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Abstract — Purpose. This study was aimed at developing co-encapsulated stealth nanoliposomes containing
PSC 833, an efficient MDR modulator, and doxorubicin (DOX) in order to increase the effectiveness and
decrease adverse effects of the anticancer drug. Methods. In attempt to increase the encapsulation efficiency
of drugs, different methods for liposome preparation were tested and the effect of different parameters such
as drug to lipid molar ratio, cholesterol mole percent and lipid compositions, were investigated. The final
product with a lipid composition of EPC:DSPE-PEG2000:Chol (60:5:30 %mol) was prepared by thin layer
film hydration method. After preparation of empty liposomes, DOX and PSC 833 were loaded using
ammonium sulfate gradient and remote film loading methods, respectively. Physical characteristics of
optimized liposomes (DOX/PSC-L) such as particle size, zeta potential, encapsulation efficiency, in-vitro
drugs release and stability were evaluated. Furthermore, in vitro cytotoxicity study of various liposomal
formulations as well as drugs, solutions against resistant human breast cancer cell line, T47D/TAMR-6, was
evaluated using MTT assay. Results. The best formulation showed a narrow size distribution with average
diameter of 91.3 = 0.2 nm with zeta potential of -6 + 1.2, the encapsulation efficiency for DOX and PSC 833
were more than 95% and 65.5%, respectively. In DOX-resistant T47D/TAMR-6 cells, dual-agent stealth
liposomes showed significantly greater cytotoxicity (P < 0.05) than free DOX and liposomal DOX plus free
PSC 833 treatments. Conclusions. Co-encapsulation of DOX and PSC 833 presents a promising anticancer
formulation, capable of effective reversal of drug resistance, and should be explored further in therapeutic
studies with animal tumor xenograft models.

This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For Readers”) may comment
by clicking on ABSTRACT on the issue’s contents page.

INTRODUCTION cell (4, 5). Role of P-gp in clinical tumor
resistance is supported by studies that
Chemotherapeutics are the mainstream strategy demonstrate P-gp expression in more than 40% of
for the treatment of localized and metastasized breast cancer samples and its correlation with
cancers. However, the development of multidrug decreased treatment response (6, 7).
resistance (MDR) of cancer cells, as well as The role of P-gp in MDR has led to efforts to
systemic toxic side effects resulting from modulate P-gp activity. A number of compounds
unspecific localization of anticancer drugs to non- that possess P-gp inhibitory activities, which are
tumor areas are major obstacles to the success of sometimes referred as “chemosensitizers”, have
chemotherapy in many cancers (1, 2). MDR can been identified or synthesized to address this
be caused by drug efflux transporters which issue (8). First-generation inhibitors are
actively efflux out the drug, leading to reduced pharmacologically active compounds, which are
intracellular drug accumulation and decreased in clinical use for other indications but have been
therapeutic efficacy (1, 3). shown to inhibit P-gp. These include calcium
P-glycoprotein (P-gp), encoded by the MDR1 channel blockers such as verapamil and
gene, is the most abundantly expressed drug immunosuppressants like cyclosporin A.
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However, significant cardiac toxicities,
immunosuppressive and nephrotoxic effects, low
potencies and poor specificity for the drug efflux
transporters limit their clinical use (9, 10). PSC
833 (Valspodar) is an analogue of cyclosporin,
which is more active in vitro and in vivo than
cyclosporin A or other agents such as verapamil
and quinidine in reversing P-gp mediated
multidrug  resistance.  This  agent lacks
nephrotoxicity or immunosuppressive activity.
The anticancer efficacy of the combination of
PSC 833 and P-gp substrate anticancer drugs in
preclinical studies yielded greater reduction of
tumor size and longer life span than the individual
anticancer compound in animals bearing MDR
tumors (11, 12). Furthermore, the P-gp inhibiting
activity of PSC- 833 has been demonstrated in
clinical trials in combination with
chemotherapeutic agents (13, 14). In spite of high
potency and specificity of the newer agents such
as PSC 833, a major confounding factor in their
use is the fact that besides exerting an effect on P-
gp function, they also have a profound effect on
pharmacokinetics and cytotoxicity of the
anticancer drugs concurrently administered (15).
The pharmacokinetic interaction and increase in
cytotoxicity of anticancer drugs by a MDR
modulator is due to extensive biodistribution of
the MDR modulators in normal organs, such as
intestine, liver, kidneys, lung and brain, inhibiting
P-gp function in these tissues and causing
increased distribution or decreased excretion of
the chemotherapeutics (16). Notably, another
important concern is that the difference in
physico-chemical properties of the anticancer
drug with chemosensitizer may result in
differences in the pharmacokinetics and
accumulation of the two agents in tumor site.
Therefore, concurrent administration of efflux
inhibitor and anticancer drug cannot guarantee the
co-action of intended drugs in the same cancer
cells (17). A great deal of these shortcomings of
chemosensitizers may be tackled by administering
these agents using nanoparticulate delivery
systems (18).

ABBREVIATIONS

In particular, co-encapsulation of dual agents into
a nanoparticle formulation would be more
effective than concurrent application of single
agent-containing  nanoparticles, since  any
nanoparticle uptake by the cell would result in
coexistence of the chemosensitizer and the
anticancer drug in the microdomain of the cell
and the exploitation of the synergy (17).
Furthermore, simultaneous delivery of both drugs
by a particle formulation allowed for ease of
administration. It should be noted that
encapsulation of anticancer drugs in nanocarriers
in turn can reduce exposure of entrapped drugs to
susceptible healthy tissues while preferentially
accumulating in sites of tumor growth due to
enhanced permeability and retention (EPR)
effects associated with solid tumors (19, 20).

