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In this study, paclitaxel loaded poly(L-lactic acid) (PTX-PLLA) microparticles were prepared using solution enhanced
dispersion by supercritical CO2(SEDS) technique. This supercritical antisolvent technique offers the advantage of
negligible organic solvent residua in the drug loaded microparticles. Scanning electron microscopy (SEM) showed
that microparticles exhibited rather spherical shape and small particle size with narrow particle size distribution. X-ray
diffraction (XRD) and differential scanning calorimeter (DSC) indicated that PTX was amorphously dispersed in the
PLLA matrix. The drug loading and encapsulation efficiency of PTX-PLLA microparticles were 14.33% and 62.68%,
respectively. In Vitro cytotoxicity evaluation of PTX-PLLA microparticles against nonsmall-cell lung cancer A549
and ovarian cancer SKOV3 cell lines indicated that PTX-PLLA had superior antiproliferation activity against the A549
and SKOV3 cell lines, compared with free PTX formulations. The cellular internalization of fluorescent microparticles
was evidenced by fluorescence microscope and further confirmed by transmission electron microscopy (TEM). This
was attributed to the efficient intracellular accumulation of PTX via cell phagocytosis and sustained release of PTX
from PLLA matrix. The anticancer activity of PTX-PLLA was associated with PTX-induced cell apoptosis such as
nuclear aberrations, condensation of chromatin and swelling damage in mitochondria. The cell apoptosis index detected
by flow cytometry was higher in PTX-PLLA group than in free PTX. The PTX-PLLA formulation, which was obtained
through micronization of PTX and encapsulation of micronized PTX into PLLA simultaneously in the SEDS process,
significantly potentiated the anticancer activity of PTX.

Introduction
Paclitaxel (PTX), which is one of the most successful anticancer
drugs and the first of a new class of microtubule stabilizing
agents, has a unique anticancer mechanism1 and has shown its
potency against a broad spectrum of cancers,2–5 especially against
breast cancer and ovarian cancer.6 However, because of the poor
aqueous solubility and low therapeutic index of PTX, the clinical
application is extremely limited. Presently, the only available
formulation of PTX for clinical use is Taxol, containing
Cremophor EL (polyethoxylated castor oil) and dehydrated
ethanol in a 50:50 (v/v) ratio to solve solubility concerns and to
increase its bioavailability. Unfortunately, Cremophor EL is
associated with serious side effects such as hypersensitivity,
nephrotoxicity, and neurotoxicity in many patients.7 Hence, many
efforts have been devoted to developing an efficient vehicle that
can deliver PTX without provoking any adverse reactions.
One feasible means of solving these problems is to encapsulate
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sphers,8–11 liposome,12,13 polymeric micelle,14 or dendritic
polymers15 and so on. Among these new drug delivery systems,
biodegradable polymeric microparticles are popular candidates
as such a carrier, which may result in a reduction in the side
effects and toxicity of the drug and an increase in its therapeutic
efficacy. Another way of increasing the aqueous solubility of
water-insoluble drugs is to micronize the drug. As a highly
promising approach in the increasing aqueous solubility of waterinsoluble drugs, the micronization of drugs has been also
identified16–18 because smaller particle size leads to higher rates
of dissolution and increases the bioavailability of the drug, leading
to smaller dosages. In our previous study,19 we also found that
the saturated concentration of 5-fluorouracil significantly increased after micronization.
The most common methods of prepareing drug-loaded nano/
microparticles include all kinds of modified methods based on
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the emulsification/solvent evaporation method,20–22 the nanoprecipitation method,23–25 spray drying,26 and so on. However,
in these methods, large amounts of organic solvent and emulsifiers
are employed. Polyvinyl alcohol (PVA) is most extensively used
as a stabilizing emulsifier. However, PVA often remains at the
surface of the nanoparticles and is subsequently difficult to
remove. Also, methods traditionally used for the micronization
of drugs such as spray drying, crystallization, milling, and grinding
do not provide control of narrow particle size distributions and
completely solvent-free products,27,28 making them unsuitable
for pharmaceutical applications.
Fortunately, the use of supercritical fluid techniques has
provided a clean, effective alternative to traditional methods of
drug micronization and encapsulating drugs into polymers while
circumventing many of the problems associated with traditional
techniques.29 Supercritical carbon dioxide (SCCO2), the most
widely used supercritical fluid by far, is relatively inexpensive,
nontoxic, and nonflammable.30 Several researchers31,32 have
successfully synthesized mixed drug-polymer composites or
have significantly reduced the particle size of the drugs using
supercritical fluid technology. Pathak et al.33 reported the
nanosizing of paclitaxel via RESOLV with benign supercritical
solvent carbon dioxide to obtain exclusively aqueous suspended
drug nanoparticles. The research group of Johnston at the
University of Texas has reported a number of novel supercritical
processes, such as spray freezing into liquid, to enhance the
dissolution of poorly water soluble drugs and to encapsulate
drugs.34–36 Nevertheless, to our knowledge, there are few reports
in the literature regarding the micronization of PTX, the
encapsulation into PLLA polymers using the solution-enhanced
dispersion by supercritical fluids (SEDS) technique, and the
biological evaluation of these drug-loaded microparticles.
Poly(L-lactic acid) (PLLA) has been widely studied as a drug
carrier because of its biodegradability and biocompatibility.
Although there have been many attempts to prepare PLLA
microspheres loaded with PTX using traditional methods,37–39
none of them has attempted to study the cytotoxicity by
fluorescence microscopy, ultrastructural changes, and cell apoptosis. The objective of this work was to prepare a PTX-loaded
PLLA microparticle delivery system by using SCCO2 in the
SEDS process. The morphology, drug loading, and in vitro release
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Figure 1. Schematic of the apparatus for the SEDS process.

