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bstract

Overexpression of P-glycoprotein (P-gp) is a key factor contributing to the development of multidrug resistance (MDR) in cancer cells. The
bjective of the study is to investigate whether a P-gp substrate, paclitaxel, delivered to MDR tumor cells in poly(d,l-lactide-co-glycolide) (PLGA)
anoparticles is susceptible to P-gp – mediated drug efflux. Paclitaxel-loaded nanoparticles were formulated by emulsion-solvent evaporation
echnique. Nanoparticles had a mean hydrodynamic diameter of about 195 nm, and demonstrated sustained release of paclitaxel. In vitro cell culture
tudies indicated that paclitaxel nanoparticles result in sustained, dose-dependent and significant cytotoxicity in drug-sensitive MCF-7 tumor cells
ut not in drug-resistant NCI-ADR/RES cells. Resistance to nanoparticle-encapsulated paclitaxel was reversed by verapamil, a P-gp inhibitor.
urther, sustained inhibition of P-gp was necessary for sustaining the cytotoxicity of nanoparticle-encapsulated paclitaxel in drug-resistant cells.

nhibition of P-gp by verapamil did not significantly affect the uptake or retention of nanoparticles in drug-resistant cells. In conclusion, our studies
uggest that P-gp substrates, such as paclitaxel, delivered to MDR cells by PLGA nanoparticles, are susceptible to efflux by P-gp. Inhibition of P-gp
estores sensitivity to paclitaxel; however, sustained inhibition of P-gp is required for sustained therapeutic efficacy of nanoparticle-encapsulated
rug.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Chemotherapy resistance, which includes development of
imultaneous resistance to multiple drugs, is a frequent phe-
omenon in cancer cells (Stein et al., 2004). The significance of
his problem is highlighted by the estimations that up to 500,000
ew cases of cancer each year will eventually exhibit multidrug
esistance (MDR) phenotype (Shabbits et al., 2001). Tumor cells
evelop drug resistance through various mechanisms such as
verexpression of drug efflux transporters like P-glycoprotein

P-gp) (Krishnamachary and Center, 1993), changes in topoiso-
erase activity (Deffie et al., 1989), modifications in glutathione

-transferase (Zhang et al., 1998), and altered expression of
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poptosis-associated protein Bcl-2 (Kirkin et al., 2004) and
umor suppressor protein p53 (Viktorsson et al., 2005). Of these,
verexpression of P-gp is the most frequent. Role of P-gp in clin-
cal tumor resistance is supported by studies that demonstrate
-gp expression in more 40% of breast cancer samples and its
orrelation with decreased treatment response (Chintamani et
l., 2005; Trock et al., 1997). P-gp is an organic cation pump
hat is a product of the ABCB1 (MDR1) gene. P-gp is capable
f transporting a variety of structurally and functionally diverse
hemotherapeutic drugs (Doran et al., 2005). Due to the overex-
ression of P-gp, tumor cells actively efflux out the drug, leading
o reduced intracellular drug accumulation and decreased ther-
peutic efficacy.

A number of studies have investigated encapsulation of P-
p substrates in different delivery systems such as polymeric

icelles and nanoparticles to overcome drug resistance (Barraud

t al., 2005; Batrakova et al., 1996; Lee et al., 2005; Rapoport
t al., 2002; Sahoo and Labhasetwar, 2005; Vauthier et al.,
003; Vinogradov et al., 1999). A recently published study
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emonstrates that P-gp – mediated MDR can be overcome by
ncapsulating anticancer drug such as paclitaxel in transferrin-
onjugated poly(d,l-lactide-co-glycolide) (PLGA) nanoparti-
les (Sahoo and Labhasetwar, 2005). It was shown that, in
DR tumor cells, transferrin-conjugated nanoparticles result

n sustained drug levels, which could be responsible for rever-
al of drug resistance. Thus, encapsulating P-gp substrates in
LGA nanoparticles offers a potential approach to overcome
rug resistance. However, there are several issues that need to
e addressed regarding the efficacy of nanoparticle-encapsulated
rug in MDR.