Over the past few decades, liposomes have
received widespread attention as a carrier system
for therapeutically active compounds, due to their
unique characteristics such as capability to
incorporate hydrophilic and hydrophobic drugs,
good Dbiocompatibility, low toxicity, lack of
immune system activation, and targeted delivery
of bioactive compounds to the site of action (21,
22). Recently, a novel liposomal formulation
containing co-loaded doxorubicin (DOX) and
verapamil was synthesized and shown to
overcome MDR (23, 24). The chemosensitizer
verapamil chosen in this study, however, was
non-specific for P-gp and would cause side effect.
Therefore, the present work was undertaken to
develop a new liposomal formulation loaded with
both DOX and the much more potent and specific
P-gp modulator, PSC 833. In the present study,
the preparation and characterization of PSC 833
loaded liposomes (PSC-L) and combined
liposomal formulation (DOX/PSC-L) were
investigated. In addition, the cytotoxicity of
various formulations was verified on human
breast cancer resistant cell line. This approach
ameliorates extensive biodistribution of both
drugs and allows for enhanced antitumor efficacy
to tumor cells.

%DR: percent drug released; %DRy4y,: percent drug released after 24 h; %DRyg,: percent drug released
after 48 h; Chol: cholesterol; DOX: doxorubicin; DOX-L: doxorubicin entrapped liposome; DOX/PSC-L:

doxorubicin and PSC 833 entrapped liposome;

DPPC: dipalmitoylphosphatidylcholine; DSPC:

distearoylphosphatidylcholine; DSPE-PEG: distearoylphosphatidylethanolamine-poly(ethyleneglycol)2000;
EE: entrapment efficiency; EL: empty liposomes; EPC: egg phosphatidylcholine; FBS: fetal bovine serum;
MDR: multidrug resistance; MTT: 3-(4, 5-dimethyltiazol-2-ly)-2, 5-diphenyltetrazolium bromide; PC:
phosphatidylcholine; P-gp: P-glycoprotein; PSC-L: PSC 833 entrapped liposome; T,: transition

temperature.
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MATERIALS AND METHODS

Materials
PSC 833 was kindly provided by Novartis

Pharmaceuticals (Switzerland). Purified egg
phosphatidylcholine (EPC), dipalmitoyl-
phosphatidylcholine (DPPC), distearoyl-
phosphatidylcholine (DSPC) and distearoyl-

phosphatidylethanolamine - poly (ethyleneglycol)
2000 (DSPE-PEG2000) were obtained from
Lipoid GmbH (Switzerland). Doxorubicin
hydrochloride (DOX), tamoxifen, cholesterol
(Chol, purity > 99%), 3-(4, 5-dimethyltiazol-2-
ly)-2, 5-diphenyltetrazolium bromide (MTT) and
ammonium sulfate were purchased from Sigma
Chemical Company (St. Louis, MO, USA) and
RPMI1640 and fetal bovine serum (FBS) from
Gibco BRL (UK). Chloroform, methanol, HPLC-
grade acetonitrile, Tween 80, Triton X-100 and
sodium chloride were supplied by Merck
(Darmstadt, Germany). Cellulose dialysis tubing
(molecular weight cutoff 12000 Da) was from
BioGene (USA). Other supplements for cell
culture media were obtained from Gibco
Invitrogen (UK).

Cell lines and culture conditions

The human breast cancer cell line, T47D, (ATCC,
HTB-133) was obtained from Pasteur Institute
Cell Bank of Iran (Tehran, Iran). A subpopulation
of T47D (T47D/TAMR-6) which shows
resistance to tamoxifen and DOX and
overexpresses MDR1 (25) was kindly provided
by Prof. Azizi in Molecular Research Laboratory,
Faculty of Pharmacy, Tehran University of
Medical Sciences (Tehran, Iran). T47D/TAMR-6
was significantly less sensitive to the cytotoxic
effects of DOX when compared to parental cells
(see results). The cell cultured medium was RPMI
1640 which was supplemented with 10% heat-
inactivated ~ FBS and 1%  antibiotics
(penicillin/streptomycin; 100 U/ml, Gibco).
T47D/TAMR-6 was cultured in the medium
containing 10° M tamoxifen for maintaining
MDR phenotype. Cells were maintained at 37°C
and 5% CO, in a humidified incubator.

Liposome preparation

For liposmal encapsulation of DOX (DOX-L) a
transmembrane pH gradient method was carried
out (26). PSC 833 loaded liposomes (PSC-L)
were prepared by the remote film loading method,
which was reported by Sadzuka et al. (27) as a
novel method for liposome preparation and
optimized in our previous study for sirolimus
liposomalization (28). This method involves

production of drug film and the subsequent
addition to empty liposomes (ELs).

