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a b s t r a c t

This research compares the anti-tumor efficacy of paclitaxel delivered intratumorally in PLGA nanopar-
ticles, microparticles, or the commercial Paclitaxel Injection®. The hypothesis of the research is that
larger PLGA microparticles adhere to mucus on the cell surface, release paclitaxel locally, and enhance
cellular association of paclitaxel. PLGA-paclitaxel particles of mean diameters 315 nm, 1 �m, and 10 �m
were prepared and their drug content, in vitro release, and cellular association of paclitaxel into 4T1
cells quantified. These particles were injected intratumorally into tumor xenografts, and the tumor
volumes monitored over 13 days. Mean tumor volumes of the groups that received placebo and the
315 nm nanoparticles increased 2 and 1.5 times, respectively. Tumor growth was arrested in groups
that received 1 �m and 10 �m microparticles. Additional cell culture studies were performed to test
ellular association

anoparticles
icroparticles

the hypothesis. The size-dependent increase in cellular concentration of paclitaxel was independent
of duration of incubation of PLGA particles with 4T1 cells, and was enhanced 1.5 times by coating the
particles or 4T1 cells with mucin. These particles were not internalized by clathrin-mediated endocy-
tosis or macropinocytosis. In conclusion, PLGA microparticles sustained drug release, increased cellular
concentration, and enhanced anti-tumor efficacy of paclitaxel compared to nanoparticles and Paclitaxel
Injection®.
. Introduction

In 2009, it is expected that breast cancer will account for 27%
f all the newly diagnosed cancer cases in women (Jemal et al.,
009). Paclitaxel is approved to treat breast and ovarian cancer and
as also demonstrated anti-cancer activity against non-small cell

ung cancer as well as Kaposi’s sarcoma (Tulpule et al., 2002). Pacli-
axel stabilizes microtubules against depolymerization, resulting
n altered cellular functions during mitosis leading to apoptosis
Spencer and Faulds, 1994).

It is well documented that the low aqueous solubility of

aclitaxel creates formulation challenges. The first commer-
ially available intravenous formulation of paclitaxel is prepared
y dissolving the drug in a 50:50 mixture of Cremophor® EL
polyethoxylated castor oil) and dehydrated alcohol (Panchagnula,
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1998). However, Cremophor® EL was reported to cause anaphy-
lactic hypersensitivity reactions, hyperlipidaemia, neurotoxicity,
and alteration of paclitaxel’s pharmacokinetics (Gelderblom et
al., 2001). In 2005, the FDA approved Abraxane®, a solvent-
free, albumin-bound paclitaxel, for the treatment of metastatic
breast cancer. Although Abraxane® addressed the disadvantages
of Cremophor, during phase III clinical trials, patients developed
neutropenia and sensory neuropathy (Gradishar et al., 2005). Alter-
nate delivery systems for paclitaxel have been, and continue to be
investigated including emulsions, micelles, liposomes, cyclodex-
trins, implants, pastes and prodrugs (Singla et al., 2002).

Intratumoral chemotherapy provides sustained, localized, and
elevated drug concentrations with low systemic toxicity and may
prevent post-operative metastasis (Goldberg et al., 2002). An ideal
formulation for intratumoral administration must have the fol-
lowing characteristics: (1) be injectable into the tumor mass, (2)
provide sustained, predictable drug release, (3) be stable in the
tumor milieu, (4) and be non-toxic. Therefore, injecting particu-
late delivery systems directly into tumors, or the resected tumor

space could enhance the anti-tumor efficacy compared to systemic
intravenous injection. Poly D, L-(lactide-co-glycolide) [PLGA] has
been widely used as a polymeric vehicle for controlled release
of hydrophilic and hydrophobic drugs. The formulation parame-
ters affecting the particle size, drug loading, and in vitro release

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:sudhir.chakravarthi@astrazeneca.com
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f hydrophobic drugs from the PLGA particles have been reviewed
Wischke and Schwendeman, 2008). While the effect of size of the
LGA particles on the in vitro drug release of encapsulated drugs
as been well investigated (Klose et al., 2008; Budhian et al., 2008),
he impact of PLGA particle size on the anti-tumor efficacy of the
ncapsulated drug following intratumoral administration has not
een compared.