Current evidence suggests that P-gp may act as a ‘vac-
um cleaner’, extracting the drug as the drug diffuses into the
ell through the lipid bilayer (Loo and Clarke, 2005; Lugo
nd Sharom, 2005). It has been previously shown that PLGA
anoparticles escape the endo-lysosomal pathway and deliver
he encapsulated drug in the cytoplasm (Panyam et al., 2002).
t is not known whether drug delivered in the cytoplasm by
LGA nanoparticles can be effluxed by P-gp. Other mecha-
isms and factors such as exocytosis, vesicular sequestration
nd changes in cytoplasmic pH could limit drug’s therapeutic
fficacy (Schindler et al., 1996; Seidel et al., 1995). There-
ore, the objective of the current study is to determine whether
anoparticle-encapsulated drug is susceptible to P-gp-mediated
rug efflux and whether inhibition of P-gp activity reverses resis-
ance to nanoparticle-encapsulated paclitaxel.

. Materials and methods

.1. Materials

PLGA (50/50, inherent viscosity = 0.39 dl/g) was purchased
rom Absorbable Polymers (Birmingham, AL). Paclitaxel and
olyvinyl alcohol (30–70 kDa) were purchased from Sigma (St.
ouis, MO). Other solvents and buffers were purchased from
isher Scientific (Hampton, NH). All salts and buffers were of
eagent grade. Organic solvents were of HPLC grade.

.2. Methods

.2.1. Nanoparticle formulation
Nanoparticles containing paclitaxel were formulated using

mulsion-solvent evaporation technique (Sahoo et al., 2004). In
rief, a solution of 90 mg PLGA and 6 mg paclitaxel in 3 ml
f chloroform was emulsified in 12 ml of 2% (w/v) aqueous
olution of polyvinyl alcohol to form an oil-in-water emulsion.
mulsification was carried out using a micro-tip probe soni-
ator set at 55 W of energy output (Misonix sonicator 3000,
armingdale, NY) for 2 min over an ice bath. The emulsion was
tirred overnight on a magnetic stir plate to allow evaporation of
hloroform and formation of nanoparticles. Nanoparticles were
ecovered by ultracentrifugation at 30,000 rpm for 30 min at 4 ◦C
Beckman L-7 ultracentrifuge, Beckman Instruments Inc., Palo

lto, CA), washed twice with water to remove excess drug, and

hen lyophilized for 2 days (Labconco Freeze Dryer, Kansas
ity, MO). For cell uptake studies, nanoparticles were labeled
ith a lipophilic dye 6-coumarin. 6-coumarin is not released

7
B
R
s
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rom nanoparticles in the time frame of the study, and has been
reviously used to label PLGA nanoparticles for quantifying cell
ptake of nanoparticles (Panyam et al., 2003b). 6-coumarin was
dded along with paclitaxel into PLGA solution in chloroform.
-coumarin loading in nanoparticles was 0.05% (w/w).

.2.2. Drug loading and in vitro release
To determine drug loading, a known amount of nanoparticles

as extracted with 1 ml of methanol on a shaker (C24 incubator
haker, Brunswick Scientific, NJ) at 100 rpm for 48 h. Paclitaxel
ontent in the supernatant was determined by HPLC as described
elow. Drug encapsulation efficiency (%) was expressed as the
ercent of added drug that is entrapped in nanoparticles. Drug
oading was defined as the amount of drug (in mg) present in
00 mg of nanoparticles. Drug release from nanoparticles was
etermined in phosphate buffer saline (PBS, 0.15 M, pH 7.4)
ontaining 0.1% (w/v) Tween 80 at 37 ◦C (Sahoo et al., 2004).
anoparticle suspension (1 mg/ml, 0.5 ml) was placed in Float-
-Lyzer® dialysis tube (molecular weight cut-off 10,000 Da,
ierce), and the dialysis tube was immersed in 10 ml of the
elease buffer in a 15-ml centrifuge tube. The centrifuge tubes
ontaining dialysis tubes were placed in an incubator shaker set
t 100 rpm and 37 ◦C. At predetermined time intervals, 1 ml of
he release buffer was removed from the tube and was replaced
ith fresh release buffer. Paclitaxel concentration in the buffer
as determined by HPLC.