Preparation of Empty liposomes

ELs were prepared by the lipid film hydration
method (29). Briefly, the lipid mixture of the
desired molar composition was dissolved in
chloroform and dried under reduced pressure in a
rotary evaporator (90 rpm) at 65°C to form a thin
lipid film. Evaporation was continued for 2 h after
the dry residue appeared, to completely remove
all traces of the solvent. The film was then
hydrated with ammonium sulfate (300 mM) at
65°C for 1h. The obtained multivesicular
suspensions were extruded (Northern Lipids,
Vancouver, BC, Canada) five times through each
of 200 and 100 nm pore size (Nucleopore
polycarbonate membranes, Whatman, UK) to
produce samples with a narrow size distribution.
The extrusion was carried out at 65°C to maintain
vesicles above phase transition temperature.
Phospholipid content of the liposomes was
assayed using the method established by Stewart
(30).

Liposomal encapsulation of doxorubicin

DOX was remote-loaded using an ammonium
sulfate gradient as previously described (26). The
resulting ELs were dialyzed for 12 h at room
temperature against 150 mM NaCl to exchange
the external buffer and establish a pH gradient
across the liposome membrane. DOX in normal
saline was then mixed and incubated with ELs at
60°C for 1h. Small amounts of residual
nonencapsulated DOX were removed by dialysis
for 12 h at 4°C against 150 mM NaCl. Liposomal
DOX preparations were diluted with culture
medium as necessary prior to cytotoxicity assay.

Liposomal entrapment of PSC 833

Standard solutions of PSC 833 were prepared in
methanol and then evaporated to form a thin layer
film. Following the addition of ELs or DOX-Ls,
the mixtures were sonicated for 10 min at 60°C,
using a high-energy bath-type sonicator
(Starsonic, Liarre, Italy). The liposomal
suspensions were allowed to stand at room
temperature for 30 min. Unentrapped drug was
separated by centrifugation at 13000 rpm for 10
min.

Liposome characterization

The prepared liposomes were characterized in
terms of entrapment efficiency (EE), vesicle size,
zeta potential and in vitro drug release.
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Entrapment efficiency

Prepared lipid vesicles were separated from the
free (unentrapped) drug. Encapsulated DOX in
liposomal systems was determined
spectrophotometrically at 480 nm after lysis of
the liposomes with Triton X-100 (final
concentration of 2% w/v). For determination of
PSC 833 entrapment efficiency, small aliquots of
liposomes (50 upl) were diluted in 950 pl
methanol, were subjected to sonication until
liposomes disruption and analyzed for PSC 833
content by HPLC. The %EE was calculated from
the amount of incorporated drug divided by the
total amount used at the beginning of preparation
multiplied by 100.

PSC 833 analysis

The amount of PSC 833 in liposome formulations
and in release medium (NaCl 0.9% containing
0.05% Tween 80) was determined using a
validated HPLC method. The HPLC system
consisted of a model K-1001 solvent delivery
pump, a Wellchrom online degasser, a Rheodyne
autoinjector equipped with a 100 pl loop, a model
K-2600 UV detector (all from Knauer, Germany).
Chromgate software (Version 317) was used to
acquire and process all chromatographic data. The
separation was achieved on a ShimPack CLC-CN
column, 4.6 x 250 mm, 5 um particle size
(Shimadzu Co., Japan), using an isocratic mobile
phase consisting of water and acetonitrile (40:60,
v/v) as eluent at a flow rate of 1 ml/min with UV
detection at 210 nm. The column temperature was
kept at 50°C. A linear response was observed
over a concentration range of 0.5-10.0 ug/ml. The
coefficients of variation for inter-day and intra-
day assay were found to be less than 6.0%.

Size distribution and zeta potential

Size, population distribution and zeta potentials of
EL, DOX-L, PSC-L and -co-encapsulated
liposomal formulation of DOX and PSC 833
(DOX/PSC-L) were determined by dynamic light
scattering measurements using a Malvern
Zetasizer Nano ZS (Malvern Instruments,
London, England). The analysis was performed at
25°C and after the dispersion was diluted to an
appropriate volume with deionized water. The
measurements were conducted in triplicate.
Particle size results are presented as an average
diameter of the liposome suspension (z-average
mean).

In vitro drug release

The in vitro release of drug loaded liposomal
formulations was determined using home-made
vertical Franz-type glass diffusion cells (available
diffusion area = 1.8 cm?). A cellulose membrane

(molecular weight cutoff of 12 KDa) was
mounted between the donor and receptor
compartments. The membrane was soaked in
double-distilled water for 12 hours before
mounting in the Franz diffusion cell. Respective
liposomal formulations (DOX-L, PSC-L and
DOX/PSC-L) were placed in donor compartment
and dialyzed against receptor medium consisted
of normal saline containing 0.05% Tween 80
(w/v) for achieving sink condition. The stirring
rate and temperature were kept at 300 rpm and
37°C, respectively. The samples were removed at
1,2, 4,6, 8, 24, 48 and 72 h. Each experiment
was repeated in triplicate. In all cases the
incubated medium was replaced with a fresh one
daily. Samples for DOX analysis were taken from
receptor and analyzed using a spectrofluorometric
method at excitation and emission wavelengths of
485 nm and 580 nm, respectively. With regard to
PSC 833, samples were taken from donor and
analyzed using above mentioned HPLC method.

Stability of formulations

The stability of liposomal formulations was
evaluated at refrigerator temperature (5°C) for a
period of 15 days. At predetermined time
intervals aliquots of samples were withdrawn and
%EE, particle size and zeta potential of the
liposomes were determined.

