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Purpose. To compare the effect of size of delivery systems on the cell-association and in vitro cytotox-
icity of paclitaxel.

Methods. Four sizes of PLGA-paclitaxel particles were prepared to study the effect of particle size on
the cell-association of paclitaxel in 4T1 monolayer in the presence, and absence, of BCRP inhibitor,
endocytic inhibitor, and P-glycoprotein (P-gp) inhibitor. Paclitaxel cell-association studies were repeated
in Caco-2, Cor-L23/R, and bovine brain microvessel endothelial cells (BBMECs), as well as the asso-
ciation of etoposide in 4T1 cells. Cytotoxicity of paclitaxel to 4T1 cells delivered in nanospheres was
compared to microspheres.

Results. The concentration of paclitaxel and etoposide associated with 4T1 cells was 4.8 and 29 times
greater, respectively, as the size increased from 310 to 2077 nm. Paclitaxel association consistently
increased in Caco-2 and Cor-L23/R as the size of the delivery system increased. The endocytic inhibitor,
2-deoxyglucose, significantly decreased the cellular paclitaxel association when delivered by nano-
spheres but not microspheres. Consistent with the cell-association results, paclitaxel was thrice more
cytotoxic to 4T1 cells when delivered in microspheres.

Conclusions. Cell-association of paclitaxel increased in 4T1, Caco-2, and Cor-L23/R as particle size
increased. Paclitaxel delivered from 1-pm microspheres was thrice more cytotoxic to 4T1 cells compared
to the drug delivered from nanospheres or solution.

KEY WORDS: cell-association; cytotoxicity; microsphere; nanosphere; paclitaxel.

INTRODUCTION

Breast cancer is the second leading cause of cancer-
related deaths in women. Worldwide, the incidence of breast
cancer is 100.6 cases per 100,000 women, and the American
Cancer Society expects more than 215,990 women in the
United States would be diagnosed with the disease in 2004,
and 40,110 deaths are expected (1).

Paclitaxel is a potent drug used to treat breast and ovar-
ian cancer, and the National Cancer Institute considers this
drug as the most significant advance in chemotherapy in the
past 15 years. This drug prevents division of cancer cells by
stabilizing the mitotic spindle and inhibiting daughter cell
separation, thereby causing toxicity and eventually, cell death
(2,3). The recommended dose of paclitaxel, 175 mg/m? of
body surface area, is administered via intravenous infusion
over 24 h, every 21 days (4-7). A major problem of paclitaxel
is its low aqueous solubility (less than 1 pwg/ml) (8). The com-
mercially available formulation uses a 1:1 cosolvent mixture
of ethanol and Cremophor EL (polyethoxylated castor oil)
(6,8). However, Cremophor EL is biologically and pharma-
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ceutically active, causing anaphylactic hypersensitivity, hyper-
lipidemia, neurotoxicity, and in vitro cytotoxicity due to the
formation of free radicals (9,10). In attempts to overcome the
low aqueous solubility of paclitaxel as well as the undesirable
toxicity of Cremophor EL, numerous alternate dosage forms
have been investigated including gels (11), films (12), emul-
sions (13-15), liposomes (16-18), macromolecule conjugates
(19), and particulate delivery systems (20-32).

Nanospheres and microspheres containing paclitaxel
have been investigated using various polymers such as poly-
lactic-co-glycolic acid (PLGA) (21,30-33), poly-lactic acid
(24,25), poly-ethylene oxide (25,26,31), poly-propylene oxide
(27), and poly(e-caprolactone) (20). The proposed advan-
tages of particulate delivery systems for paclitaxel are that
they 1) may avoid the use of toxic polyethoxylated castor oil,
2) may evade cellular efflux pumps, 3) can be administered
orally or systemically, 4) inhibit tumor growth as well as pre-
vent relapse after surgery, and 5) sustain the release of pacli-
taxel at therapeutic concentrations. For these reasons, it was
proposed that paclitaxel delivered in a particulate formula-
tion would be safer and more cytotoxic to tumor cells than an
intravenous solution. In addition, a sustained-release particu-
late delivery system of paclitaxel would decrease dosing fre-
quency. The release of the paclitaxel from the PLGA par-
ticles is reported to be slow, for example, 55% in 60 days from
nanospheres (33) and 40% in 105 days from microspheres
(34). Hence, a faster and more complete release of paclitaxel
is essential. To accelerate the release of paclitaxel, surfactants
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such as polyvinyl alcohol, vitamin E, and dipalmitoyl phos-
phatidylcholine have been added to reduce the surface ten-
sion and solubilize the hydrophobic drug (18-30,32-35). Al-
though, there has been significant progress in the develop-
ment of particulate delivery systems containing paclitaxel, the
effect of particle size of the nanospheres and microspheres
preparation on the extent and mechanism of cell-association
and cytotoxicity into the cancer cells has not been thoroughly
investigated.