.2.3. Drug analysis
The HPLC system used consists of a C-18 column

4.6 mm × 25 cm) with 5 �m packing (Beckmann Instruments,
ullerton, CA). The mobile phase consisted of a mixture of
mmonium acetate (10 mM, pH 4.0) and acetonitrile in the ratio
f 45:55 (v/v), and was delivered at a flow rate of 1 ml/min. A
00 �l volume of drug sample was injected using an autoinjec-
or (Model 508, Beckmann Instruments), and paclitaxel levels
ere quantified by UV detection (228 nm, System Gold 168
etector). A standard plot for paclitaxel was prepared in either
ethanol or PBS containing 0.1% (w/v) Tween 80, and was

sed to determine paclitaxel concentration for drug loading and
n vitro release determinations, respectively.

.2.4. Determination of particle size and zeta potential
Particle size and zeta potential of nanoparticles were deter-

ined by dynamic light scattering. About 1 mg of nanoparticles
as dispersed in 1 ml of deionized water by sonication, and

he suspension was subjected to particle size and zeta potential
nalysis in ZetaPlus (Brookhaven Instruments, Holtsville, NY),
tted with particle size analysis software.

.2.5. Cell culture
Human breast cancer cells (MCF-7) and RPMI-1640 medium

ere obtained from American Type Culture Collection (ATCC,
anassas, VA). NCI-ADR/RES (previously known as MCF-
/ADR) cells were obtained from National Cancer Institute.
oth cell lines were passaged in T-75 tissue culture flasks in
PMI-1640 medium supplemented with 10% (v/v) fetal bovine

erum.
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.2.6. Cytotoxicity studies
Cells (MCF-7 or NCI-ADR/RES) were seeded in 96-well

lates at a seeding density of 5000 cells/well/0.1 ml medium,
nd allowed to attach overnight. Cells were then treated with
edium containing paclitaxel in solution or in nanoparticles, in

he presence or absence of 100 �M verapamil. To compare the
ffect of 5 nM drug solution with nanoparticles over a period of 7
ays, the amount of nanoparticles that releases 5 nM of paclitaxel
ver a period of 7 days is used. This is to ensure that all groups
re treated with equal concentrations of the drug. The medium
as changed on day 2 and every other day thereafter, and no

urther dose of paclitaxel or verapamil was added. For some
xperiments, verapamil was added every time the medium was
hanged. Cell viability was followed by MTS assay (CellTiter
6 Aqueous, Promega) over a period of 7–10 days. At different
ime intervals, the MTS assay reagent (20 �l) was added to each
ell, incubated for 120 min, and the absorbance was measured

t 505 nm using a microplate reader (Molecular Devices, Kinetic
icroplate reader, Sunnyvale CA). In this assay, absorbance is

roportional to number of viable cells. Untreated cells and empty
anoparticle-treated cells were used as controls. Results were
resented as percentage cytotoxicity compared to controls, and
nalyzed by using Student’s t-test. Differences were considered
ignificant at P < 0.05.

.2.7. Nanoparticle uptake and retention
NCI-ADR/RES cells were seeded in 24-well plates at a

eeding density of 50,000 cells/well/1 ml medium, and allowed
o attach overnight. Cells were then treated with 6-coumarin-
abeled nanoparticles containing paclitaxel, in the presence or
bsence of verapamil. At different time points after nanoparticle
ncubation, cells were washed three times with PBS to remove
anoparticles that were not internalized, and then incubated with
.1 ml of cell culture lysis reagent (Promega, Madison, WI) for

0 min at 37 ◦C. A 10 �l aliquot of cell lysate was used for
ell protein determination using BCA protein assay (Pierce),
nd the remaining portion was lyophilized. Nanoparticle con-
entration in the cell lysates were quantified by determining

n
F
n
t

Fig. 1. Proposed scheme for cellular trafficking of nanoparticle-e
l of Pharmaceutics 320 (2006) 150–156

-coumarin content in the cell lysate. 6-coumarin was extracted
rom lyophilized samples by shaking the samples with 0.5 ml of
ethanol at 100 rpm for 48 h using an orbital shaker. 6-coumarin

ontent in the methanol extract was determined using a modi-
cation of a previously published HPLC method (Davda and
abhasetwar, 2002). In brief, a C-18 column (4.6 mm × 25 cm)
ith 5 �m packing (Beckmann Instruments) was used. Sepa-

ations were achieved using acetonitrile:water:1-heptane sul-
onic acid sodium salt (65:35:0.005 M) as the mobile phase.
-coumarin was quantified using a fluorescence detector (LC
05, Linear Instruments; Ex(λ) 450 nm/Em(λ) 490 nm). Con-
entration of nanoparticles was determined from a standard
urve of peak area versus nanoparticle concentration, and the
esults were expressed as �g of nanoparticles per mg cell pro-
ein. Results were analyzed by using Student’s t-test. Differences
ere considered significant at P < 0.05.