In vitro cytotoxicity assay

The in vitro cytotoxicity of various formulations
against T47D/TAMR-6 cells was investigated by
MTT assay. A 10* T47D/TAMR-6 cells were
cultured in 96-well plate containing RPMI
medium and incubated overnight to allow cell
attachment. After 48 hours incubation, fresh
medium containing serial concentration of various
drug formulations, including free DOX, DOX-L,
mixture of DOX-L and free PSC 833, mixture of
DOX-L and PSC-L and DOX/PSC-L were added.
The plates were then incubated for an additional
48 hours before washing with normal saline
followed by adding MTT solution (0.5 mg/ml) to
each well, and incubated for 4 h at 37°C. Then,
the medium was removed, and DMSO was added
to dissolve the formazan crystals. The plates were
mildly shaken for 10 min to ensure the dissolution
of formazan. The formazan dye was measured
spectrophotometrically using microplate reader at
570 nm with reference standard of 690 nm as
described before.

STATISTICAL ANALYSIS

All data were expressed as mean + standard
deviation (SD) of at least three measurements.
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Statistical calculations were performed using
GraphPad PRISM™  software. Statistical
significance between two groups was tested with
Student’s t-test. Differences among three or more
groups were analyzed by one-way analysis of
variance (ANOVA) and Tukey’s multiple
comparison tests. A value of P < 0.05 was
considered statistically significant.

RESULTS

PSC 833 nanoliposome preparation

There are many methods of liposome preparation
and suitable method is selected according to the
physical properties of the entrapped drugs. For
PSC 833 liposome, the preparation was firstly
attempted using the thin-film hydration technique,
which is the conventional and most common
technique for liposome preparation, followed by
extrusion. However, a desired EE was not
achieved. In the second step the ethanol injection
method (31) was tried which was not effective
due to the relatively large particle size of
liposomes (around 210 nm) and production of
inhomogeneous  population  of  particles;
furthermore EE was rather low (EE < 20% for
lipid composition of Chol:EPC 30:70 and lipid to
drug molar ratio of 30). To achieve higher EE and
minimizing the leakage of DOX during PSC 833
loading, we investigated the remote film loading
method to prepare PSC 833 liposomes. This
method was previously optimized in our lab for
liposomalization of sirolimus (28).

Entrapment efficiency

In this study, in order to investigate the role of
phospholipid composition on incorporation
efficiency, different phospholipids, which vary in
acyl chain length, the degree of saturation of the
acyl chains and bilayer fluidity, were used for
preparing different liposomal formulations. The
chosen lipids are the most common used lipids for
the liposome preparation. From Table 1, it can be
readily noticed that EE closely correlated to the
liposomal lipid composition. Immediately after
formulation, EE was higher, however, when the
sonicated liposomes were then allowed to stand
undisturbed for about 30 min, for annealing, a
part of entrapped drug dissociated.

Table 1. Effect of lipid composition on PSC 833
entrapment efficiency (Mean £ SD, n=3).

Liposome formulation® %EE

Chol:DSPC30:70 10.1+1.3
Chol:DPPC30:70 12.3+0.9
Chol:EPC30:70 424+0.8
Chol:EPC:DSPE-PEG2000 30:65:5 64.9+04

?Lipid to drug molar ratio = 30

An increase in chain length of fatty acid
resulted in a decrease in EE at a fixed lipid/drug
ratio of 30 and Chol proportion of 30%. Higher
extent of incorporation was observed when using
EPC liposomes (EE~42%) compared to DPPC-
and DSPC-ones (EE=12 and 10% respectively)
(Table 1).

Considering all known desirable properties of
PEG coated vesicles such as minimizing the
recognition of injected liposomes by cells of the
mononuclear  phagocytic  system, reducing
liposome — liposome aggregation and improving
long-term stability (21), a 5% DSPE-PEG was
incorporated in the EPC based formulations.
Results revealed that inclusion of a small quantity
of this PEGylated phospholipid had a distinctly
positive influence on the EE (Table 1). Since lipid
to drug molar ratio and Chol proportion could
have significant impact on developing a
therapeutically efficient liposomal carrier system,
we examined the effect of these factors on
different properties of the prepared liposomes. As
shown in Table 2 the incorporated amount of PSC
833 displayed a lipid/drug molar ratio—dependent
trend. In all cases, the amount of drug remaining
associated with vesicles was always higher for
greater lipid/drug ratios. The EE of liposomes
markedly increased from approximately 22% to
65% by increasing lipid /drug ratio from 15 to 30.
Even though further increase of lipid/drug molar
ratio from 30 to 45 favored the drug loading, we
chose lipid/drug molar ratio of 30 for remaining
studies because the amount of lipid that could be
administered for a given drug dose is limited.
High lipid doses may raise concerns of toxicity,
reduce the economic feasibility of pharmaceutical
scale production and worsen the physical
characteristics of the dosage form. Increasing the
content of Chol from 30% to 45% significantly
affected the EE (Table 2). As the Chol content of
the formulation increased, PSC 833 loading
decreased.

Particle size and zeta potential

The mean particle size of liposome-incorporated
PSC 833 with different lipid compositions, as
measured with the particle size analyzer, was in
the range of 90 - 110 nm with an acceptably good
polydispersity allowing diffusion into malignant
tissue via gaps present in the highly permeable
tumor blood vessels.
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Table 2. Effects of lipid/drug molar ratio and cholesterol proportion on entrapment efficiency and release profile of

PSC 833 loaded nanoliposomes (Mean + SD, n=3).