properties of PTX-PLLA microparticles were investigated.
Furthermore, in vitro cytotoxicity and the cellular uptake of drugloaded microparticles were evaluated using nonsmall-cell lung
cancer A549 and ovarian cancer SKOV3 cell lines. Ultrastructural
observation of A549 cells were also studied by TEM to visualize
the phagocytosis of microparticles into cells. The apoptosis index
of SKOV3 cells induced by the PTX drug was investigated by
flow cytometry. The formulation prepared from this supercritical
fluid technique may be considered for the intravenous injection
administration of PTX in the in vivo animal studies.

Materials and Methods
Materials. PLLA (Mw ) 100 kDa) was purchased from the
Department of Medical Polymer, Shandong Institute (Jinan, China).
PTX was purchased from Meilian Pharmaceutical Co. Ltd. (Chongqing, China). CO2 with a purity of 99.9% was supplied by Chengdu
Tuozhan Gas Co. Ltd. (Chengdu, China). Acetonitrile (HPLC grade)
used as the mobile phase in HPLC was purchased from Changzhen
Chemical Co. (Chengdu, China). Dichloromethane (DCM) and all
other compounds used in this experiment were reagent grade.
SEDS Method. The experimental equipment used in the SEDS
process consists of three major components: a CO2 supply system,
an organic solution delivery system, and a high-pressure vessel. The
schematic graph of the SEDS process for the formation of
microparticles is shown in Figure 1. Briefly, CO2 fed from a CO2
cylinder was cooled down to around 0 °C by a cooler (Maneurop,
France) in order to ensure the liquefaction of the gas and also prevent
cavitation. Then liquefied CO2 was delivered by a high-pressure
meter pump to the high-pressure vessel with a volume of 500 mL.
The high-pressure vessel was incubated in a gas bath to keep the
temperature constant during the experiment. A steady flow of SCCO2
was controlled by adjusting a downstream valve and monitored by
a pressure gauge to keep the pressure constant. When the desired
pressure and temperature were stabilized (P ) 12 MPa, T ) 33 °C),
the polymer solution was delivered to the high-pressure vessel through
a stainless steel coaxial nozzle using an HPLC pump. On contacting
the SCCO2, the organic solvent is extracted into the supercritical
fluid, resulting in the formation of solid microparticles in the vessel.
When the delivery of organic solution was finished, fresh CO2 was
used continually to wash the products to remove the residual organic
solvent for about 30 min. During the process of washing, the system
operating conditions were maintained as described before. After the
washing was complete, the high-pressure vessel was slowly
depressurized, and the products were collected for characterization.
Micronization of PTX. Original PTX (100 mg) was dissolved
in 20 mL of DCM under magnetic force stirring. After PTX was
completely dissolved, the PTX DCM solution went through the
SEDS process described above. The solution was delivered by the
HPLC pump at a rate of 0.5 mL min-1. The flow rate of SCCO2 was
18 standard liters per hour. The temperature and pressure of system
was 33 °C and 12 MPa. After the SEDS process, the collected PTX
particles were stored at 2-8 °C for later characterization.
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Preparation of PTX-PLLA Microparticles. PTX and PLLA
(the mass ratio of PTX/PLLA was 1:4) were dissolved in DCM
solvent and mixed completely, and the final concentration of PTX
and PLLA was 0.5 wt %/v. The operating conditions were the same
as described above. The placebo PLLA microparticles without PTX
were also prepared in the same process.
PreparationofFluorescentPLLAandPTX-PLLAMicroparticles.
To observe the cellular phagocytosis of microparticles and morphological characteristics of cell damage by fluorescence microscopy,
PLLA fluorescent microparticles and PTX-PLLA fluorescent microparticles were also prepared by adding 0.5% of fluorescein
(C20H12O5, yellowish red) to the PLLA organic solution and PTX
PLLA solution, and fluorescent PLLA and PTX-PLLA microparticles
were obtained in the SEDS process as described above.
Characterizations of Microparticles. The particle size and
particle size distribution of prepared microparticles were determined
by a laser diffraction particle size analyzer (Rise-2008, Jinan Runzhi
Technology Co. Ltd., Shandong). Microparticles in the sample cell
were dispersed by ultrasonic waves before measurement. Next, the
rotator pump started to circulate the sample suspension. The analysis
software was automatically used to characterize the mean particle
size (PS). The particle size distribution (PSD) is expressed by SPAN
(according to the Pharmacopeias of the People’s Republic of China
(2000) and ref 40), which is calculated using the following equation:
SPAN ) (D90 - D10)/D50, where D90, D10, and D50 are the diameters
at 90, 10, and 50% cumulative volumes, respectively.
The surface morphologies of micronization PTX, placebo PLLA,
and PTX-PLLA microparticles were investigated by scanning electron
microscopy (SEM) (JSM-5900LV, Japan). X-ray diffraction was
carried using a Philips X’Pert MDP diffractometer. The measurement