It has been previously shown that when delivered in nanoparti-
les, paclitaxel was more cytotoxic than the commercially available
ormulation (Chen et al., 2001; Fonseca et al., 2002). In an
ntratumoral chemotherapy study using emulsified wax/Brij® 78
anoparticles containing paclitaxel, a 50% reduction in tumor vol-
me after 19 days was reported compared to the same dose of
aclitaxel in solution (Koziara et al., 2006). Lapidus et al. (2004)
eported a 50% reduction in tumor volume after intratumoral
dministration of paclitaxel in polilactofate (Paclimer®) micropar-
icles. More recently, Xie et al. (2007) reported that intratumoral
njection of paclitaxel-loaded PLGA microparticles (42.72 �m)
educed tumor weight by 59.9% over a 21-day treatment period,
ompared to paclitaxel injection. These authors also reported that
ascular Endothelial Growth Factor (VEGF) expression was sig-
ificantly lower in PLGA microparticle-treated tumors suggesting
hat this delivery system may enhance the anti-angiogenic activ-
ty of paclitaxel. Another study reported that when delivered in

icroparticles, paclitaxel exhibited greater anti-tumor efficacy
han the commercial product (Harper et al., 1999; Lapidus et al.,
004). When co-injected with Lewis Lung Carcinoma Cells into
he subcutaneous tissue, paclitaxel-containing PLGA microparti-
les of size range 1–5 �m significantly inhibited tumor growth
nd cell proliferation compared to placebo-PLGA microparticles
Azouz et al., 2008). In vitro cell culture studies of paclitaxel-loaded
LGA microparticles of the size range 0.5–5 �m demonstrated
dose-dependent cytotoxicity on human uterine cancer cells,
ith IC50 values similar to that of Taxol® (Hamoudeh et al.,

008).
Based on this literature, it can be concluded that greater cellu-

ar accumulation of paclitaxel is achieved when delivered in either
anoparticles or microparticles compared to solution. However, a
omparison of the in vitro cellular association, cytotoxicity, and
nti-tumor efficacy of paclitaxel-containing PLGA nanoparticles
nd microparticles has not been previously reported. We reported
hat a greater cellular association of paclitaxel into 4T1, Caco-2,
nd Cor-L23/R cells was achieved when delivered in microparticles
ompared to nanoparticles (De et al., 2005). It was hypothesized
he larger microparticles adhere to mucus on the cell surface,
nhancing the cellular association of paclitaxel. This hypothesis was
upported by additional experiments using confocal microscopy
n which it was demonstrated that microparticles adhere to the
urface of 4T1 cells (De et al., 2005). Therefore, the specific
ims of this study were to (1) compare the efficacy of paclitaxel
elivered locally in nanoparticles, microparticles and the com-
ercially available formulation administered intravenously and

ntratumorally in a mouse model using the 4T1 murine mammary
denocarcinoma cell line; and, (2) to investigate the mechanism
esponsible for the increased cellular association of paclitaxel deliv-
red in larger microparticles compared to nanoparticles. Placebo
nd paclitaxel-containing PLGA nanoparticles and microparticles
ere administered intratumorally into xenografts developed on

alb/c mice and the tumor growth was monitored over 13 days.
o investigate the mechanism underlying the hypothesis that the
bserved size-dependent increase in cellular association of pacli-

axel delivered in larger microparticles is due to the adhesion
f microparticles to mucus, in vitro cellular association stud-
es were performed after (a) different durations of incubation
f the PLGA particles with the 4T1 cells, (b) use of metabolic
nhibitors.
l of Pharmaceutics 383 (2010) 37–44

2. Materials and methods

2.1. Materials

Female balb/c mice, 6 weeks of age, were obtained from Charles
River Laboratories, Wilmington, MA. Paclitaxel, poly-vinyl alco-
hol (PVA), mucin (Type II, from porcine stomach) potassium
chloride, monobasic sodium phosphate, sodium chloride, sucrose,
dibasic sodium phosphate, cytochalasin B, and ketamine/xylazine
hydrochloride were purchased from Sigma–Aldrich, St. Louis, MO.
PLGA 50:50 with inherent viscosity of 0.63 dL/g was purchased from
Birmingham Polymers, Inc. Commercial Paclitaxel Injection® was
purchased from NovaPlus, IVAX Laboratories, Inc.