. Results and discussion

Expression of P-gp leads to energy-dependent drug efflux
nd reduction in intracellular drug concentration. While the
xact mechanism by which P-gp interacts with its substrate is
ot fully understood, it is thought that binding of a substrate
o the high-affinity binding site within the lipid bilayer results
n ATP hydrolysis, causing a conformational change that shifts
he substrate to a lower affinity binding site and then releases
t into the extracellular space (Sauna et al., 2001). The current

odel, however, does not answer the question whether drug
elivered into the cytoplasm by nanoparticles is susceptible to
-gp-mediated efflux. While previous studies have shown that

ransferrin-conjugated nanoparticles can overcome drug resis-
ance (Sahoo and Labhasetwar, 2005), the mechanism of drug
esistance was not investigated in these studies. Thus, it is impor-
ant to determine if drug delivered into the cytoplasm by PLGA

anoparticles is susceptible to P-gp-mediated efflux (Fig. 1).
urther, as not all tumors overexpress transferrin receptors and
ot all tumors that overexpress transferrin receptors respond to
ransferrin-conjugated vectors (Munns et al., 1998), it is impor-

ncapsulated paclitaxel in drug-resistant and sensitive cells.
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ig. 2. In vitro release of paclitaxel from nanoparticles in PBS containing 0.1%
w/v) Tween 80. Data as mean ± S.D., n = 3.

ant to develop alternative approaches to overcome tumor drug
esistance.

With these objectives, we formulated PLGA nanoparti-
les loaded with paclitaxel. Nanoparticles had a mean z-
verage hydrodynamic diameter of about 195 nm (polydispersity
ndex = 0.262) and a zeta potential of −31.6 ± 2.1 mV. The drug
oading in nanoparticles was 5.8 ± 0.1% (w/w) (5.8 mg pacli-
axel in 100 mg nanoparticles) with an encapsulation efficiency
f 96 ± 1%. Nanoparticles exhibited sustained release of the
ncapsulated paclitaxel (Fig. 2). Drug loading, encapsulation
fficiency and sustained release characteristics of our formula-
ion are similar to those described previously (55% of the drug
eleased in 35 days compared to ∼50% released in ∼35 days)
Sahoo et al., 2004), except for the lag period in paclitaxel release
bserved in our studies. It is possible that the higher molecular
eight of the polymer used in our studies (∼40,000 Da) com-
ared to that used in the previous study (23,000 Da) could have
esulted in the observed slow release of paclitaxel during early
ime points (Panyam et al., 2004b).

In order to determine the efficacy of nanoparticle-

ncapsulated paclitaxel, we investigated the cytotoxicity of
aclitaxel-loaded nanoparticles in drug-sensitive MCF-7 cells.
t the concentration tested (5 nM), paclitaxel in solution demon-

trated a marginal but significant (P < 0.05) inhibition of cell

n
t
d
I

ig. 3. Nanoparticle-encapsulated paclitaxel is effective in drug-sensitive MCF-7 cell
aclitaxel (Pac) in solution (5 nM) or nanoparticles (NP) releasing an equivalent dos
erapamil (100 �M). Cells treated with growth medium and blank nanoparticles were
l of Pharmaceutics 320 (2006) 150–156 153

iability compared to untreated cells. Significantly higher and
ore sustained (for up to 7 days) inhibition of cell viability
as obtained when the cells were treated with paclitaxel-loaded
anoparticles (P < 0.05 for nanoparticles versus solution group
n day 3, 5 and 7, Fig. 3A). Initial lag period in paclitaxel
elease could have contributed to the lack of cytotoxicity of
anoparticle-encapsulated paclitaxel on day 1 of the study.