was performed in the range of 10-40° with a step size of 0.02° in
2θ using Cu KR radiation as the source.
Differential scanning calorimetry (DSC, 200PC, Netzsch, Germany) was used to measure the thermal behavior of polymer samples
and examine the status of PTX in the polymeric microparticle matrix.
Approximately 5 mg of the sample was heated in sealed aluminum
pans under a nitrogen atmosphere. The investigated temperature
ranged from 0 to 300 °C, and the heating rate was 5 °C/min.
The zeta potential of PLLA and PTX-PLLA microparticles was
measured using a JS94H instrument (Shanghai Zhongcheng Instrument Co., China). To determine the zeta potential, the microparticle
suspension was diluted with distilled water to ensure that the signal
intensity was suitable for the instrument. The suspensions were placed
in the electrophoretic cell. Each sample was analyzed in triplicate.
Determination of Drug Loading and Encapsulation Efficiency.
The amount of encapsulated PTX in microparticles was detected by
HPLC (Agilent 1100) according to the method given in ref 26. A
reverse-phase Inertsil ODS-3 column (4.6 mm × 150 mm i.d., pore
size 5 µm, GL Science, Tokyo, Japan) was used. A mixture of
acetonitrile and water (50:50 v/v) was chosen as the mobile phase
and delivered at a flow rate of 1 mL/min with a pump (HP 1100
high-pressure gradient pump). PTX-PLLA microparticles (3.0 mg
accurately weighed) were first dissolved in 1 mL of DCM, and then
3 mL of an acetonitrile/water (50:50 v/v) mixture was added. After
being stirred for a while, a nitrogen stream was introduced to volatilize
DCM under stirring at room temperature until a clear solution was
obtained. The clear solution was put into a vial for high-performance
liquid chromatography (HPLC, Agilent 1100 series) assay. Before
measurement, the solution must be filtered through a 0.22 µm
membrane filter. Then 10 µL of filtered solution was injected with
an autoinjector (HP 1100 Autosampler) into the HPLC apparatus.
The column effluent was detected at 227 nm with a variablewavelength detector (VWD). A calibration curve of standard a PTX
solution was used to determine the concentration of PTX in the
solution. The curve was linear over the range of 80-80000 ng/mL
with a correlation coefficient of R2 ) 0.9973. The solvent for
calibration is a mixture of acetonitrile:water (50:50 v/v). The
extraction recovery efficiency factor was determined as the ratio of
the PTX concentration obtained from HPLC to the theoretical
concentration of the prepared solution, which was obtained by
dissolving the physical mixture of pure PTX and placebo PLLA
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microparticles with a relevant ratio in acetonitrile. The extraction
efficiency was 78.3%, which meant that 78.3% of paclitaxel could
be extracted and detected. Correction was accordingly needed.
According to the Pharmacopeia of People’s Republic of China (2005),
the drug loading (DL) of the microparticles and encapsulation
efficiency (EE) of PTX were calculated from the following equation:
DL ) M1/M2 × 100%, EE ) M1/M3 × 100%, where M1 is the weight
of PTX encapsulated in the microparticles, M2 is the weight of drugloaded microparticles, and M3 is the total weight of PTX used in the
process. Each experiment was carried out in triplicate.
In Vitro Release Study. PTX-PLLA microparticles (20 mg) were
placed in the pretreated dialysis bag (Stone Container Corporation,
North Chicago, IL) and hung in the middle of a 150 mL mouth
ground bottle with 100 mL of phosphate-buffered saline (PBS, pH
6.8, containing 0.1% (w/v) Tween 80 and 0.02% Na3N) and incubated
in a shaking water bath at 37 °C at 60 rpm. At given time intervals,
10 mL of solution was periodically removed. To maintain the original
PBS volume of 100 mL, 10 mL of fresh PBS was periodically added.
The release concentration of PTX in the release medium was
determined by adding 1 mL of DCM for extraction, which was
followed by adding 3 mL of the mixture of acetonitrile/water (50:50
v/v). A stream of nitrogen was introduced to evaporate DCM until
a clear solution was obtained. HPLC analysis can then be carried
out as described above. Similarly, because of inefficient extraction,
the extraction recovery efficiency was measured. A known mass of
pure PTX was treated with the same extraction procedure as described
above.26 The determined factor was 67%, which means that the
extracted solution contained 67% of the original PTX after all of the
related processes. The data obtained from the detection were corrected
accordingly. The release profile was calculated in terms of the
cumulative release percentage of PTX (%, w/w) with incubation
time. Each experiment was carried out in triplicate.
Cell Culture. Human nonsmall-cell lung cancer A549 cell lines
and ovarian cancer SKOV3 cell lines were obtained from the
American Type Culture Collection (ATCC). A549 and SKOV3 cells
were grown in RPMI-1640 medium (Gibco Life Technologies)
enriched with 10% heat-inactivated fetal calf serum (Gibco Life
Technologies) and 1% penicillin/streptomycin (Gibco Life Technologies), respectively. Cells were maintained at 37 °C incubation