Liposomal formulation

Main lipid Lipid/drug ratio %Chol

%EE %DR 4, %DR g1’

EPC 15 30
EPC 30 30
EPC 45 30
EPC 30 45

21.8+0.2
64.9+0.4
73.3+0.5
304+0.6

38.9+0.2
254+2.6
21.2+4.0
649+04

435+1.1
37.6+6.8
27.6+5.0
66.1 £0.8

? Percent drug released within 24 hours
® Percent drug released within 48 hours

Surface charge of nanoparticles is another
important  physiochemical  parameters in
designing drug delivery vehicles. Zeta potential is
the electric charge on particle surface. Zeta
potential of conventional empty vesicles and
PSC-L were in the range of -3 to +1. However,
zeta potential of PEGylated vesicles found to be
in the range of -10 to -5 mv due to the presence of
the negatively charged DSPE-PEG. Aggregation
of neutral liposomes is brought about by Van der
Waals interactions. Small concentrations of
PEGylated lipids can provide sufficient repulsion
to prevent the aggregation of the particles upon
addition of hydrophobic drugs to the membrane.

In vitro drug release study

The release profile of PSC 833 from liposomal
formulations was studied in normal saline
(containing 0.05 % w/v Tween 80) (Table 2,
Figure 1A). The release of PSC 833 from
nanoliposomes was observed to occur as a
biphasic process and the release rate of primary
phase was faster than the steady release phase.
From the results (Table 2), it can be noticed that
Chol content and lipid/ drug molar ratio had a
positive and a negative impact on the release rate,
respectively.

Doxorubicin nanoliposome preparation

DOX is a cytotoxic agent which has been widely
used in clinical cancer therapy. Ammonium
sulfate gradient remote-loading method is robust
to attain high encapsulation efficiency (more than
95%, Table 3). The transmembrane ammonium
sulphate gradient provided the driving force for
DOX influx and accumulation within liposomes
in an aggregated gel-like state (32).

100 1 A

80 —+—DOX/PSCL

—&—PSCL

60 -

% PSC 833 released

80
Time (h)
B
100 -
—+— DOX/PSC-L

80 —6— DOX-L
T
]
2]
S 60
®
(=~
> T
O 40 1 ’
Q T
S

20

0 Beee 5 : : ,
0 20 40 60 80
Time (h)

Figure 1. (A) In vitro release profile of PSC 833 from
nanoliposomes with or without DOX. (B) In vitro
release profile of DOX from nanoliposomes with or
without PSC 833. Lipid composition was EPC/Chol/
DSPE-PEG2000 at a molar ratio of 65:30:5, (Mean =+
SD, n=3).
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The in vitro release studies of DOX-L (Figure 1B)
showed minimal leakage and controlled release of
DOX from liposomes in normal saline after 72
hours incubation at 37°C. Within the interior of
liposomes, rapid drug loss can be effectively
prevented by the use of remote drug-loading
techniques and formation of slow dissolving gel-
like aggregates. Liposomes were stable for at least
2 weeks at 5°C (Table 4).

Formulation properties of dual agent stealth
nanoliposomes

The combined formulation (DOX/PSC-L)
presented encapsulation contents close to those of
each individual drug loaded formulation (Table
3). The presence of associated DOX did not alter
the release profile of PSC 833 from the
nanoparticles (Figure 1A). The presence of PSC
833 had no significant effect on the rate of DOX
release (Figure 1B). Changing the formulation
from single agent to dual agent, did not cause any
significant change in the size or zeta potential of
the particle (Table 3). Stability of DOX/PSC-L
was also investigated (Table 4). In the present
work, we have demonstrated that nanoliposomes
can be formulated for efficient co-encapsulation
and simultaneous controlled release of DOX and
PSC 833, a hydrophilic and a lipophilic
compound, respectively. This versatility property

of liposomal system would be useful for the
delivery of combinational treatments.

Stability study of liposomes

The results of the physical and chemical stability
of various liposomal formulations at refrigerator
temperature were shown in Table 4. The
liposomes were stable for at least two weeks at
this temperature without any detectable changes
in EE, size and zeta potential.

Cytotoxicity study

The ICsq of DOX in T47D/TAMR-6 cells was
significantly higher than that in T47D cells (10
pg/ml and 1 pg/ml respectively, p < 0.001),
suggesting that  T47D/TAMR-6 cells were
resistant to effects of DOX. Cytotoxicities of
various formulations of DOX were determined in
resistant cells (T47D/TAMR-6) by an MTT assay.
Empty liposomes (ELs) showed no toxicity in
both wild type and MDR cells, reinforcing the
biocompatibility of the liposomes. As illustrated
in Figure 2, DOX-L had approximately 20 times
lower IC50 value than that of free drug (0.5 pg/ml
and 10 pg/ml respectively) indicating that
T47D/TAMR-6 cells were more sensitive to
liposomal DOX than to free drug. These results
confirm the advantage of small particle
formulations of chemotherapeutic agents to
enhance cellular drug uptake and retention (18).

Table 3. Loading efficiency, mean size and zeta potential of Doxorubicin and PSC 833 liposomes (Mean + SD, n=3).

Formulation® %EE Size Zeta potential
PSC 833 DOX (nm)

DOX-L - >95 90.2+0.7 -7+0.9

PSC-L 64.9+0.4 - 93.6+0.3 5+14

DOX/PSC-L 655+13 > 95 91.3+0.2 -6+12

"Lipid composition:EPC/Chol/ DSPE-PEG2000 at a molar ratio of 65:30:5.