The extent of internalization of particles into cells has
been reported to be inversely proportional to the particle size
range (36-38). Particles and droplets less than 100 nm can
enter cells by pinocytosis (fluid-phased endocytosis) that oc-
curs when an endosome containing fluid is formed by invag-
ination of the plasma membrane. Particles within the size
range of 100 nm and 5 pm are internalized by endocytosis
when the cell bilayer invaginates to encapsulate the particles
within a vesicle called the endosome. These endosomes fuse
with lysosome to form an endo-lysosome that degrades for-
eign materials because of their acidic environment and lyso-
somal enzymes. However, nanospheres evade lysosomal deg-
radation by a proton-sponge effect that inhibits the formation
of an acidic pH environment inside the lysosome, and as a
result are released from the endolysosome into the cytoplasm
(39). Therefore, the paclitaxel entrapped within the nano-
spheres or microspheres may evade lysosomal degradation
and slowly release the drug inside the cell. This research in-
vestigates the mechanism of the cell-association of paclitaxel
delivered in PLGA particles of varying size into, or onto, 4T1
cells. In addition, this research compares the cell-association
of paclitaxel in 4T1 cells with other cell lines such as, Caco-2,
Cor-L23/R, and bovine brain microvessel endothelial cells
(BBMEQCsS). Further, to determine if the drug entrapped in-
side various particulate PLGA formulations affects cellular
association, the internalization of nanospheres and micro-
spheres into 4T1 cells was also investigated with another
anticancer drug, etoposide. The overall objective of this re-
search was to compare the effect of particle size of nano-
spheres and microspheres on the extent of drug cell-
association and in vitro cytotoxicity of paclitaxel, primarily in
the highly metastatic, aggressive, murine, 4T1 breast cancer
cells.

The specific aims of this research were 1) to study the
effect of particle size of PLGA nanospheres and microspheres
on the extent of cellular association of paclitaxel into or onto
4T1 and other cells; 2) to identify and compare the mecha-
nism(s) of absorption of paclitaxel into cells, when delivered
from nanospheres and microspheres of varying size; and 3) to
study the effect of particle size of PLGA nanospheres and
microspheres on the cytotoxicity of paclitaxel in 4T1 cells.

MATERIALS AND METHODS

Materials

Polylactic-co-glycolic acid (PLGA) (50:50) with inherent
viscosity of 0.69 dl/g was obtained from Birmingham Poly-
mers Inc. (Birmingham, AL, USA). Paclitaxel, polyvinylalco-
hol (PVA), sodium chloride, sodium dihydrogen phosphate,
disodium hydrogen phosphate, acetonitrile, methanol, di-
methyl sulfoxide (DMSO), phenylarsine oxide, 2-deoxyglu-
cose (2-DG), potassium cyanide, carbachol, etoposide, and
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lucifer yellow were purchased from Sigma Chemical (St.
Louis, MO, USA). Dichloromethane was obtained from Al-
drich Chemical Co. Inc. (Milwaukee, WI, USA).

Iscove’s Dulbecco’s modified Eagle medium, trypsin-
EDTA, heat-inactivated fetal bovine serum, and antibiotic/
antimycotic solutions were obtained from Gibco, Invitrogen
Corporation (Grand Island, NY, USA). Fumitremorgin-C
was kindly donated by Dr. Robert J. Schultz at the National
Cancer Institute (Bethesda, MD, USA). Caco-2 and Cor-
L23/R were obtained from ATCC (Manassas, VA, USA).
4T1 cells were kindly donated by Dr. Donald Miller, Ne-
braska Medical Center (Omaha, NE, USA). BBMEC cells
were primary cultures isolated by Miller et al. from bovine
brain.

Methods

Preparation of Paclitaxel Nanospheres and Microspheres of
Varying Size

Nanospheres and microspheres of varying size were pre-
pared by altering the method of agitation used during the
solvent evaporation method. Paclitaxel (2 mg) was dissolved
in 3 ml of PLGA solution (30 mg/ml) in dichloromethane and
then emulsified with 25 ml of 1.5% w/v aqueous polyvinyl
alcohol saturated with dichloromethane. Nanospheres with
mean diameters of approximately 310 and 456 nm were pro-
duced by sonicating (using Misonix Sonicator 3000, Farming-
dale, NY, USA) the dispersion for 60 s at 36 and 10 W,
respectively. Similarly, microspheres of 1 and 2 wm in diam-
eter were formed when the dispersion was emulsified using a
Sorvall Omni-mixer (Norwalk, CT, USA) for 60 s at 3 W and
1 W, respectively. The dichloromethane was evaporated from
the emulsion by slowly agitating overnight with a magnetic
stirrer, and the particles were centrifuged then washed twice
with distilled water at 140,000 x g for 20 min. The resultant
pellet was resuspended in water, lyophilized, and stored at
4°C until required.

Diameter and Morphology of PLGA Nanospheres and
Microspheres Containing Paclitaxel

The mean particle size and zeta-potential of each batch
of nanospheres and microspheres was analyzed by dispersing
0.5 mg samples in 3 ml of water using dynamic light scattering
(Zeta Plus particle size analyzer, Brookhaven Instrument
Corporation, Holtsville, NY, USA). Scanning electron mi-
croscopy (SEM) was used to confirm size and study surface
morphology of the particles (0.5 mg) after coating with chro-
mium under vacuum at 95 mA and visualized using 5 kV and
the digital images recorded.