with 5% CO2 for confluence.
In Vitro Cytotoxicity Assay. The in vitro cytotoxicity of PTXPLLA microparticles against A549 and SKOV3 cell lines was
determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The A549 (200 µL) cell suspension
and SKOV3 (200 µL) cell suspension (at a density of 1 × 105 viable
cells/well) were respectively seeded (three wells for each particle
type) into 96-well plates (Helena BioSciences, U.K.) and incubated
for 24 h to allow cell attachment. After the culture medium was
removed, 200 µL of a microparticle/culture medium suspension in
triplicate was added and further incubated at 37 °C for 1, 2, 3, 5,
and 7 days. Three types of microparticle/culture medium were
investigated in this study: placebo PLLA, original free PTX solution,
and the PTX-PLLA group. PTX-PLLA microparticle/culture medium
suspension contained the same drug concentrations as free PTX
(100 nM) at each designed experimental point. As a control, A549
and SKOV3 cells without microparticles were respectively incubated
for the same time. At the end of the designed incubation time, 100
µL of MTT (1 mg/mL) solution was added to each well and was
allowed to incubate further at 37 °C for 4 h, and then the solution
was removed and 150 µL of dimethylsulfoxide (DMSO) was added
to each well. Finally, the plate was incubated for 30 min at room
temperature. The absorption of solubilized formazan at 570 nm was
measured with Microplate Reader 3550 (Bio-Rad). The cell viability
was calculated by the following formula: cell viability (%) ) optical
density (OD) of the treated cells/OD of the nontreated cells. All of
the experiments were performed in triplicate.
Cellular Internalization of Fluorescent Microparticles. The
cellular internalization of fluorescent microparticles and the inspection
of apoptotic cell morphology were studied using fluorescence
microscopy. In this study, A549 cells were grown on coverslips for
24 h in a six-well tissue culture plate at 37 °C. The A549 cells were
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then incubated with free PTX, and the fluorescent placebo PLLA
microparticles and PTX-PLLA microparticles at a concentration of
100 nM were employed in this experiment for 24 h. After washing
three times with PBS (0.01 M, pH 7.2), the cells were fixed by 4%
polyoxymethylene at 4 °C for 30 min, and then 0.1% Triton X-100
was added to the wells, which were washed with PBS after 10 min.
After fixation and permeabilization, the cells were stained with
BODIPY FL phallacidin (B-607, Modecular Probes Inc.) to label
the filamentous actin (F-actin) and finally counterstained with DAPI
(4′,6-diamidino-2-phenylindole, dihydrochloride) (D-1306, Molecular Probes Inc.) to label the nucleus. Then, the A549 cells were
incubated for 1 h at 37 °C and washed with PBS. The stained
coverslips were mounted on a glass slide and photographed using
a fluorescence microscope (TE2000-S, Nikon, Japan).
Transmission Electron Microscopy (TEM) of Microparticles
in the A549 Cell. To visualize the phagocytosis of microparticles
into cells, 200 µL of A549 cell suspensions (5 × 105) was dispensed
into six-well plates and incubated for 4 h. Then the culture medium
was replaced with 200 µL of the microparticle/culture medium
suspension in triplicate, and the cells were incubated with microparticles at a concentration of 100 nM for 24 h. After 24 h, the A549
cells were washed with PBS three times and harvested by 0.25%
trypsinization. The cells were centrifuged at 1500 rpm for 10 min,
and then the supernatant liquid was removed. Glutaraldehyde solution
(0.5%) at 4 °C was slowly added to the centrifuge tube through the
wall of tube to fix for 30 min. Then, the cells were centrifuged at
10 000 rpm for 10 min, and the supernatant liquid was removed. The
pellets of cells were further fixed by 3% glutaraldehyde solution.
Fixed cells were washed with PBS and dehydrated sequentially in
a graded series of acetone solutions (30, 50, 70, 90, and 100%). The
specimens were further embedded in resin. Ultrathin sections
(approximately 50 nm in thickness) were cut with a diamond knife
of an ultramicrotome (MT-X; RMC Inc., Tucson, AZ). The ultrathin
sections were mounted on copper grids and stained with 2% uranyl
acetate and Reynolds’ lead citrate, each for 7 min. The ultrastructures
of A549 cells were observed with a transmission electron microscope
(H-600; Hitachi, Tokyo, Japan).
Measurement of Cell Apoptosis Index by Flow Cytometry.
The stably transfected SKOV3 cells were harvested and fixed in
methanol. Then, cells were centrifuged and washed with PBS and
fixed in 70% ethanol. Cell pellets in tubes were stored at -20 °C
for 24 h. The cells were centrifuged at 1000 rpm for 15 min, and
the supernatant was discarded to remove ethanol completely. The
pellets were resuspended in 0.5 mL PBS and stained with propidium
iodide solution for 30 min. The cell apoptosis index was analyzed
by software (ELITE Esp, Beckman Coulter).
All data were arranged as mean ( standard deviation. Significant
differences were determined by the t test, and P < 0.05 was considered
to be significant.