Table 4. Stability of various formulations at 5°C (Mean + SD, n=3).

Formulation® %EE (DOX) %EE (PSC 833) Size (nm) Zeta potential
Day 0 Day 15 Day 0 Day 15 Day 0 Day 15 Day 0 Day 15

DOX-L 983+0.5 948+14 - - 90.2+0.7 103+£12 -7+£09 4£13

PSC-L - - 649+04 608+17 93.6+03 10415 -5+14 517

DOX/PSC-L  979+04 935+0.8 659+13 614+£24 913+£02 106+x12 -6+1.2 -4+£0.8

*Lipid composition: EPC/Chol/ DSPE-PEG2000 at a molar ratio of 65:30:5.
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Prior to in vitro cytotoxicity work on co-
encapsulated formulations, the cytotoxicity of
PSC 833 solutions at increasing concentration
from 0.25 pg/ml to 0.75 pg/ml was also
investigated. Consistent with previous reports that
PSC can induce cell death at concentration of
more than 10 pg/ml (33), the data of Figure 3
proved that no cytotoxicity effects were detected
up to the concentration of 0.75 pg/ml.

Cell Viability (%)
B (o] (o]
(@] (@] o

N
o
1

(control)

To determine the appropriate drug ratio that
could give the best cytotoxic effect, DOX
resistant cells were incubated with different
concentrations of DOX-L plus free PSC 833 at
concentrations of 0.25, 0.5 and 0.75 pg/ml
(Figure 4). Cell kill efficacy of MDR cell type
increased significantly when PSC 833 was
administered alongside DOX-L.

B DOX Solution
ODOX-L

100 -
*
o *
I\Al |
0 . . . h_ljl
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Figure 2. Cytotoxicity of free DOX and DOX loaded nanoliposomes against DOX resistant cells;

*P <0.01 (between free DOX and DOX-L)

—
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Figure 3. Cell viability after exposure to various concentrations of free PSC 833, at 37°C for 48 hours. No significant
differences were found in cell viability among different concentrations of PSC 833.
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Figure 4. Cytotoxicity of different concentrations of DOX-loaded nanoliposomes (DOX-L) in the presence of various
concentrations of free PSC 833; *P < 0.01 (vs. the control).

According to the results, the higher
concentrations of PSC 833 (0.5 and 0.75 pg/ml),
in combination with all concentrations of DOX,
were most toxic and killed more than 70% of the
resistant cells. However, for better discrimination
and comparison of various formulations, a
combination of 0.25 pg/ml of the chemosentisizer
agent and 0.1 pg/ml of DOX were selected for
further experiments. To incorporate this dose
relationship (0.1 pg/ml of DOX-L and 0.25 pg/ml
of PSC 833) into the formulation, a stealth
nanoliposomal system was designed that could
simultaneously carry both the DOX and PSC 833
therapeutics but release each in a controlled
manner (DOX/PSC-L).

Figure 5 compares the in vitro cell growth
inhibition effect of various treatments containing
DOX (with or without PSC 833) as measured by
the MTT assay. As shown the efficiency of DOX
against the resistant cells followed the order of
DOX/PSC-L = DOX-L + PSC-L > DOX-L + Free
PSC 833 > DOX-L > Free DOX. Clearly PSC
833-containing treatments were more effective

and strong synergism was obtained in resistant
cells. Although incorporation of PSC 833 within
liposomal formulation led to an increase in
efficacy in vitro (P < 0.05) as compared to DOX-
L mixed with free PSC 833, the use of equal
exposure time for free and liposomal formulation
of PSC 833 in in vitro cytotoxicity studies creates
an artificial condition. It could also be observed
that the combination of the two separate
nanoparticle formulations elicited the same in
vitro effect than the co-encapsulated formulation
(Figure 5).

DISCUSSION

Liposomes have been proven as successful
nanocarriers because they prevent the drug from
degradation in circulation and may diminish toxic
side-effects by altering pharmacokinetic and
distribution behavior. Furthermore, they can
encapsulate or incorporate both hydrophilic and
hydrophobic compounds in high quantities in
their aqueous interior or in the lipid bilayer,
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respectively. Besides, it has been shown that
liposomes may accumulate in tumor areas
provided that they are small and have a
sufficiently long circulation time (22, 34).
Anthracyclines, which rank among the most
widely employed chemotherapeutics, represent
the main group of cytostatic drugs that have been

associated with liposomes (35, 36). Liposomal
formulations of doxorubicin and daunorubicin are
either approved or under clinical investigation for
treatment of several types of cancer, e.g. breast
cancer, Kaposi’s Sarcoma, ovarian cancer, non-
Hodgkin’s lymphoma and multiple myeloma (37-
39).

100 A
P <0.01
80 A f 1
—_ P <0.01
= 60 - r 1
= P < 0.05
3 f 1
]
S L0 P> 0.05
> 1
= -
o
20
0 = T T T 1
control Free DOX Free DOX & DOX-L & DOX-L & DOX/PSC-L
Free PSC Free PSC PSC-L

Figure 5. Cytotoxicity of various formulations of DOX against drug- resistant human breast cancer cell line, at 37°C
for 48 hours. DOX: free doxorubicin; PSC: free PSC 833; DOX-L: doxorubicin loaded liposomes; PSC-L: PSC 833
loaded liposomes; DOX/PSC-L: co-encapsulated liposomal formulation of DOX and PSC 833.