Release of Paclitaxel from PLGA Nanospheres
and Microspheres

An in vitro differential dissolution method was used to
study the effect of size of paclitaxel-PLGA particles (310, 456,
1040, and 2077 nm) on drug release. The particles (equivalent
to 30 pg of paclitaxel per sample) were suspended in 25 ml of
the dissolution media consisting of 0.1% v/v aqueous Tween
80 to maintain sink conditions and incubated at 37°C while
shaking at 50 rpm in a shaking water bath. To monitor the
amount of drug released at selected time intervals, samples
were centrifuged at 140,000 x g for 20 min at 4°C and the
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supernatant lyophilized. The dissolution study was continued
by resuspending the pellet in 25 ml of fresh buffer and the
process repeated at each time interval. The paclitaxel con-
centration was determined using high-performance liquid
chromatography (HPLC) after dissolving the lyophilized
powder in 1 ml of acetonitrile for 16 h at 37°C. The results
of paclitaxel release was statistically analyzed within groups
for standard error and between groups using Student’s ¢ test
at o = 0.05.

Association of Drugs with 4T1 and Other Cell Lines

The 4T1 murine epithelial breast cancer cell line was
used for most cell-association and cytotoxicity studies involv-
ing paclitaxel. In addition, the effect of paclitaxel cell-
association from various sized particles was investigated in
epithelial human colon cancer (Caco-2) and epithelial human
large lung cancer (Cor-L23/R) cells as well as in primary cul-
tured bovine brain microvessel endothelial cells (BBMECs).
The cellular association of the paclitaxel included not only the
internalized drug and particles but also any particles that
might have adhered to the surface of the cells, not removed by
normal washing procedure. The following media were used:
Iscove’s modified DMEM medium, DMEM, RPMI 1640, and
MEM Ham’s F12 for 4T1, Caco-2, Cor-L23/R, and BBMEC:s,
respectively. To study the cell-association of paclitaxel, the
cells were seeded on 6-well plates (seeding density of 4T1,
22222 cells/cm?; Caco-2, 27,778 cells/cm?; Cor-L23/R, 4444
cells/em?; BBMECs, 33,333 cells/cm?) and cultured to conflu-
ency (4T1, 3 days; Caco-2, 10 days; Cor-L23/R, 8 days; and
BBMEUQ s, 12 days) at 37°C in a humidified atmosphere with
5% vIv CO,.

To examine cellular association of drug, the growth me-
dia was removed and the cell monolayer pretreated with 1 ml
of assay buffer that included Iscove’s modified Eagle medium
containing pretreatment agent, if needed, (e.g., endocytic or
efflux transport inhibitor), for 30 min at 37°C. Following
pretreatment, the cells were exposed to Iscove’s modified
Eagle media containing 35 uM paclitaxel (30 wg) in each well
either in solution or as a suspension of nanoparticles or mi-
croparticles. After the cells were incubated for 90 min, the
medium was removed, and the monolayers washed three
times with 1 ml PBS at 4°C, then incubated with additional 1
ml of PBS at 37°C for 30 min while shaking at 50 rpm.
The PBS wash removed lightly bound particles from the
cellular surface or particles present in the suspension. There-
fore, the cells now contained internalized drug, particles and
also particles that might be adhered to the surface. The cells
were detached from the wells using a cell scraper and trans-
ferred to a 1.5 ml Eppendorf tube, lyzed by sonicating for
15 s at 6 W, and three cycles of freeze thawing. Aliquots
(25 pl) were removed to determine total cell protein using a
BCA protein assay kit. To determine the amount of cell-
associated paclitaxel, cell lysates were lyophilized to concen-
trate the sample, and the drug (free and particle associated)
extracted with acetonitrile. The paclitaxel concentration
was determined using HPLC. The results of paclitaxel cellular
association was statistically analyzed within groups for stan-
dard error and between groups using Student’s ¢ test at
a = 0.05.
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Cellular Association of Lucifer Yellow into 4T1 Monolayers
in Presence of Endocytic Inhibitors

To determine if endocytosis was the mechanism of drug
association, the influence of several endocytic inhibitors on
the accumulation of a fluorescent, pinocytotic marker, lucifer
yellow, into 4T1 monolayers was studied. This protocol was
similar to that used to study the association of paclitaxel into
4T1 monolayers described above. However, the cells were
incubated with 1 ml of 1000 uM aqueous lucifer yellow rather
than paclitaxel solution and the fluorescent marker was ana-
lyzed spectrofluorometrically (., 430 nm and \.,, 540 nm).
The endocytic inhibitors tested for optimal inhibition were
2-deoxyglucose (50 mM), potassium cyanide (1 mM), or car-
bachol (300 wM) and were added separately to the 6-well
plates in the assay buffer during pretreatment and in media
during treatment with lucifer yellow. The results of inhibition
of cellular association of lucifer yellow was statistically ana-
lyzed within groups for standard error and statistical signifi-
cance between the inhibitor groups and solution control was
determined using Student’s ¢ test at « = 0.05.