We investigated the therapeutic efficacy of paclitaxel treat-
ents in NCI/ADR-RES cells. These cells overexpress P-gp, and

re resistant to paclitaxel. As can be seen from Fig. 3B, treatment
ith 5 nM paclitaxel had no significant effect on the viability of

ells. Addition of 100 �M verapamil, a P-gp inhibitor, resulted in
he reversal of drug resistance. Treatment with paclitaxel encap-
ulated in nanoparticles also did not have any significant effect,
uggesting that nanoparticle-encapsulated paclitaxel is suscep-
ible to drug resistance mechanisms of this cell line.

In order to confirm that resistance to nanoparticle-
ncapsulated paclitaxel is due to P-gp activity, we tested
he effect of verapamil on the cytotoxicity of nanoparticle-
ncapsulated paclitaxel. Verapamil is a first-generation P-gp
nhibitor that, in the concentration range of 5–100 �M, has
een shown to reverse drug resistance in P-gp overexpress-
ng MDR tumor cells (Krishna and Mayer, 2000). Addition of
erapamil to the treatment resulted in significant cytotoxicity,
onfirming that resistance to nanoparticle-encapsulated pacli-
axel is due to P-gp (Fig. 4). At the concentrations used in the
tudy (30–100 �M), verapamil did not cause significant cyto-
oxicity in NCI/ADR-RES cells. We also studied the effect of
ransient versus sustained inhibition of P-gp on cytotoxicity of
anoparticle-encapsulated paclitaxel. As Fig. 4 indicates, tran-
ient inhibition of P-gp resulted in only transient cytotoxicity
f nanoparticle-encapsulated paclitaxel. Sustained inhibition of
-gp by continuously incubating cells with verapamil resulted

n sustained cytotoxicity with nanoparticle-encapsulated pacli-
axel.

To further confirm the differences in the efficacy of

anoparticle-encapsulated paclitaxel in drug-sensitive and resis-
ant cells and the effect of verapamil, we studied the
ose–response relationship in paclitaxel-induced cytotoxicity.
n drug-sensitive MCF-7 cells, nanoparticle-encapsulated pacli-

s (A) but not in drug-resistant NCI/ADR-RES cells (B). Cells were treated with
e. Some resistant cells were treated with paclitaxel solution in the presence of

used as respective controls. Data as mean ± S.D., n = 6 wells. *P < 0.05.
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Fig. 4. Inhibition of P-gp overcomes resistance to nanoparticle-encapsulated
paclitaxel. NCI/ADR-RES cells were treated with nanoparticles (NP) releasing
5 nM paclitaxel (Pac). Some cells were treated with paclitaxel nanoparticles in
the presence of single or multiple doses of verapamil (100 �M). For multiple dos-
ing, verapamil was added every time the medium was changed (multiple). Cells
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F
(
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t

reated with blank nanoparticles were used as controls. Data as mean ± S.D.,
= 6 wells. *P < 0.05 compared to controls. #P < 0.05 compared to single-dose
erapamil.

axel demonstrated dose-dependent cytotoxicity on both days

and 10 (Fig. 5A and B). Addition of verapamil did not

ave any effect on the cytotoxicity of nanoparticle-encapsulated
aclitaxel. In drug-resistant NCI/ADR-RES cells, nanoparticle-
ncapsulated paclitaxel did not show significant cytotoxicity,

c
a
t

ig. 5. Dose–response curves for nanoparticle-encapsulated paclitaxel in MCF-7 (A a
NP) containing paclitaxel (Pac), in the presence or absence of verapamil (30 �M). Ve
etermined by MTS assay on days 2 (A and C) and 10 (B and D). Open squares: Pa
reated with blank nanoparticles are used as controls. Data as mean ± S.D., n = 6 wel
l of Pharmaceutics 320 (2006) 150–156

ven at very high doses (Fig. 5C and D). However, addition
f a constant dose of verapamil resulted in the restoration of
ose-dependency in paclitaxel-induced cytotoxicity. This is dif-
erent from that observed in the case of transferrin-conjugated
anoparticles, where reversal of drug resistance was observed at
nly high (1000 nM) dose of paclitaxel (Sahoo and Labhasetwar,
005). These results confirm that resistance to nanoparticle-
ncapsulated paclitaxel is due to P-gp-mediated efflux.