Liposomal anthracyclin delivery has minimized
non-specific  biodistribution and  reduced
cardiotoxicity compared to free drug (22, 36).
However, an important concern is that
accumulation of liposomes in the tumor area does
not guarantee intracellular bioavailability of the
encapsulated drug. Intrinsic or acquired resistance
to chemotherapeutic drugs is one of the major
obstacles hampering effective cancer treatment.
Functioning as a drug efflux pump, P-gp prevents
cytotoxic agents from reaching effective
intracellular concentrations (5). Simultaneous
liposomal co-entrapment of chemosensitizers with
anticancer drugs has been pursued as a means to
increase chemotherapeutic efficacy, restore drug
sensitivity while decreasing toxic effects.
Liposomalization of specific P-gp inhibitors may
provide therapeutic advantages by increasing their
bioavailability at sites of tumor via the EPR effect
and altered biodistribution. Considering all these
issues, we aimed to develop DOX and PSC 833

co-loaded nanoliposomes that to our knowledge
has not been prepared yet. The liposomes were
evaluated for in vitro cytotoxicity in DOX
resistant human breast cancer cell line.

For PSC 833 nanoliposome preparation,
different methods were tried. A desired EE was
not achieved with thin-film hydration technique
followed by extrusion and the ethanol injection
method. The remote loading methods using an
ammonium sulphate or citrate gradient are
another approach for liposome preparation which
is successfully used for drugs that are weak bases
like DOX by exerting a transmembrane pH
gradient (40). For optimal loading, drug
candidates are required to be amphiphilic weak
bases (41) with log D at pH 7 in the range of—2.5
to 2 and a pKa <11 (42). However, drugs like
PSC 833 that do not have the weakly basic amino
groups, required for drug loading, cannot be
stably encapsulated and retained in liposomal
carriers by this method. On the other hand, the
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challenges in minimizing the leakage rate of PSC
833 during DOX encapsulation should be
considered. Up to now, few studies have been
reported on co-delivery of multiple agents in
liposomes. This is probably due to difficulties
associated with the efficient and stable
encapsulation of two drugs with different
physicochemical properties in the same liposome,
as well as the challenges in controlling the release
rate of chemically disparate drugs within one
liposome composition (43). To overcome these
problems, we investigated the remote film loading
method to prepare PSC 833 liposomes. This
method was reported by Sadzuka et al. (27) as a
novel method for liposome preparation of SN-38
and optimized in our previous study for
liposomalization of sirolimus (28).

First, the experiments were set up to
investigate the effect of the different lipid
compositions on the PSC 833-loaded vesicle
formation. The selection of lipids for preparing
liposomes to be used as a drug delivery system
depends on many factors, including entrapment
efficiency, as a key parameter in liposomal drug
delivery, availability, cost, safety, and ease of
utilization of the lipids. Encapsulation of a
lipophilic drug depends, to a large degree, on the
lipid composition (44, 45) and occurs mainly
through partitioning into the membrane (46). For
DPPC and DSPC increase in the fatty acid chain
length and the gel state of liposomes composed of
these lipids are the factors responsible for reduced
liposomal entrapment of PSC 833. In the presence
of rigid acyl chain of DPPC and DSPC freedom
of movement of highly lipophilic and bulky
molecules of PSC 833 may decrease. However,
EPC is a mixture of saturated and unsaturated
acyl chains with a Tm ranging from -2.5 to -15 °C
(34). In EPC liposome, phospholipids are in the
liquid crystalline state and regions of high bilayer
disorder exist. Generally hydrophobic drugs tend
to be incorporated more efficiently in fluid
membranes where the phospholipid acyl side
chains and the drug molecules have considerable
freedom of movement. From the present
investigation, the relatively higher loading
efficiency of PSC 833 in EPC liposomes suggests
that a fluid lipid mixture would be a better choice
for PSC 833 entrapment. In contrast, higher
encapsulation of hydrophilic compounds into the
DPPC- and DSPC-liposomes compared to more
fluid liposomes which were shown by (47) might
be explained by the higher rigidity of the former,

which minimize the leakage of entrapped
materials.
Although appropriately designed

conventional liposomes prepared of phospholipids

and Chol could improve drug delivery to diseased
sites and organs, it was proposed that additional
benefits would be achieved if these conventional
formulations were superseded by second
generation  liposomes  termed  "sterically
stabilized" or Stealth, that their surface was
coated with  synthetic  neutral polymer
polyethylene glycol (PEG) (21). PEG coating
exhibits decreased rates of removal by the
mononuclear phagocyte system, consequently,
prolong liposomal drug circulation time, reduce
liposome — liposome aggregation and improve
long-term stability of liposomes (21, 48). It has
also been demonstrated that PEG liposomes can
reach tumor tissue via high and leaky vasculature
of tumor (49). Furthermore, incorporation of PEG
modified lipids has provided flexibility in altering
the liposome composition.

As shown in Table 2, the amount of drug
remaining associated with vesicles is always
higher for lower drug/lipid ratios. This may be
due to two reasons. First, increasing the lipid
concentration level certainly leads to an increase
in the number of liposomes present per milliliter
and hence there is more drug per milliliter of the
formulation (50). Second, passive bilayer
partitioning of lipophilic PSC 833 would also
increase with increasing lipid concentration and
number of liposomes. This observation is in
agreement with the results of Nallamothu et al.
(46) and Xiong et al. (51).