Association of Paclitaxel into 4T1 Cells in the Presence of
Endocytic and P-glycoprotein Inhibitors

From the above experiment, 2-deoxyglucose (2-DG) was
most effective in inhibiting endocytosis and, hence, the asso-
ciation of paclitaxel into 4T1 cells was investigated in pres-
ence of 50 mM 2-deoxyglucose in water. In this study, 2-de-
oxyglucose was added during the pretreatment and treatment
stages, to the assay buffer and media (in combination with
paclitaxel), respectively. The particle size-dependent associa-
tion of paclitaxel into 4T1 cells was also repeated in presence
of a specific breast cancer resistance protein (BCRP) inhibi-
tor, fumitremorgin-C (FTC, 5 pM in methanol) to investigate
the role of efflux pump in the particle size—dependent cellular
association of paclitaxel. In BBMEC monolayers, the associa-
tion was repeated in presence of a P-glycoprotein inhibitor,
cyclosporin A (2 pg/ml). Inhibition of BCRP or P-gp efflux
pump by FTC or cyclosporin A, respectively, should increase
the intracellular concentration of the drug.

Treatment of Cell Surface After Incubation with
PLGA Particles

To differentiate between specific receptor binding of
PLGA nanospheres and microspheres to the surface of the
cells or nonspecific surface adhesion, the particle size—
dependent association of paclitaxel into 4T1 monolayers was
repeated after an additional acid washing step to remove par-
ticles bound to specific protein sites on the membrane. The
4T1 monolayers were washed with 1.0 ml of a 50:50 aqueous
mixture of 0.2 M acetic acid and 0.5 M NaCl (pH 3.0) after
incubation with either the paclitaxel solution or a suspension
of particles of four varying sizes. The plates were then
incubated at 4°C for 6 min, media removed, and the cells
washed, detached, and lyzed. The paclitaxel concentration
was again determined by HPLC. The standard error of pacli-
taxel cellular association was determined within the acid and
untreated groups. The statistical significance between the acid
treated and untreated groups were tested using Student’s ¢
test at a = 0.05.
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Confocal Visualization of the Particle Size-Dependent
Association of PLGA Particles Containing The Fluorescent
Dye, BODIPY, into 4T1 monolayers

PLGA particles were prepared using the fluorescent dye
BODIPY using an emulsification evaporation method. The
lipophilic fluorescent dye, BODIPY, mimics paclitaxel and
the release can be visually observed using confocal micros-
copy. The sizes of the BODIPY-PLGA particles used for this
study were 266.9 + 2.8, 541.6 + 1.8, 988.8 + 14.1, and 1865.9 +
67.0 nm, respectively. The 4T1 cells were seeded onto 4
BIOPTECH plates (75,000 cells/ml per plate) and after incu-
bation for 16 h in a humidified atmosphere of 5% v/v CO,
resulted in 60% cellular confluency. The medium was re-
placed with 1 ml of assay buffer, and after 30 min, the assay
buffer was replaced with 1 ml of a specific size of nanoparticle
or microparticle suspension (approximately 250 wg/ml) to the
plates. After incubation in a humidified atmosphere of 5% v/v
CO, at 37°C for various times (90 min to 141 h), the particles
were removed and the cells washed thrice with 1 ml of ice-
cold PBS. The PBS was then replaced with 1 ml of ice-cold
assay buffer and the cell associated fluorescence (., = 505
nm and \.,, = 511 nm) observed using confocal microscopy,
with a filter of 488 nm and cutoff filter at 515 nm.

Cellular Association of Etoposide When Delivered from
Nanospheres and Microspheres

To establish if the increase in the amount of paclitaxel
associated with 4T1 monolayers when delivered in PLGA
microspheres was a property of the delivery system rather
than the drug, the cellular association (both internalized and
surface associated) study was repeated under identical condi-
tions using PLGA nanospheres and microspheres in similar
sizes used previously, containing etoposide. Although, spar-
ingly soluble in water (141-200 pg/ml, 25°C), etoposide is
more hydrophilic than paclitaxel (40). The same emulsion
method was used to prepare etoposide-PLGA particles with
mean diameter of 299, 410, 1120, and 1890 nm. Drug loading
of etoposide for the batches with increasing sizes were 0.17%,
0.23%, 0.54%, and 0.55% w/w, respectively. The standard
error of etoposide cellular association was determined within
groups. The statistical significance between the different sized
particles were tested using Student’s ¢ test at « = 0.05.

Cytotoxicity Studies with Paclitaxel-PLGA Particles

The 4T1 cells were seeded (5000 cells/well) onto 96-well
plates in Iscove’s modified Dulbecco’s media supplemented
with 1% v/v antibiotic/antimycotic solution and 10% v/v heat-
inactivated fetal bovine serum. The cells were incubated for
16 h at 37°C in a humidified atmosphere of 5% v/v CO,, then
washed and the media replaced with either 100 pl of pacli-
taxel solution or 100 wl of a suspension containing paclitaxel-
PLGA particles with sizes of 309, 450, 1040, or 2077 nm, in
antibiotic-free media. Varying concentrations of paclitaxel (0,
0.1, 0.32,0.64, 1, 3.2, 6.4, 10, 32, and 100 M), either as solu-
tion or particulate suspension, were obtained by appropriate
dilution of a 1 mM stock solution in DMSO. After incubation
for 8 h at 37°C in humidified 5% CO, v/v, the media was
removed and the cells washed with 100 ul of fresh, antibiotic-
free media. This washing medium was again replaced with 200
wl of antibiotic-free media and the cells incubated at 37°C for
an additional 72 h in a humidified atmosphere of 5% v/v CO,.
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Viable cells were measured using the MTT (methylthiazolyl-
diphenyl tetrazolium bromide) assay (41,42). Briefly, the me-
dia was removed and the cells incubated for 2 h with 100 wl of
fresh media and 25 pl of MTT reagent (5 mg/ml). After 2 h,
100 pl of a solvent consisting of 20% w/v sodium dodecyl
sulfate in 1:1 dimethylformamide:water, pH 4.7, was added to
the wells and incubated for 10 h. An ELISA plate reader was
used to determine the optical density of the contents in each
well at 550 nm that is directly proportional to cell viability.
The ICj, of paclitaxel delivered from the particles of varying
size was generated from the cytotoxicity profiles using the
dose-response, nonlinear regression curve software, Graph-
Pad Prism version 3.02 for Windows (GraphPad Software,
San Diego, CA, USA). To confirm that DMSO did not inter-
fere with cell viability, the cytotoxicity experiments were re-
peated, without paclitaxel in solution or PLGA particles,
while using concentrations of DMSO identical to the above
protocol namely, 0%, 0.01%, 0.032%, 0.064%, 0.1%, 0.32%,
0.64%, 1%, and 3.2% v/v.