In order to verify that P-gp activity does not affect nanopar-
icle uptake/retention in cells, we labeled nanoparticles with
-coumarin, and determined the cell uptake and retention of
anoparticles in NCI/ADR-RES cells. As can be seen from
ig. 6, inhibition of P-gp by verapamil did not significantly

ncrease the uptake or retention of nanoparticles, suggesting that
-gp-mediated resistance to nanoparticle-encapsulated pacli-

axel is not due to differences in uptake or retention of nanopar-
icles.

PLGA nanoparticles are taken up by cells by endocytosis,
esulting in higher cellular uptake of the entrapped therapeutic
gent (Panyam and Labhasetwar, 2003a). Mechanistic studies
ave shown that, following cellular uptake, nanoparticles escape
he endo-lysosomal pathway and enter the cytoplasm through a
rocess of surface charge reversal (Fig. 1). The surface charge
f nanoparticles changes from anionic to cationic in the acidic
H of secondary endosomes/lysosomes, because of migration of
harge reversal results in the interaction of nanoparticles with the
nionic lysosomal membrane, leading to the escape of nanopar-
icles into the cytoplasm (Panyam et al., 2002). Following entry,

nd B) and NCI/ADR-RES cells (C and D). Cells were treated with nanoparticles
rapamil was added every time the medium was changed. Viability of cells was
c NP; closed diamonds: Pac NP + verapamil; open triangles: empty NP. Cells

ls.
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Fig. 6. P-gp does not affect nanoparticle uptake and retention. NCI/ADR-RES
c
i
D

n
o
c
t
t
L
c
(
i
e
d
v
r
i
i
w
P
(
p
h
v
c
s
(
c
t
P

4

n
e
n
o
r
d

o
t

R

A

B

B

C

D

D

D

K

K

K

L

L

L

M

P

P

P

P

hydrophobic drugs from PLGA/PLA nanoparticles. J. Pharm. Sci. 93,
ells were treated with nanoparticles (NP) containing paclitaxel and 6-coumarin
n medium (100 �g/ml, 1 ml), in the presence or absence of 100 �M verapamil.
ata as mean ± S.D., n = 6 wells.

anoparticles are retained in the cytoplasm for a sustained period
f time (Panyam et al., 2003b). Thus, nanoparticles act as intra-
ellular drug depots, slowly releasing the encapsulated therapeu-
ic agent in the cellular cytoplasm. This results in enhancement of
herapeutic efficacy for drugs like dexamethasone (Panyam and
abhasetwar, 2004a) and paclitaxel (Fig. 3A) in drug-sensitive
ells, because cytoplasm is the site of action for these drugs
Adcock and Ito, 2005; Zhao et al., 2005). Our current stud-
es suggest PLGA nanoparticles do not enhance the therapeutic
fficacy of paclitaxel in MDR tumor cells (Fig. 3B), because the
rug delivered in the cytoplasm is actively effluxed by P-gp. Pre-
ious studies have shown that treatment with drug in solution
esults in transient drug levels and transient therapeutic activ-
ty (Panyam and Labhasetwar, 2004a; Suh et al., 1998). Thus,
t can be expected that a single-dose of verapamil in solution
ill result in transient verapamil levels, and therefore, transient
-gp inhibition. Although nanoparticles are retained in the cells
Fig. 6) and release the encapsulated paclitaxel for a prolonged
eriod of time (Fig. 2), loss of P-gp inhibition after day 2 could
ave resulted in transient cytotoxicity observed with single-dose
erapamil (Fig. 4). This could be confirmed from the fact that
ontinuous presence of verapamil in the medium resulted in
ustained cytotoxicity with nanoparticle-encapsulated paclitaxel
Fig. 4). Restoration of dose-dependency in paclitaxel-induced
ytotoxicity following P-gp inhibition suggests that resistance
o nanoparticle-encapsulated paclitaxel in this cell line is due to
-gp activity.

. Conclusion

P-gp substrates, such as paclitaxel, encapsulated in PLGA
anoparticles are susceptible to efflux by P-gp. Inhibition of
fflux activity by specific inhibitors can overcome resistance to

anoparticle-encapsulated drug. However, sustained inhibition
f P-gp is required for sustained therapeutic effect. We are cur-
ently investigating dual-agent nanoparticles (both inhibitor and
rug in the same nanoparticle formulation), with the objective

P

l of Pharmaceutics 320 (2006) 150–156 155

f sustaining the cellular levels of both the P-gp substrate and
he inhibitor, in order to overcome tumor drug resistance.
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