2.2. Preparation of PLGA-paclitaxel nano- and microparticles

Nano- and microparticles were prepared using the conventional
o/w emulsion-solvent evaporation technique (Bala et al., 2004).
Briefly, 3–4 mg of paclitaxel and 90 mg of PLGA were dissolved in
3 mL of dichloromethane. This solution was then emulsified with
25 mL of a 1.5% (w/v) aqueous solution of PVA and stirred overnight
allowing the solvent to evaporate. The resulting suspension was
centrifuged at 33,000–40,000 rpm for 25 min at 4 ◦C. The super-
natant was discarded and the pellet resuspended in water. This
procedure was repeated twice. The sample was lyophilized and
stored at 4 ◦C until used. Placebo-PLGA particles were prepared
using an identical protocol.

Particles containing paclitaxel were prepared in three sizes
approximately 315 nm, 1 �m, and 10 �m by varying the emulsifica-
tion intensity during preparation with a probe sonicator (Misonix
Inc.) or the omni-mixer (Sorvall). Each instrument was previously
calibrated to prepare particles of the desired size based on energy
of emulsification.

2.3. Characterization of delivery systems

The mean particle diameter of the nanoparticles and micropar-
ticles was determined using dynamic light scattering using an
aqueous suspension of the particles (0.5 mg/mL). The morphol-
ogy of the PLGA particles was observed using scanning electron
microscopy. In addition, the mean particle size of the microparti-
cles was determined from the scanning electron photomicrographs.
The images of both nano- and microparticles were recorded after
coating them with chromium at 95 mA.

The drug content of the particles was determined in tripli-
cate after extraction and paclitaxel concentration quantified using
a HPLC assay described below. A known amount (∼2 mg) of the
particles were dissolved in 1 mL of dichloromethane and 0.5 mL
of acetonitrile, vortexed, and then agitated at 37 ◦C for 30 min to
ensure complete dissolution of polymer. The solvent was evap-
orated by flushing with nitrogen (20 psi). Acetonitrile (5 mL) was
added to the extract and agitated overnight in a reciprocal shaking
bath at 37 ◦C and 50 rpm to dissolve paclitaxel. The drug content
in the acetonitrile solution was analyzed by reverse-phase HPLC
using a C-18 column (Curosil® PFP). A 10 �L sample was injected
and a mobile phase consisting of 60:40 (v/v) of acetonitrile and
water used at a flow rate of 1 mL/min. A calibration curve was used
to determine the drug content. The loading efficiency was deter-
mined from the drug content, and is the ratio of the drug content to
the theoretical amount of drug used in the preparation of the PLGA
particles. It is expressed as a percentage.
2.4. In vitro drug release

An accurately known mass of nanoparticles and micropar-
ticles of paclitaxel containing the equivalent of approximately
30 �g of paclitaxel was suspended in 25 mL of dissolution medium



Journa

a
A
r
a
2
b
u
i
t
p

2
n

c
e
i
6
d
i
A
w
a
t
c
i
a
p

2
d

4
m
3
3
t

2
P

a
a
e
c
4
m
a
c
A
w
p
c
e
o
m
c
P
c
p
c

S.S. Chakravarthi et al. / International

nd agitated in a reciprocal shaking bath at 50 rpm and 37 ◦C.
t predetermined time intervals, each dissolution sample was
emoved from the water bath, centrifuged at 33,000–40,000 rpm,
nd the supernatant collected. The pellet was resuspended in
5 mL of fresh dissolution medium, sonicated mildly in a water
ath to disperse the aggregated particles, and the study contin-
ed. After the supernatant was lyophilized, the remaining drug

n the residue was extracted in to 2 mL of acetonitrile and quan-
ified using the HPLC quantitative assay procedure described
reviously.