HPLC Analyses of Paclitaxel and Etoposide

Paclitaxel was analyzed by a method modified from Shao
and Locke, using a HPLC (Shimadzu, SIL 9A, Columbia,
MD, USA) fitted with a C;g column (Curosil PFP, 250 x 60
mm, 5 pm, Phenomenex, Torrance, CA, USA) and a mobile
phase of 60:40 v/v mixture of acetonitrile and water adjusted
to pH 4.0 with 0.1 M HCI (43). The flow rate was 1 ml/min and
paclitaxel in acetonitrile (10 wl) monitored at 237 nm (Shi-
madzu, SPD-6AV detector). Paclitaxel eluted after 6.2 min
and was quantified from a calibration graph of solutions of
paclitaxel in acetonitrile in the concentration range between 0
to 6 pg/ml.

The concentration of etoposide was determined using the
method developed by Shah ef al. (44). The mobile phase con-
sisted of a mixture of 72:0.75:27.25 water adjusted to pH 5.0
with 0.1 M HCI, acetic acid, and acetonitrile. Using a C,q
column (Curosil PFP, 250 x 60 mm, 5 pm, Phenomenex) and
a flow rate of 1.5 ml/min, and etoposide (retention time of 7.7
min) was quantified at 230 nm. The etoposide concentrations
in the samples were quantified from the HPLC calibration
graph of the drug solution in acetonitrile between concentra-
tion ranges of 0 to 10 pg/ml.

RESULTS AND DISCUSSION
Characterization of Paclitaxel-PLGA Nanospheres
and Microspheres

The particle diameters + SE were 310 + 18, 450 + 7, 1040
+ 30, and 2077 + 102 nm (Table I) (45-47). The loading effi-
ciencies of paclitaxel within the particles were independent of

Table I. Increase in Dissolution Half-Life of Paclitaxel as a Function
of Particle Size

Particle size Dissolution half-life Loading efficiency

(nm) (h) (%)
310+ 18 1.5 80.1 +2.6
450 =7 3 80.2 +2.0

1040 + 30 55 842 +14
2077 =102 130 82.5+3.6
Mean + SE.
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size and were 80.1 +2.6,80.2 £2.0,84.2 + 1.4, and 82.5 +3.6%
w/w, respectively (Table I). SEM revealed that some crystal-
line needles of paclitaxel, 300-900 nm in length, adhered to
the surface of the nanospheres, particularly the 310-nm
samples. These drug crystals were not observed in micro-
spheres. Despite altering formulation parameters such as,
PV A concentration, volume of dichloromethane, and addi-
tion of organic cosolvents, formation of these crystals could
not be eliminated or removed. The presence of paclitaxel on
the surface of the nanospheres may be due to precipitation of
the drug as the dichloromethane evaporated during manufac-
ture resulting in incomplete entrapment of drug. Importantly,
free paclitaxel crystals were not observed on microsphere
preparations (1040- and 2077-nm microspheres).

Release of Paclitaxel from the Paclitaxel-PLGA
Nanospheres and Microspheres

Due to the decrease in surface area to mass ratio, the rate
of release of paclitaxel decreased as particle size increased
(Fig. 1). Whereas smallest nanospheres (310 nm) released
almost 100% of paclitaxel in less than 30 h, only 70% was
released from 2 pwm microspheres after 500 h. The dissolution
half lives increased from 1.5 h for 310 nm nanospheres to 130
h for 2077 nm microspheres (Table I).

Influence of Particle Size on the Amount of Paclitaxel
Associated with 4T1 Monolayers

The amount of cell-associated paclitaxel consistently in-
creased as particle size increased (Fig. 2). The drug analyzed
from the experiment was expected to come from three differ-
ent sources: 1) internalized paclitaxel, ii) drug associated with
the internalized particles, iii) drug associated with the par-
ticles adhered to the cellular surface.