By changing the Chol content in liposomal
formulations containing PSC 833, we were able to
identify that the incorporation of PSC 833 was
decreased as Chol concentration in the
membranes increased. Chol is known to increase
membrane rigidity and packing density by
accumulating in the molecular cavities formed by
the phospholipid molecules assembled into
bilayer vesicles (52) which may result in
decreased bilayer partitioning and hydrophobic
space available for incorporation of hydrophobic
drugs like PSC 833. This phenomenon was also
reported for other lipophilic drugs such as
paclitaxel (53) and nystatin (54). Based on the
obtained results a lipid composition of EPC/Chol/
DSPE-PEG2000 at a molar ratio of 65:30:5 was
chosen for preparation of single agent and co-
encapsulated liposomes (DOX-L, PSC-L and
DOX/PSC-L).

For a formulation to be effective, it must
provide high drug loading capabilities, as well as
the ability to control release of drug -cargo.
Nanoliposomes provide a platform for the
sustained release of drugs (22). According to the
results of in vitro release studies, the release of
PSC 833 from liposomes was adequately slow
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and occurred as a biphasic process. Considering
that PSC 833 is mainly associated within the
bilayer lipid structure of the liposomes, the initial
release is primarily ascribed to drug detachment
from outer lamellae and drug adsorbed on or close
to the surface of the particles. Furthermore,
smaller particle of nanoliposomes is associated
with smaller diffusion path, so drug accessible to
dissolution medium interface can diffuse easily.
The later slow release results from sustained drug
release from the inner lamellae and is assumed to
be controlled by diffusion rate of drug across the
liposomal bilayer. Incorporation of higher Chol
concentration in liposomal formulations increased
the PSC 833 release rate. The planar and rigid
ring system of Chol is thought to reside in outer
layer part of the fatty acyl chain region where it
tends to restrict the motion of chains in liquid
crystalline bilayers (55, 56) which may increase
tendency of PSC 833 to partition in the release

medium. We have previously reported
phospholipids  concentration-dependent  drug
release from liposomes (28). A simple

explanation for this observation is that as the
concentration of lipids increases, the number of
liposomes in the dispersion 1is increased
proportionally, however the number of PSC 833
molecules in bilayer of each liposome decreased
correspondingly. As a result cohesive and
hydrophobic interaction between hydrocarbon
chains of phospholipids and the remaining PSC
833 molecules retarded drug release more
efficiently. These findings suggest that, the
release behavior can be controlled by tuning the
lipid concentration.

Even though stealth liposome encapsulating
DOX (DOX-L) improved drug delivery to
resistant tumor cells, DOX-L alone was not
enough to reverse the resistance of this cell line.
In fact adding PSC 833 to the DOX-L led to an
increased effectiveness which can be attributed to
the P-gp modulation by the PSC 833 (12) and
therefore diminished DOX efflux from the cells.
The dual- agent loaded liposomal formulation as
well as the combination of single—drug loaded
liposomes was the most effective and the free
DOX was the least effective treatments. The
cytotoxicity demonstrated by the mixture of
DOX-L and PSC-L and by the mixture of DOX-L
and free PSC 833 fall in the middle of the
spectrum.

Although DOX-L plus PSC-L showed the
same degree of cell killing as DOX/PSC-L,
simultaneous delivery of a particle formulation
containing both drugs allows ease of
administration. Moreover, co-loading DOX and
PSC 833 ensures that following an in-vivo

administration, a high local concentration of DOX
and PSC 833 overlap with each other.
Consequently, the P-gp transporters that are
exposed to high DOX concentration will be
strongly inhibited by the PSC 833 molecules that
are in the close proximity. As a result any cellular
uptake of liposomes would result in the
exploitation of the synergy and cell killing.

Furthermore, co-encapsulation of both drugs
in a single formulation reduces the amount of the
lipids as compared to the amount required in two
separate nanoparticle dosage forms, allowing a
better safety profile of the combined formulation.

The enhanced antitumor efficacy of the co-
encapsulated stealth nanoliposomes, here noted in
vitro, is expected to be valid for the in vivo
situation as well. However, in vitro drug-release
kinetics may not reflect drug-release kinetics
under tumor mass conditions. This remains an
important area for further investigation.

Limitations

Some limitations of the present study need to be
acknowledged. The efficacy of this novel drug
delivery system in other multidrug resistant cell
lines which overexpress P-glycoprotein remain to
be evaluated. Moreover, the in vivo efficacy
parameters such as tumor volume and weight,
tumor morphology assessment and
immunohistochemistry of tumor sections are
required to be measured in appropriate animal
model. Finally, pharmacokinetic and tissue
distribution studies in animal model of MDR
human breast cancer could provide helpful data
for future investigations

CONCLUSION

In the current study, co-encapsulated DOX and
PSC 833 liposomes were prepared and
characterized regarding their size, loading
efficiency and in vitro drug release. The potential
of dual-agent incorporated nanoliposomes to
overcome P-gp mediated MDR was also
investigated. Cell kill efficacy of MDR cell type
increased significantly when PSC 833 was
administered alongside DOX in liposomal
formulation. Therefore, co-encapsulated DOX
and PSC 833 liposomes can be proposed to have
potential as a therapeutic approach to overcome
the chemoresistance. In other words, by
integrating two drug-resistance reversal strategies,
namely, the use of a nanoparticulate drug delivery
system along with chemosensitization, additional
therapeutic benefit can be obtained.
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