.5. In vitro cellular association of paclitaxel delivered in
anoparticles or microparticles

Murine, metastatic breast carcinoma (4T1) cells were used to
ompare the cellular concentration of paclitaxel following deliv-
ry in nanoparticles or microparticles. The cells were propagated
n complete media and when confluent, the cells were seeded into
-well plates at 250,000 cells/well and allowed to grow for four
ays. The cells were then treated with media containing paclitaxel

n either solution, nanoparticles, or microparticle formulations.
fter 90 min of incubation, the media was discarded, the cells
ere washed thrice to remove non-adherent particles, scraped,

nd lyzed. The total cell protein was determined using a BCA® pro-
ein assay (Pierce) that detects proteins colorimetrically. The lyzed
ell suspension was lyophilized and the paclitaxel was dissolved
nto 500 �L of acetonitrile. The concentration of paclitaxel associ-
ted with the cells was analyzed using the HPLC assay as described
reviously.

.6. Time-dependence of cellular association of paclitaxel
elivered in nanoparticles and microparticles

After growing cells in six-well plates at 250,000 cells/well for
days, they were incubated with a solution, nanoparticles, or
icroparticle formulation containing paclitaxel for <1 min, 15 min,

0 min, 45 min, 60 min, 90 min, 120 min, 180 min, 240 min, and
00 min. The protein content and paclitaxel concentration were
hen determined as described previously.

.7. Effect of mucus pre-treatment on the cellular association of
LGA nanoparticles and microparticles

A 1 mg/mL aqueous solution of porcine mucin was prepared,
djusted to pH = 6.0. The 4T1 cells were seeded into six-well plates
t 250,000 cells/well. The two approaches adopted to study the
ffect of mucus on the cellular association of paclitaxel include
oating either the 4T1 cells or the PLGA particles with mucin. The
T1 cells were coated with mucin by incubating them in 1 mL of
edia containing 200 �L of mucin solution for 15 min at 37 ◦C and

n atmosphere of 5% CO2. A 1 mL suspension of PLGA nanoparti-
les or microparticles in the media was then added to each well.
fter incubating the cells for 90 min at 37 ◦C and 5% CO2, they
ere washed thrice with ice-cold PBS, scraped, lyzed, and the
aclitaxel concentration quantified by HPLC. As a control, identi-
al experiments were performed with 4T1 cells that had not been
xposed to mucin. To coat the PLGA particles with mucus, 1 mL

f the suspension of PLGA particles was incubated with 250 �L of
ucin for 15 min following which they were suspended in 4T1

ell media. The 4T1 cells were then incubated with the coated
LGA particles for 90 min at 37 ◦C and 5% CO2. The cellular asso-
iation of paclitaxel was then quantified after lyzing the cells. PLGA
articles that had not been coated with mucin were used as the
ontrols.
l of Pharmaceutics 383 (2010) 37–44 39

2.8. Clathrin-coated pit inhibition using Hypertonic Bicarbonate
Ringer’s Solution (HBRS)

HBRS was prepared by dissolving each of the following sub-
stances in double distilled water: calcium chloride (1.8 mM),
potassium chloride (5.6 mM), magnesium sulfate (0.8 mM), dis-
odium hydrogen phosphate (0.8 mM), sodium chloride (116 mM),
sodium hydrogen carbonate (25 mM), HEPES (15 mM), d-glucose
(5.5 mM), and sucrose (0.45 mM). Prior to incubation in media con-
taining the PLGA particles, the cells were washed with assay buffer
and incubated with 2 mL of HBRS for 0.5 h. The cellular association
of paclitaxel was determined. Control experiments were performed
using assay buffer alone.

2.9. Inhibition of macropinocytosis using cytochalasin B

A stock solution of 1 mg/mL of cytochalasin B was prepared
using DMSO. After attaining confluence, the 4T1 cells were pre-
treated with 2 mL of media containing 30 �M cytochalasin B for
0.5 h. Untreated cells served as the controls. After 0.5 h of pre-
treatment, the cells were washed and incubated with media in
which PLGA nanoparticles and microparticles were suspended,
each containing the equivalent of 25 �g of paclitaxel/well. The cel-
lular association of paclitaxel was quantified using HPLC.

