 1. Scanning electron microscopic photograph of paclitaxel-
loaded nanoparticles.
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Fig. 2. Particle size distribution of paclitaxel-loaded nanoparticles.
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Fig. 3. The release profile of paclitaxel-loaded nanoparticles in vitro.
The error bars indicate the standard deviation of the mean for n=3
independent experiments.
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result of the degradation of the polymer. The release data
demonstrated that the paclitaxel released from the nano-
particles increased with time. The results indicated that the
drug release could be controlled. This ability is vital in the
design of a degradable nanoparticle delivery system.

Evaluation of Paclitaxel-Loaded Nanoparticles Bioactivity

The cellular uptake of paclitaxel-loaded nanoparticles
was determined by fluorescence microscopy. Fig. 4 showed
the internalization of the nanoparticles in MCF-7 and HeLa
cells following 24 h treatment. For the fluorescence observa-
tion, nanoparticles in the cells, as shown in Fig. 4, might not
be due to those swallowed within cells but due to those
located and adhered on the cells surface. In order to interpret
these results, transmission electronic microscopy was further
performed. Fig. 5 demonstrated that the tumor cells
swallowed the drug-loaded nanoparticles. The bright blue
spots in Fig. 4 were the fluorescent drug-loaded nanopar-
ticles, but not the fluorescent dye that leaked from the

nanoparticles and entered the cells, otherwise the fluores-
cence inside the cells was aequalis.

Flow cytometry was used to quantify the number of the
two tumor cell lines held in the G2/M phase of the cell cycle.
The result was shown in Table I. The activity of the paclitaxel
was expressed by the ability to block the tumor cells in G2/M
phase of the cell cycle. With the addition of free paclitaxel
and paclitaxel-loaded nanoparticles to cells culture, the
number of two tumor cell lines in the G2/M phase signifi-
cantly increased for MCF-7 and HeLa cells (P<0.05). The
result demonstrated that active paclitaxel was released from
the polymeric nanoparticles.

To understand the anti-tumor activity of paclitaxel, the
hypoxic tumor cells cultured with blank nanoparticles, free
paclitaxel and paclitaxel-loaded nanoparticles were deter-
mined using cell survival assay. The results of the bioactivity
study were shown in Figs. 6 and 7. Plating efficiency was 85%
and 58% for MCF-7 and HeLa cells, respectively. The
treatments with free paclitaxel and paclitaxel-loaded nano-
particles resulted in an enhancement in the fraction of cell
becoming clonogenically incompetent for both hypoxic MCF-

Fig. 4. Cellular uptake 24 h after incubation with fluorescent nanoparticles (aMCF-7 cells, b HeLa cells).

Fig. 5. Paclitaxel-loaded nanoparticles swallowed in MCF-7 and HeLa cells (a, b),
respectively.
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7 and HeLa cells. Their effects were enhanced with time. The
therapeutic action of paclitaxel-loaded nanoparticles was
more significant than that of free paclitaxel. The cell survival
assay showed that bioactive paclitaxel was successfully
released from the nanoparticle system. Due to the cytotox-
icity of paclitaxel, the colony counts revealed that the colony
numbers dropped with the addition of free paclitaxel and
paclitaxel-loaded nanoparticles. According to the Figs. 6 and
7, the 50% effective concentrations (EC50) of paclitaxel
released from the nanoparticles with time were obtained in
2.6 and 1.9 days for MCF-7 and HeLa cells, respectively. At
these time points calculating according to the Fig. 3, the
concentrations of paclitaxel were 85.03 and 74.22 ng/ml. The
enhancement of paclitaxel activity mediated by its incorpora-
tion into nanoparticles can be explained by the fact that these
systems can act as a reservoir for paclitaxel, protecting the
drug from epimerization and hydrolysis (46,47) and providing
not only a sustained release of paclitaxel but also contributing
to the maintenance of its activity. In addition, it is reasonable
to consider that cells become more prone to paclitaxel activity
when the drug is delivered in the absence of Cremophor EL
(which is the case for nanoparticles) since as reported above,