The amount of cell-associated paclitaxel delivered by the
largest microsphere was 4.8 times greater than the 309 nm
nanospheres and 7 times greater than the solution (Fig. 2). As
the cell-association of paclitaxel from solution was similar in
the presence or absence of PLGA placebo particles, it was
concluded that the polymer did not influence the extent of
drug association. The observation that the amount of drug
associated with 4T1 cells increased as the particle size in-
creased, is contrary to previous reports (36-38). The two ex-
planations for the observation that the amount of paclitaxel
associated with 4T1 cells was greater when delivered in mi-
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Fig. 1. The release of paclitaxel from PLGA nanospheres and micro-
spheres. Mean + SE.
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Fig. 2. Concentration of paclitaxel associated with 4T1 cells as a func-
tion of particle size of the delivery system. Tx = paclitaxel, Tx soln =
paclitaxel solution, 309 nm NP = nanospheres of size 309 nm, 450 nm
NP = nanospheres of size 450 nm, 1p. MP = microspheres of size 1
pm, 2. MP = microspheres of size 2 pm. (*Indicates statistically
significant at « = 0.05.) Mean =+ SE.

crospheres than nanospheres are: First, efflux pumps such as
p-glycoprotein (P-gp) or breast cancer resistant protein
(BCRP) present within the cell membrane may eliminate the
internalized paclitaxel. Although paclitaxel is a substrate for
P-gp (48,49), this efflux pump is absent in 4T1 cells. However,
as BCRP may be present, the cell-association of paclitaxel
from solution or nanospheres will increase in the presence of
a specific BCRP inhibitor, such as fumitremorgin-C (fungal
mycotoxin) (50,52). Second, internalization of paclitaxel in-
creased because microspheres adhered to the surface of epi-
thelial cells, thus facilitating an increased cell-surface—
association of drug that later internalized (53). It is known
that nanospheres can enter the cells by endocytosis (36-38),
although, the internalization of microspheres is unknown
(54). To determine if microspheres were endocytosed, the
cell-association of paclitaxel was repeated in the presence of
the endocytic inhibitor, 2-DG (55). If microspheres were not
internalized, the increase in the amount of cellular paclitaxel
may be explained by the sustained, localized release of drug
from particles adhering to the cellular surface. The following
series of experiments were designed to explain why the asso-
ciation of paclitaxel onto or into 4T1 cells increased as the
particle size of the delivery system increased. Further, surface
association and accumulation of PLGA particles of varying
sizes were studied using confocal microscopy.

Effect of Drug Efflux Transporters on the Association of
Paclitaxel into 4T1 Monolayers

There was no statistical significant difference (p = 0.113)
in the amount of paclitaxel internalized within 4T1 cells in the
absence or presence of 5 uM FTC (51,52). The mean and
standard error of the amount internalized was 1.524 + 0.006
and 1.244 + 0.200 pg per mg of cell protein, respectively.
Hence, it was concluded that BCRP was either absent from
the surface of 4T1 cells or does not inhibit the association of
paclitaxel from solution.

Identification of a Suitable Endocytic Inhibitor

Figure 3 illustrates that the cell-association of lucifer yel-
low decreased with each of 2-deoxyglucose (50 mM), potas-
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Fig. 3. Inhibition of lucifer yellow cell-association in presence of se-
lected endocytic inhibitors, potassium cyanide, 2-DG, and carbachol.
LY = lucifer yellow. (*Indicates statistically significant at « = 0.05.)
Mean + SE.

sium cyanide (1 mM), and carbachol (300 pM) (56). Of the
three inhibitors, only the inhibition by 2-deoxyglucose was
statistically significant at « = 0.05. Hence, 2-deoxyglucose
was used in subsequent experiments to evaluate the effect of
an endocytic inhibitor on paclitaxel cell-association.

The Cell-Association of Paclitaxel in the Presence of the
Endocytic Inhibitor, 2-Deoxyglucose

In the presence of 2-DG, the concentration of cell-
associated paclitaxel significantly decreased in 4T1 cells in the
309 nm, 450 nm, and 1 pm particulate formulations. In con-
trast despite variation in results, the endocytic inhibitor had
no effect on cell-associated paclitaxel in the 2.0-wm micro-
spheres (statistical significance was 0.071) (Fig. 4). This ex-
periment was repeated several times, and 2-DG did not dem-
onstrate any statistical significance in the paclitaxel cell-
association from the 2.0-pwm microspheres. Further, despite
the presence of 2-DG, the magnitude of cell-association in-
creased with increasing particle size. As expected, 2-DG did
not affect the pinocytotic cell-association of paclitaxel from
solution into 4T1 monolayers. These data indicate that both
endocytosis and cell-adhesion simultaneously takes place
from all sizes of particles, however the association of pacli-
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Fig. 4. The effect of particle size of delivery system on association of
paclitaxel into 4T1 monolayers in presence of 50 mM endocytic in-
hibitor, 2-deoxyglucose. Tx = paclitaxel, Tx soln = paclitaxel solu-
tion, 309 nm NP = nanospheres of size 309 nm, 450 nm NP =
nanospheres of size 450 nm, 1 MP = microspheres of size 1 pm, 2p
MP = microspheres of size 2 pm. (*Indicates statistically significant
at a = 0.05.) Mean + SE.
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taxel delivered from the nanospheres is predominantly by
endocytosis. Therefore, although cell-association of particles
by endocytosis decreases as the size increases, the amount of
paclitaxel in or around the cells increases (Fig. 4). This sug-
gests that paclitaxel associated from microspheres is predomi-
nantly by adhesion of particles to the surface of the cells and
minimally through endocytosis from the smaller particle frac-
tions.