2.10. Comparison of anti-tumor efficacy of the delivery systems

The in vivo anti-tumor efficacy of paclitaxel was determined in
balb/c mice. All experiments adhered to the Principles of Laboratory
Animal Care and have been approved by Institutional Animal Care
and Use Committee at the University of Nebraska. To initiate tumor
growth, 4T1 cells were first suspended in phosphate buffered saline
and 100 �L of this suspension, equivalent to 105 cells, injected into
the right rear flank of balb/c mice. Vernier calipers were used to
measure tumor dimensions for approximately 20 days after injec-
tion and before initiating treatment. The length (a) and breadth (b)
of the tumor were recorded and the tumor volume was calculated
using the formula:

Volume in mm3 = a + b2

2
(1)

On the 24th day, when the tumors were in the exponential growth
phase, the mice were randomly assigned to one of six groups
receiving the following treatments: group 1 received placebo-
PLGA particles, group 2 received paclitaxel-PLGA nanoparticles
(315 nm), groups 3 and 4 received paclitaxel-PLGA particles of
mean diameters 1 �m and 10 �m, respectively, and groups 5 and
6 received i.v. or intratumoral injections of Paclitaxel Injection®,
respectively. Each mouse received the same dose of 24 mg/kg of
paclitaxel. To administer the treatments, the mice were anes-
thetized by an intraperitonial injection of a solution of 80 �L of
ketamine/xylazine solution containing 80 mg/mL and 6 mg/mL of
ketamine and xylazine, respectively. The nano- and microparti-
cles were suspended in 50 �L of phosphate buffered saline and
administered intratumorally. The commercially available Paclitaxel
Injection® was injected into the tumors (group 5) and intravenously
through the tail vein. Throughout the treatment phase of the study,
the mean diameters of the tumors were recorded approximately
every 2 days and tumor volumes calculated using Eq. (1). The study
was continued until either the tumor had regressed completely
or, until the mice exhibited visual signs of distress and discom-

fort. At this time, the mice were euthanized in a CO2 chamber. The
changes in tumor volumes were statistically compared by one-way
ANOVA using SPSS statistical software. Pairwise comparisons were
carried out by Tukey’s test. The body weight of mice before, and
after treatment was recorded and statistically compared.
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Fig. 1. Scanning electron photomicrographs of

. Results and discussion

.1. Particle size and in vitro drug release

The mean particle diameters of the PLGA particles were 315 nm,
�m, and 10 �m and the drug content in these nano- and micropar-

icles was 3.72 ± 0.045%, 2.72 ± 0.016%, and 2.64 ± 0.057% (w/w),
espectively. The average loading efficiency of paclitaxel into the
LGA nano- and microparticles was 95%. Representative scanning
lectron photomicrographs of the particles of varying sizes are
hown in Fig. 1. Fig. 2 illustrates that, within 24 h, there was com-
lete release of paclitaxel from the 315 nm nanoparticles, while
he microparticles sustained drug release with 80% of the drug
eleased over 24 days. Consistent with the literature, there was a

ignificant burst effect with about 50% of the drug released from
he nanoparticles in 6 h. The higher surface area to mass ratio
f the nanoparticles contributes to their faster degradation, and
herefore faster release of paclitaxel (Almond et al., 2003). How-

ig. 2. Cumulative percent release versus time of paclitaxel from nanoparticles and
icroparticles.
axel-loaded nanoparticles and microparticles.

ever, the burst effect was significantly lower among the 1 �m and
the 10 �m microparticles, with about 30% of the drug released
in 6 h. The release profiles did not fit either zero- or first-order
kinetics.

3.2. Cellular association of paclitaxel delivered in PLGA particles
of various sizes

The concentration of paclitaxel associated with the 4T1 cells
is shown in Fig. 3. There was no significant difference between
the cellular concentrations of paclitaxel when delivered as 315 nm
nanoparticles compared to the solution indicating that nanoparti-
cles are no more efficient than a solution in elevating cellular drug
levels. Most significantly, the cellular association of paclitaxel was 5

and 7 times greater when delivered in 1 �m and 10 �m microparti-
cles, respectively, compared to nanoparticles again indicating that
microparticles enhanced cellular concentration of the drug com-
pared to either nanoparticles or a solution of the drug.