Results and Discussion
Particle Size and Surface Morphology. SEM was utilized
to investigate the morphologic changes in PTX after the SEDS
process, which is shown in Figure 2. From the SEM images,
original PTX displays lumpy aggregation (Figure 2a), and PTX
particles after SEDS indicate rather spherical shapes and did not
show any aggregation (Figure 2b). The mean particle size and
particle size distribution of the PTX particles are shown in Figure
2c. Micronized PTX particles have a small particle size of 940
nm with a narrow particle size distribution of 0.698. Therefore,
PTX was effectively micronized by the supercritical CO2
antisolvent technique.
Figure 3a,b shows the SEM images of PLLA and PTX-PLLA
microparticles, respectively. The PLLA and PTX-PLLA microparticles both exhibit a spherelike shape with a smooth surface.
The mean particle size and particle size distribution of PLLA
microparticles are 1.71 µm and 0.789, respectively, whereas the
mean particle size of PTX-PLLA microparticles is 1.64 µm, and
the particle size distribution is 0.716 (Figure 3c). The surface

Figure 2. SEM photomicrograph of paclitaxel (a) before and (b) after
the SEDS process. (c) Particle size distribution of paclitaxel after the
micronization in the SEDS process. The differential PSD is presented
on a logarithmic scale.

morphology shows no significant differences between drug-loaded
microparticales and placebo microparticles, whereas the particle
size of drug-loaded microparticles is smaller than that of placebo
PLLA microparticles. This is probably due to the different
precipitation kinetics of the drug and polymer in the SEDS process.
The PTX might be micronized first, and then the precipitation
of PLLA would happen. Therefore, the micronized PTX particles
might act as host particles, which leads to easier precipitation
of PLLA and thus the formation of smaller drug-loaded
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Figure 4. X-ray powder diffraction spectra of placebo PLLA microparticles, original free PTX, and the PTX-PLLA microparticles prepared
in the SEDS process.

Figure 5. DSC of placebo PLLA microparticles, original free PTX, and
PTX-PLLA microparticles prepared in the SEDS process.

Figure 3. SEM images of (a)placebo PLLA microparticles and (b) PTXPLLA microparticles produced in the SEDS process. (c) Particle size
distribution of placebo PLLA and PTX-PLLA microparticles. The
differential PSD is presented on a logarithmic scale.

microparticles.41 At the same time, this may also contribute to
the high encapsulation efficiency of drug-loaded microparticles.
Of course, drug-loaded microparticles with a smaller particle
size may be easier to be swallowed inside the cytoplasm, thus
enhancing the therapeutic efficacy.
XRD. XRD clearly shows a significant decrease in the
crystallinity of the drug in the resultant products after processing
in SCCO2, compared to original free PTX. After the SEDS

process, besides a weak characteristic peak (at 2θ ) 12.62°) of
crystalline PTX that can be observed, the characteristic peaks in
the XRD of crystalline PTX are very weak (Figure 4), suggesting
that the drug is most likely in an amorphous state in the PLLA
polymer matrix. Meanwhile, XRD also indicates the crystallinity
decrease in PLLA, which would facilitate the degradation of
PLLA and thus the release of PTX from the polymer matrix.
DSC. The thermal analysis of the original PTX, placebo PLLA,
and PTX-encapsulated microparticles in the SEDS process was
used to determine whether PTX was amorphously dispersed in
the polymer matrix and also to examine the structure change of
polymers. It can be also seen from Figure 5 that the addition of
PTX hardly affected the melting point (Tm) of polymers, which
is located at 155.8 °C. As shown in Figure 5, an endothermic
peak of the melting peak of crystalline PTX is located at 225.5
°C, but no related peaks display for the prepared microparticles
with the encapsulated drug. This means that no crystalline drug
was detected and most PTX encapsulated in the microparticles
was in an amorphous form, in accordance with the XRD results
of PTX-PLLA microparticles. This amorphous form of the drug
dispersed in the polymer matrix has the benefit of increasing the
aqueous solubility and thus the bioavailability of poorly water
soluble drugs.
Zeta Potential Analysis. The zeta potential is a useful indicator
of the surface charge property and can be employed as an index
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Figure 6. (a) In vitro release profile of PTX from PTX-PLLA
microparticles. (b) Representative SEM micrograph of PTX-PLLA
microparticles after 30 days of in vitro degradation. White arrows
represents the adsorbed PTX nanoparticles released from the polymer
matrix.