Effect of Surface Treatment of 4T1 Monolayers on Drug
Association After Incubation with Paclitaxel-PLGA
Particles of Varying Size

As the surface treatment with 0.2 M acetic acid and 0.5 M
NaCl (pH 3.0) did not significantly affect the association of
paclitaxel delivered from the four sizes of particles (Fig. 5), it
was concluded that binding of the microspheres to the 4T1
cell surface was nonspecific (57). However, the association of
paclitaxel from the 309-nm nanospheres did show a significant
decrease in the accumulation, but this was accounted to ex-
perimental variation and error.

Visualization of Particle Size-Dependent Association of
BODIPY-PLGA Nanospheres and Microspheres into
4T1 Monolayer

Figures 6a and 6b illustrate that nanospheres (266 and
541 nm) were observed mainly inside the cytoplasm with a
limited number in the nuclei and intercellular spaces (58).
Conversely, the 1- and 2-wm microspheres adhered to the
surface of the cells in addition to the intercellular spaces (Figs.
6¢ and 6d). The particles in the intercellular spaces are green,
indicating they are at the same level of focus as the cells, while
those on the cells appear gray and out of focus of the confocal
microscope. Subsequent confocal layered imaging (z-
sections) confirmed that the microspheres were associated
with the surface of 4T1 cells.

Figure 7 illustrates that unlike other sizes, the 2-pm mi-
crospheres were adhered to the surface of the 4T1 cells. Fur-
ther, the increase in intracellular concentration of BODIPY
with time indicates that the dye is slowly released from the
PLGA microspheres and then internalized into the cells. The
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Fig. 5. Effect of surface treatment of 4T1 cells on association of
paclitaxel delivered from nanospheres and microspheres. Tx = pac-
litaxel, Tx soln = paclitaxel solution, 309 nm NP = nanospheres of
size 309 nm, 450 nm NP = nanospheres of size 450 nm, 1pn. MP =
microspheres of size 1 um, 2u MP = microspheres of size 2 pm,
HAc = acetic acid. (*Indicates statistically significant at « = 0.05.)
Mean + SE.



772

541 nm NP
Wit

Fig. 6. Confocal photomicrographs illustrating the localization of
fluorescent BODIPY-PLGA nanospheres and microspheres in 4T1
cells. 266 nm NP = nanospheres of size 266 nm, 541 nm NP =
nanospheres of size 541 nm, 1 MP = microspheres of size 1 pm, 2
MP = microspheres of size 2 pm.

microspheres remained intact, nonaggregated, and highly
fluorescent for the duration (141 h) of the experiment (Fig. 7).

Particle Size-Dependent Association of Etoposide into
4T1 Monolayers

Consistent with the data obtained with paclitaxel, the
association of etoposide into 4T1 monolayers also increased
as particle size increased (Fig. 8). The increase in intracellular
concentration of etoposide delivered by the 2-pm micro-
spheres was 20-fold greater than from the drug solution, and
almost three times that observed for the largest paclitaxel
microspheres. These data further suggest that the increase in
intracellular concentration of anticancer agents in these cell

Fig. 7. Time-dependent increase of the association of BODIPY with
the 4T1 monolayers delivered in 2-um PLGA microspheres. h =
hour.
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Fig. 8. Effect of particle size of nanospheres and microspheres on the
concentration of etoposide association into the 4T1 cells. Tx soln =
paclitaxel solution, 309 nm NP = nanospheres of size 309 nm, 450 nm
NP = nanospheres of size 450 nm, 1p MP = microspheres of size 1
wm, 2p. MP = microspheres of size 2 pm. (*Indicates statistically
significant at « = 0.05.) Mean + SE.

lines observed with increasing size of the particles, was a
property of the delivery system and independent of the drug.

Cell-Dependent Association of Paclitaxel from
PLGA Particles

Table II summarizes the percentage increase in the as-
sociation of paclitaxel into Caco-2, Cor-L23/R, and BBMECs
as a function of the size of nanospheres and microspheres.
Figure 9 illustrates that, consistent with observations in 4T1
cells, the association of paclitaxel in Caco-2 and Cor-L23/R
cell monolayers increased as particle size increased. In con-
trast, there was no increase in paclitaxel association in non-
cancerous BBMECs with the particle preparations compared
to cancerous cells. It is speculated that the high density of
charge present on the surface of the endothelial cells can
selectively reduce the cell-association of the negatively
charged PLGA particles, as was observed in the case of
BBMEC:s (59).