Fig. 3. Cellular concentration of paclitaxel associated with 4T1 cells.
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ig. 4. Percentage increase in tumor volume of treatment groups compared to the
lacebo-treated group.

.3. In vivo anti-tumor efficacy study

The relative changes in the tumor volume among the treat-
ent groups are compared in Fig. 4. Further, the relative

umor volumes of all the groups on the 37th day, when the
nimals were euthanized, were statistically compared using one-
ay ANOVA with pairwise comparisons performed by Tukey’s

est.
The tumor volume of the placebo-treated mice increased 3-

old during the 13 days of treatment. By comparison, there was
nly a 1.5-fold increase in tumor volume observed in mice treated
ith 315 nm nanoparticles. Most significantly, tumor growth was

otally suppressed in the groups that received paclitaxel in 1 �m
nd 10 �m microparticles compared to the placebo-treated group.
s expected, no significant tumor regression was observed in

he placebo-treated group confirming that PLGA does not have
nti-tumor activity. When paclitaxel was administered either
ntravenously or intratumorally, the commercial product did not
ignificantly regress tumor growth and therefore, is no more effec-
ive than the placebo-treated group. These observations were
onfirmed by the pairwise statistical comparison tests which
ndicated that, compared to the placebo-treated group, the rela-
ive tumor volume of the groups that received 1 �m and 10 �m

icroparticles were significantly different (p < 0.05), whereas the
roups that received the commercial Paclitaxel Injection® did
ot demonstrate a statistically significant reduction in tumor
olume.

A 11–22% increase in the mean body weight all the groups was
ecorded over the course of the study. However, there was no sta-

istically significant difference in the body weights of the mice
etween the groups before treatment or at the time when euth-
nized (Fig. 5). Thus, the conclusion from this efficacy study is that
icroparticles were more efficient than the nanoparticles and the

ig. 5. Weight changes recorded in untreated and treated mice in each study group.
Fig. 6. Effect of incubation time on the cellular association of PLGA particles into
4T1 cells.

commercial product in suppressing tumor growth in vivo in the
mouse model.

These results demonstrate that paclitaxel, when delivered in
microparticles of sizes 1 �m and 10 �m, arrests tumor growth com-
pared to nanoparticles. However, anti-tumor efficacy of paclitaxel
was comparable when delivered the 1 �m and 10 �m micropar-
ticles, leading to the hypothesis that the cellular mechanism
underlying the anti-tumor efficacy of larger microparticles of size
range 1–10 �m is different compared to nanoparticles of size
300 nm. Therefore, subsequent experiments focused on investigat-
ing the mechanism of increase of cellular association of paclitaxel
delivered in nanoparticles of size range 300–400 nm and micropar-
ticles of size range 1–1.5 �m.

3.4. Relationship between incubation time and the amount of
paclitaxel associated with the cells after delivery in nano- or
microparticles

The cellular association of paclitaxel with 4T1 cells after deliv-
ery in PLGA nanoparticles of size 300 nm and microparticles of size
1 �m onto 4T1 cells was quantified at 10 time points from 0 to
5 h. Fig. 6 illustrates that, at all the incubation times tested, the
cellular association of paclitaxel into 4T1 cells was 1.1–4.9-fold
greater when delivered in the larger microparticles compared to
smaller nanoparticles or solution. An important observation is that,
when incubated for <1 min, the cellular association of paclitaxel
was significantly greater when delivered in microparticles than
nanoparticles.