this compound can antagonize paclitaxel activity (33–35). On
the another hand, the higher sensitivity of the tumor cells to
the drug-loaded nanoparticles than to the free drugs may be
related to the marked uptake and accumulation of nano-
particles in the cells, where the drug-loaded nanoparticles
should release the drugs, so enhancing their action. It is clear
that the therapeutic effects of the drug-loaded nanoparticles
would depend on internalization and sustained retention of
nanoparticles by the diseased cells. Therefore, the mechanism
of drug release from the nanoparticles is also of crucial
importance for the extent of paclitaxel activity. In this regard,
two distinct but not exclusive pathways can justify the
enhancement of therapeutic activity of drug incorporated
into nanoparticles: (I) nanoparticles can adsorb onto the cell
membrane, leading to an increase in drug concentration near
the cell surface, thus generating a concentration gradient that
would favour a drug influx into the cell (48); (II) tumor cells
can internalize polymeric nanoparticles allowing the drug to
be released into the interior of the cells, thus contributing to
an increase of the drug concentration near its site of action.

The distribution profiles of fluorescent drug-loaded
nanoparticles in BALB/c mice 2 h after intravenous admin-

Table I. Flow Cytometry Result Showing the Cell Cycle Distribution of MCF-7 and HeLa Cells After 24 h of Exposure to Blank
Nanoparticles, Free Paclitaxel and Paclitaxel-Loaded Nanoparticles

Cells Treatment

Cell cycle (%)

G1 S G2/M

Blank nanoparticles 76.8±4.4 19.7±2.7 3.5±1.2
MCF-7 Free paclitaxel 55.6±3.9 24.9±4.8 20.5±3.3*

Paclitaxel-loaded nanoparticles 63.5±5.9 22.1±4.6 14.4±3.1*
Blank nanoparticles 68.6±7.4 25.8±3.7 5.6±2.0

HeLa Free paclitaxel 54.4±5.3 20.3±3.9 25.3±4.7*
Paclitaxel-loaded nanoparticles 59.9±4.5 23.4±3.8 16.7±2.1*

*P<0.05 (vs blank nanoparticles, n=3)
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istration were shown in Fig. 8. The nanoparticles were mainly
distributed to the liver and spleen. The accumulation in brain,
heart, lung and kidney of nanoparticles was very low or
invisible. In concordance with previous studies, most particu-
late delivery systems are eliminated by the reticuloendothelial
system (RES) within minutes, irrespective of their chemical
composition, after intravenous injection. These particles
accumulate in the liver and spleen following phagocytosis.
For targeting to non-RES targets, such as tumor cells,
avoidance of recognition by the RES is considered to be a
major obstacle. In order to solve the problem, the further study
on the drug-loaded nanoparticles specially targeting the tumor
cells is significant and necessary. The rational approach is to
conjugate therapeutic nanoparticles with monoclonal anti-
bodies (mAbs) or other ligands that selectively bind to
antigens or receptors that are usually abundantly or uniquely
expressed on the tumor cell surface. These conjugated agents
have demonstrated promising efficacy compared with conven-
tional chemotherapy drugs in preclinical and clinical trials (49).

In our further work, several ligand-targeted therapeutic
strategies, using folate and transferrin, are studied.

CONCLUSIONS

These results obtained showed the release of bioactive
paclitaxel from a degradable PLGA nanoparticle delivery
system in a controlled manner. The cellular uptake of
paclitaxel-loaded nanoparticles was observed. The presence
of paclitaxel was found to significantly lower colony counts of
hypoxic tumor cells. Moreover, it was shown that incorpora-
tion of paclitaxel in the PLGA nanoparticles significantly
enhances its therapeutic action as compared to the free drug.
Based on these results, it can be concluded that the
formulations developed in this work may be considered
promising systems for paclitaxel to eradicate hypoxic tumor
cells.

Fig. 8. The distribution profiles of fluorescent drug-loaded nanoparticles in BALB/c mice 2 h after
intravenous administration (a liver, b spleen, c brain, d heart, e lung and f kidney).
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