of the stability of the microparticles. Generally, a high absolute
value of the zeta potential of the particles might result in strong
repellent interactions among the particles and thus a high stability
of the particles. In this study, PLLA and PTX-PLLA microparticles show almost the same negative surface charge (-34.6
and -32.3 mV, respectively), suggesting that PTX did not
significantly change the zeta potential of the drug-loaded
microparticles and the drug-loaded microparticles in suspension
would be stable. This benefits the administration of PTX via
intravenous injection in the next in vivo experiments.
Drug Loading and Encapsulation Efficiency. The drug-topolymer ratio was taken as 1:4 (theoretical drug loading of 20%)
in this experiment. Result indicated that 14.33% of the DL and
62.68% of the EE were obtained in the SEDS process. The drug
encapsulation efficiency is an important index for drug delivery
systems, especially for an expensive drug. The DL and EE are
higher than those of 5-fluorouracil-PLLA reported in our previous
study,19 which might be due to the different precipitation kinetics
of the drug and polymer in the coprecipitation SEDS process.
The micronization of PTX might first cause precipitation, and
the precipitated PTX particles might act as host particles, which
might lead to the easier precipitation of PLLA and the coating
on the PTX particles,41 thus obtaining high DL and EE. Further
experiments and more far-reaching studies should evidently be
performed to understand the mechanism thoroughly in the next
step. For this formulation, another advantage is that the residual
DCM in the drug-loaded microparticles is very low. The residual
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Figure 7. Cell viability of (a) SKOV3 cells and (b) A549 cells indicating
the effect of treatment time when incubated with original free PTX and
PTX-PLLA microparticles for 1, 2, 3, 5, and 7 days at 37 °C. PTXPLLA has significant sustained cell inhibition abilities in comparison
with the free PTX (p < 0.05) after 3 days. Error bars indicate the standard
deviation. Cell viability was determined by the MTT assay and expressed
as a percentage of the control wells (cells without treatment).

content of DCM in the drug-loaded microparticles without any
further treatment is 42.5 ppm as measured by gas chromatography
(GC, Agilent 6850A), which is within the safety limits of the
Pharmacopeias of the People’s Republic of China (2005) (max.
600 ppm) and the United States Pharmacopoeia and the European
Pharmacopoeia (400 ppm and 600 ppm, respectively).42,43 This
is an advantage of the supercritical fluid technique (SEDS process)
over conventional spray drying and the double-emulsion technique. The rapid removal of organic solvent from microparticles
without the need for high temperatures or extensive downstream
purification processing further satisfies the requirement of
pharmaceutics.
Drug Release Studies. The in vitro release profile of PTX
from microparticles is shown in Figure 6a. It can be seen that
the release of PTX from the microparticles involves an initial
rapid release phase, followed by a phase of relatively slow release.
The drug release from the PLLA polymer microparticles displays
an initial burst of 8.94% in 30 min. The initial burst was attributed
to the immediate dissolution and release of PTX adhered on the
surface and located near the surface of the microparticles. In an
early stage, the initial drug release is a diffusion-controlled process
(41) Yeo, S. D.; Kiran, E. J. Supercrit. Fluid 2005, 34, 287.
(42) US Pharmacopeia, b467N Organic Volatile Impurities, 25th revision,
2002, 1943-1945.
(43) Elvassore, N.; Bertucco, A.; Caliceti, P. J. Pharm. Sci. 2001, 90, 1628.
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Figure 8. Optical micrographs of A549 cells of (a) the control, (b) the PLLA group, and original free PTX and PTX-PLLA at concentrations of
(c, e) 100 nM and (d, f) 400 nM, respectively.

because the diffusion release rate is much faster than the
degradation rate of the biodegradable polymers. The release
mechanism of PTX from PLLA microparticles may depend on
drug diffusion and the PLLA matrix surface and bulk erosion
or swelling.37,39 After 30 days, the accumulated amount of PTX
released was about 27.85%, which is by far higher than the
accumulated released amount of PTX from the PLGA matrix
reported by Mu et al. in the literature.44 The in vitro release
property of PTX from microparticles indicates that not all of the
PTX was released in 30 days. There have been interesting
reports45,46 on the stability of PTX in aqueous solution and the
apparent binding of the drug onto the walls of containers. Glass
and polypropylene vials are believed to adsorb PTX, resulting
in a consequent lower drug concentration in the release medium.
This is probably why none of the published in vitro drug-release
data on PTX report 100% release.47 Referencing this literature,
(44) Mu, L.; Feng, S. S. Pharm. Res. 2003, 20, 1864.
(45) Sharma, U. S.; Balasubramanian, S. V.; Straubinger, R. M. J. Pharm. Sci.
1995, 84, 1223.
(46) Song, D.; Hsu, L. F.; Au, J. L. S. J. Pharm. Sci. 1996, 85, 29.
(47) Alexis, F.; Venkatraman, S. S.; Rath, S. K.; Boey, F. J. Controlled Release
2004, 98, 67.