3.5. Effect of mucus pre-coat on the 4T1 cells or the PLGA
nanoparticles and microparticles on the cellular association of
paclitaxel

This research aimed to establish if an increase in concentration
of mucus on the surface of 4T1 cells will also enhance the adhe-
sion and retention of nanoparticles and microparticles resulting
in an increase in the cellular association of the drug. Similarly,
it is hypothesized that pre-coating the particles with mucus will
also enhance their binding onto the surface of the cells. Fig. 7
illustrates that, when the 4T1 cells were coated with mucus,
the cellular association of paclitaxel from nanoparticles of size
296 nm increased 1.7-fold compared to the cellular association in
uncoated 4T1 cells. Similarly, a 1.5-fold greater cellular association
of paclitaxel was observed with nanoparticles coated with mucin
compared to uncoated particles. On the other hand, uncoated PLGA

microparticles of size 1.1 �m did not increase cellular association
on mucus-coated 4T1 cells, whereas a 1.6-fold increase in cellu-
lar association was observed with mucus-coated microparticles
(Fig. 8).
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Fig. 7. Effect of mucus pre-treatment on PLGA nanoparticles and 4T1 cells on the
cellular association of paclitaxel.
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ig. 8. Effect of mucus pre-treatment on PLGA microparticles and 4T1 cells on the
ellular association of paclitaxel.

.6. The role of endocytotic pathways on the cellular
nternalization of PLGA nano- and microparticles

As illustrated in Fig. 9, no significant difference in the cel-
ular association of paclitaxel from PLGA particles was observed
fter pre-treatment with hypertonic BRS confirming that clathrin-
ediated endocytosis was not responsible for the cellular

ssociation of the particles. Similarly, the size-dependent cellular
ssociation of paclitaxel from the nanoparticles and microparticles
as sustained even after treatment with cytochalasin B suggest-

ng that larger microparticles were not internalized into the cells
Fig. 10). Based on these experiments, it was concluded that the
LGA microparticles are retained on the cell surface without inter-

alization.

ig. 9. Effect of hypertonic Bicarbonate Ringers Solution on the cellular association
f paclitaxel delivered in PLGA particles.
Fig. 10. Effect of cytochalasin B on the cellular association of paclitaxel delivered in
PLGA particles.

4. Discussion

Because of the low aqueous solubility of paclitaxel, a differ-
ential dissolution study of the release of paclitaxel from PLGA
particles was monitored in a medium consisting of 0.1% (w/v) aque-
ous Tween 80®. The solubility of paclitaxel in an aqueous solution
of 0.1% (w/v) Tween 80® has previously been determined to be
5.32 ± 1.07 �g/mL (De, 2003). The release of paclitaxel from the
microparticles was sustained for 14 days.

Although all the mice were injected with a cell suspension con-
taining the equivalent of 105 4T1 cells, the tumor growth rate
varied within, and between, groups. The average tumor volumes
of the groups were significantly different even before treatment
commenced and therefore, it was not possible to compare the abso-
lute tumor volumes. The tumor volume 24 days after initiating
treatment was taken as 100% and all subsequent tumor volume
measurements were expressed as an increase or decrease from this
baseline. The suppression of tumor growth in mice that received
paclitaxel in 1 �m and 10 �m microparticles is consistent our pre-
vious findings that paclitaxel, when delivered in larger particulate
formulations increased cellular drug concentrations and cytotoxi-
city (De et al., 2005).

Further, in vitro cell culture experiments demonstrated that
the cellular association of paclitaxel into 4T1 cells delivered in
PLGA nano- and microparticles is not affected by the duration
of incubation of the PLGA particles with the tumor cells. An
explanation for this phenomenon is that since cellular internal-
ization of PLGA particles is negligible within 1 min, the higher
paclitaxel concentration that resulted with microparticles was
because of their adhesion to the cell surface increasing localized
drug concentration. Except for the 1 min incubation period, the
cellular association of paclitaxel from nanoparticles was never
significantly greater than the control drug solution. Conversely,
at all time intervals tested, the cellular association of pacli-
taxel was 1.1–4.9 times greater when delivered in microparticles
compared to both nanoparticles and solution. These results sup-
port our hypothesis that PLGA microparticles may be retained
on the surface of cell that increases the cellular association of
paclitaxel.