Effect of Cyclosporin A on the Particle Size-Dependent
Association of Paclitaxel into BBMEC Monolayers

Paclitaxel is a substrate for P-gp and in the presence of
the P-gp inhibitor, cyclosporin A, the intracellular association
of the drug from solution increased due to the inhibition of
the efflux pump. However, as the intracellular association of
paclitaxel in BBMEC delivered from the 450-nm, 1-pum, and
2-pm particles did not significantly increase in the presence of
cyclosporin A, it was concluded that the particulate delivery
systems protect the drug from the effects of the P-gp efflux
pump. The statistically significant increase in paclitaxel cell-

Table II. Association of Paclitaxel from Particles of Varying Sizes
into Different Cell Lines

% Paclitaxel association relative to solution

Paclitaxel
delivery 4T1 Caco-2 Cor-L23/R BBMEC
Solution 100.00 100.00 100.00 100.00
301 nm NP* 143.70 68.27 45.51 57.49
410 nm NP* 197.05 107.03 346.10 298.01
1 pm MP 421.06 221.37 1365.02 168.18
2 pm MP 686.52 34477 2309.99 87.53

“ NP, nanoparticles.
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Fig. 9. Effect of particle size of nanospheres and microspheres on the
concentration of paclitaxel association into Caco-2, Cor-L23/R, and
BBMEC monolayers. Tx = paclitaxel, Tx soln = paclitaxel solution,
309 nm NP = nanospheres of size 309 nm, 450 nm NP = nanospheres
of size 450 nm, 1w MP = microspheres of size 1 pm, 2p MP =
microspheres of size 2 um. (*Indicates statistically significant at « =
0.05.) Mean + SE.

association from the smallest 309 nm particles was attributed
to the unentrapped free drug present on the surface of the
nanospheres. This experiment also reconfirmed that particle
size did not influence the association of paclitaxel from the
particles into the BBMEC monolayer.

Effect of Paclitaxel-PLGA Particle Size on
4T1 Cytotoxicity

Consistent with the data for the association of paclitaxel
into 4T1 cells, the cytotoxicity of paclitaxel increased as the
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1004 o NP 309 nm
v NP 450 nm
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% Viability
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Fig. 10. Effect of particle size of nanospheres (a) and microspheres
(b) on the cytotoxicity of paclitaxel in 4T1 monolayers. Solution =
paclitaxel solution, NP 309 nm = nanospheres of size 309 nm, NP 450
nm = nanospheres of size 450 nm, MP 1044 nm = microspheres of
size 1 pm, MP 2077 nm = microspheres of size 2 pm. Mean + SE.
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size of paclitaxel-PLGA particles increased. Figure 10b indi-
cates that paclitaxel particles larger than 450 nm were more
cytotoxic (p value > 0.05) than the smaller 310-nm nano-
spheres (Fig. 10a) or solution. The mean ICs, values of pac-
litaxel in solution and the 310-, 450-, 1040-, and 2077-nm par-
ticles were 2.06, 2.03, 0.89, 0.64, and 0.99 pM, respectively,
signifying a 5-fold increase in cytotoxicity of 1-wm particles
compared to the solution. The cytotoxicity of the 2-pm mi-
crospheres was lower than the 1-pm particles because from
the release studies, it was observed that only 34% of the drug
was released in 72 h from 2-pm particles when compared to
55% from 1 pm. This slow release from the larger particles
accounted for the low cytotoxicity in 72 h. However, our sub-
sequent in vivo studies for 30 days demonstrated maximum
reduction of tumor with 2-um particles. It was postulated that
the increase in cytotoxicity was due to the larger microspheres
adhering to the surface of the 4T1 epithelial cells, while slowly
releasing paclitaxel to, or in close proximity to, the surround-
ing cells facilitate increased association. We conclude that
nanospheres were less cytotoxic than microspheres because
they did not adhere to the cell surface and were not readily
internalized. No significant change in the viability of 4T1 cells
was observed in the absence of paclitaxel (i.e., control).

CONCLUSIONS

The effect of particle size on the cell-association and cy-
totoxicity of paclitaxel was tested in a murine breast cancer
cell, 4T1. Contrary to literature data, the cell-association of
paclitaxel into 4T1 cells increased as the particle size in-
creased. This increase in cell-association of paclitaxel when
delivered from microspheres was also observed in the cancer-
ous, epithelial Caco-2, and Cor-L-23/R cells. Particle size of
the delivery system did not influence the concentration of
paclitaxel in the endothelial BBMECs. Studies with FTC, a
BCRP inhibitor, indicated that the efflux pump was either
absent from 4T1 cells or did not significantly inhibit the efflux
of paclitaxel. In the presence of an endocytic inhibitor, 2-
deoxyglycose, cell-association of PLGA particles containing
paclitaxel was significantly reduced, although more drug ac-
cumulated into cells as particle size increased. This suggested
that whereas nanospheres were predominantly internalized,
larger microspheres may adhere to the cell surface. The ad-
hesion of microspheres to the cell surface was nonspecific and
may be due to the presence of mucus in epithelial cancer cells.
Confocal microscopy supported our explanation that the in-
crease in cell-association of paclitaxel when delivered from
microspheres was due to adhesion of the particles to the cells
and prolonged localized release of the drug. The increased
adhesion of the microspheres to the surface of the cells could
be a function of the mucin present on the surface of the
epithelial cells absent from endothelial cells or the presence
of high charge density on the surface of endothelial cells.
Consistent with the cell-association study, there was a 5-fold
decrease in the ICy, value of paclitaxel delivered from 1-pm
microspheres compared to the drug in solution. Similar to
findings with paclitaxel, the cell-association of etoposide into
4T1 cells also increased as the particle size increased. These
data support the conclusion that the increased cell-association
of the drug was due to the size of the delivery system and not
dependent on the properties of the entrapped drug.
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