in this study a very large volume release medium (100 mL) was
used to prevent the saturation of PTX in the release medium.
Another option was to use a dialysis bag to prevent the apparent
binding. However, there were still a few PTX particles that
accumulated on the internal surface of the dialysis bag.
Degradation of the microparticles in the release medium was
observed by SEM after the contents of the dialysis bag were
removed. It can be seen from Figure 6b that some released PTX
nanoparticles were still in particle form and did not dissolve in
the release medium that was not a saturated solution of PTX.
These studies highlight the difficulties in evaluating the PTX
drug in vitro release.47 Even so, the activity of PTX can still be
effectively measured by the phagocytosis of drug-loaded microparticles and the release of PTX from the PLLA matrix inside
cells.
Cytotoxicity Assays. The cell viability, as determined by MTT
assay, is normalized by the viability of cells cultured without
microparticles, and thus a value close to 100% is indicative of
nontoxic cell culture conditions. Figure 7 shows the cell viabilities
of SKOV3 and A549 cells incubated with microparticles and the
original free PTX drug for designated time intervals. It is clearly
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Figure 9. Fluorescence morphology of A549 cells incubated (a) without microparticles and (b) with fluorescent placebo microparticles, (c) free PTX,
and (d) fluorescent PTX-PLLA microparticles after 24 h. Blue shows the cell nucleus, green shows the cytoskeleton, and yellow indicates the
fluorescent microparticles (in b, d).

indicated that placebo PLLA microparticles have no effect on
the cell proliferation of SKOV3 and A549 cells. The cell viabilities
of SKOV3 and A549 cells incubated with placebo PLLA
microparticles are close to 100% during the experiment period.
The optical micrographs of A549 cells incubated with placebo
PLLA microparticles also show the good morphology of
proliferating cell (Figure 8b) to be the same as the morphology
of controlled cells (Figure 8a). This result is consistent with the
good biocompatibility of PLLA authorized by FDA and further
proves no effects of negligible residual DCM. It is observed
from Figure 7a that the cell viability of free PTX is slightly
higher than that of PTX-PLLA microparticles containing the
same concentration of PTX within 3 days. There is no significant
difference (p > 0.05), but after 3 days, the free PTX shows a
cell reproliferation effect. The cell viability begins to increase,
whereas the PTX-PLLA microparticles indicate sustained cell
inhibition activity and cell viability keeps decreasing (p < 0.05).
This shows that drug-loaded microparticles exhibit more
prolonged cytotoxicity than free PTX against SKOV3. For the
cytotoxicity of drug-loaded microparticles against A549 cells,
the same trend can be observed after 5 days (Figure 7b). After
5 days, free PTX indicates a higher cell viability than for the
PTX-PLLA microparticles group (p < 0.05). On the whole,
regardless of A549 and SKOV3 cell lines, the cytotoxicity of
PTX-PLLA microparticles markedly increased over that of free
PTX after 3 days. The reason that PTX-PLLA microparticles
enhanced the cytotoxicity results from the fact that the micronization of PTX would enhance solubility and the PTX-PLLA
microparticle delivery system can act as a reservoir for PTX,
protecting the drug from hydrolysis during its passage to the
tumor cell and not only providing a sustained release of PTX but
also contributing to the maintenance of its activity. Apparently,
the supercritical CO2 fluid technique is a clean, effective way to

micronize water-insoluble PTX particles and encapsulate the
micronization drug into microparticles.
Figure 8c,e shows the cell morphologies of A549 cells
incubated with free PTX and PTX-PLLA microparticles at 100
nM for 48 h at 37 °C, respectively. It can be seen that the
attachment ability of the cell becomes poor and a large number
of cells float, brush off, and become round. This phenomena at
higher concentration becomes more evident (Figure 8d,f). Higher
concentration (400 nM) leads to higher cytotoxicity.
Fluorescence Microscope Observation. Figure 9 shows the
internalization of the two types of fluorescent microparticles in
A549 cells following 24 h of treatment. The cellular phagocytosis
of fluorescent microparticles is evidenced by fluorescence
microscopy. The cells without treatment (control group, Figure
9a) show intact cytoskeletons and irregular nuclei. F-actins
congregating in silky arrangement and actin fibers aligning in
the cytoplasm are observed. For the placebo microparticles group
(Figure 9b), the fluorescence morphology of cells is hardly altered,
indicating no cytotoxicity of PLLA carriers on cells. Furthermore,
it can be observed that fluorescent microparticles (yellow point
in Figure 9b) were internalized into cells or accumulated near
the cell membrane. For free PTX and PTX-PLLA groups (Figure
9c,d), fluorescent photographs of cells demonstrate the classic
cell apoptosis morphologies such as chromatin margination and
condensation, nuclear condensation, and fragmentation. A
disruption of the actin cytoskeleton is evident in associated with
the regional distribution of the F-actin cytoskeleton, showing a
weak peripheral rim of the cytoplasm. Figure 9d demonstrates
that the A549 cells phagocytized the drug-loaded microparticles
into the cytoplasm. These results suggest that PTX-PLLA
microparticles were successfully phagocytized inside the A549 cells.
TEM Observation of Cell Ultrastructure. Figure 10 shows
transmission electron micrographs of A549 cells that were
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Figure 10. Transmission electron microscopy photographs of (a) A549 cells without any treatment (×6000 magnification, where N ) nucleus, m
) mitochondria, RER ) rough endoplasmic reticulum); (b) placebo microparticles (×8000 magnification, where mp ) microparticles); (c) free PTX
(×6000 magnification); and (d) PTX-PLLA microparticles (×8000 magnification, where dlm ) drug-loaded microparticles). Cell apoptosis was
observed through nucleus condensation and mitochondrial damage.