Further, the following conclusions can be reached from the
studies that quantified the cellular association of paclitaxel from
PLGA particles upon pre-treatment of 4T1 cells or PLGA parti-
cles with porcine mucin: (1) increasing the mucus concentration
on the cell surface enhanced the cellular association of pacli-
taxel from the nanoparticles but not the larger microparticles;
(2) pre-coating both the PLGA nanoparticles and microparti-
cles with mucin increased the cellular association of paclitaxel;

and (3) these extent of adhesion and retention of PLGA parti-
cles by mucus on the cell surface is dependent on the particle
size.
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Pinocytosis is the predominant mode for the internaliza-
ion of cellular cargo. Pinocytosis, or fluid phase endocytosis
ccurs through four mechanisms which include (a) clathrin-
ependent endocytosis, (b) caveolin-mediated internalization,
c) macropinocytosis, and (d) clathrin and caveolin-independent
athways (Liu and Shapiro, 2003). Previous research demon-
trated that the cellular association of paclitaxel delivered in
anoparticles or microparticles was non-specific and not medi-
ted by the p-glycoprotein or breast cancer resistance protein
BCRP) efflux pumps (De et al., 2005). It has also been reported
hat caveolin-mediated endocytosis does not mediate internal-
zation of particles into tumor epithelium (Conner and Schmid,
003). While smaller particles may be internalized by clathrin-
ediated pathways, macropinocytosis is the only mode of uptake

f particles larger than 1 �m (Conner and Schmid, 2003). Clathrin-
ediated endocytosis can be inhibited by hypertonic media

uch as hypertonic bicarbonate Ringer’s solution, or intracellu-
ar potassium depletion, while macropinocytosis can be arrested
y cytochalasin B (Qaddoumi et al., 2003). Cytochalasin is a
ungal mycotoxin that inhibits the formation of actin filaments
hich are responsible for the internalization of PLGA micropar-

icles of size >1 �m. A 30 �M concentration of cytochalasin B
hortens actin filaments by preventing addition of monomers to
he growing end of the filament (Theodoropoulos et al., 1994).
LGA nanoparticles have been reported to be internalized into
he cell by the endosomes. Following internalization, nanoparti-
les undergo a selective reversal of surface charge, interact with
he endosomal membrane, and escape into the cytosol, result-
ng in release of entrapped drug inside the cell (Panyam et al.,
002). However, a high concentration of paclitaxel at the cell sur-
ace would also provide greater gradient to for passive diffusion
f the drug across the cell membrane. In addition, a higher con-
entration of paclitaxel may saturate the efflux pumps resulting in
reater intracellular accumulation of the drug. These observations
re also supported by recent literature in which it has been reported
hat PLGA nanoparticles are not readily taken up by the cells, but
ather deliver the drug locally (Xu et al., 2009). Therefore, it is
ypothesized that, after intratumoral administration, nanoparti-
les may be internalized by the tumor cells whereas microparticles
ill release the encapsulated drug locally at the cell surface,
hich is taken up by the tumor cells by various mechanisms of

ransport.

. Conclusion

Microparticles sustained the delivery of paclitaxel for 14 days,
hile nanoparticles rapidly released the drug completely in 24 h.

ignificantly higher cellular association of paclitaxel when deliv-
red in microparticles was observed compared to nanoparticles or
he solution. Consistent with these in vitro results, the 1 �m and
0 �m microparticles containing paclitaxel produced significantly
igher anti-tumor activity in vivo compared to the nanoparticles or
he commercial product, suggesting that a microparticle formula-
ion of paclitaxel was significantly more effective delivery system
han nanoparticles or commercial Paclitaxel Injection® given intra-
enously or intratumorally. The size-dependent cellular association
f paclitaxel from PLGA nanoparticles and microparticles was sus-
ained even as the incubation time of the particles with 4T1 cells
as varied from 1 min to 5 h. At an incubation time of <1 min,
icroparticles produced significantly greater cellular association
f paclitaxel compared to nanoparticles which strongly supports
he hypothesis that the microparticles adhere to, and are retained
n the mucus on the cell surface. Pre-treatment of nanoparticles and

icroparticles with porcine mucin significantly increased the cellu-
ar association of paclitaxel. Studies to investigate the mechanism of
l of Pharmaceutics 383 (2010) 37–44 43

cellular association of particles confirmed that the particles are not
internalized into the cells either by clathrin-mediated endocytosis
or by macropinocytosis. This suggested that the only mechanism
by which the cellular association of paclitaxel delivered in larger
particles is enhanced is by non-specific adhesion and retention on
the cell surface.
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