incubated with PTX and PTX-PLLA at 100 nM for 24 h. From
these TEM micrographs, it can be seen that A549 cells without
any treatment have an irregular nucleus, a homogenously
dispersed euchromatin, and a sunken nuclear membrane. In the
cytoplasm, the mitochondria, ribosomes, and rough endoplasmic
reticulum can be all clearly observed (Figure 10a). For the placebo
PLLA microparticles group, the phagocytosis of microparticles
into the cytoplasm can be identified (Figure 10b), and the
ultrastructure of the cell undergoes little significant changes
compared to the control group. This shows that the carriers have
no cytotoxicity on cells, which is consistent with the results of
MTT and fluorescence morphology. Figure 10c indicates the
ultramicroscopic structure of cell incubated with free PTX. There
are chromatin aberrations to forming a ring shape. Mitochondria
decrease, and swelling, endoplasmic reticulum disintegration,
and lysosomes increase are identified. PTX-PLLA microparticles
also demonstrate the inhibition abilities. Margination and
condensation of chromatin also can be observed in Figure 10d.
Furthermore, the phagocytosis of drug-loaded microparticles into
the cytoplasm can also be identified. It implies that the
microparticles crossed cell membranes and were internalized
inside A549 cells and that the drugs can be gradually released
from these microparticles, leading to cell apoptosis. Therefore,
although the in vitro-tested PTX released concentration in PBS
is low, the anticancer activity of PTX-PLLA microparticles takes

effect through cell internalization and then releasing PTX, playing
their intracellular effects directly.
Apoptosis Index of Cells. TEM observations of ultramicroscopic structure indicated that A549 cells presented characteristics
of apoptosis (nuclear condensation and fragmentation and the
formation of apoptotic bodies). Apoptosis indices measured by
flow cytometry (Figure 11) are 32.4 and 35.4% for PTX and
PTX-PLLA microparticles after 48 h of incubation with SKOV3
cells, respectively. Although the difference in the apoptotic index
is insignificant between free PTX and PTX-PLLA microparticles,
the drug-loaded microparticles appear to be more effective. This
advantage is more apparent after 3 days (on the basis of the MTT
result). These data suggest that the PTX-PLLA formulation is
effective at inducing cell apoptosis. Thus, the successful
encapsulation of PTX into the PLLA polymer matrix in an
amorphous form by the SCCO2 technique results in the sustained
release of the PTX drug and prolonged cytotoxicity. These
experimental results in this study need to be further confirmed
by in vivo experiments and clinical trails. In the next step, the
in vivo study of PTX-PLLA microparticles would be encouraged.

Conclusions
The SEDS process was successfully performed in the
micronization of PTX and the preparation of PTX-PLLA
microparticles. The micronized PTX and PTX-loaded micro-
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Figure 11. Apoptosis index of SKOV3 cells measured by flow cytometry.
The SKOV3 cells were incubated with (a) free PTX and (b) PTX-PLLA
microparticles.

particles had a small particle size with a narrow particle size
distribution. XRD and DSC results suggested that the micronized
PTX was dispersed into the PLLA polymer matrix in an
amorphous form, which facilitated the diffusion and dissolution
of PTX in the release medium and enhanced the cytotoxicity of
drug-loaded microparticles. The drug release of PTX-PLLA
microparticles was controlled by the diffusion of PTX in an
early stage and afterward by the erosion of biodegradable polymer
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in a subsequent stage. Cytotoxicity studies indicated that PTXloaded microparticles had sustained cell inhibition abilities against
the proliferation of nonsmall-cell lung cancer A549 and ovarian
cancer SKOV3 cell lines. In vitro results show the time- and
dose-dependent accumulation of both the free drug and drugloaded microparticles, and the PTX-PLLA microparticles indicated prolonged cytotoxicity. A549 cell apoptosis was evident
from nuclear condensation, margination, and centralization of
chromatin and mitochondrial swelling and destruction. The
apoptosis index of SKOV3 analyzed by flow cytometry is higher
in the PTX-PLLA microparticles group than in free PTX. Such
a superior characteristic may result from the fact that microparticles are internalized inside the cytoplasma and then drugs
can be released gradually into the interior of cell, thus enhancing
the therapeutic efficacy of PTX and preventing the fast inactivation
of free drugs. On the basis of these results, it can also be concluded
that microparticle formulations prepared by SCCO2 in the SEDS
process could be considered to be a useful alternative formulation
for PTX delivery in the treatment of various cancers, including
nonsmall-cell lung cancer and ovarian cancer. The results obtained
in this study are encouraging for continued research into the
development of PLLA microparticles as carriers of PTX. Hence,
further investigation of the PTX-PLLA delivery system is
warranted to assess its possibly clinical use.
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