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The  objective  of  this  study  was  to  increase  the  potency  of  doxorubicin  against  adriamycin-resistant
NCI/ADR-RES  cells  by  concurrent  treatment  with  doxorubicin  and  MBO-asGCS  loaded  solid-lipid  nanopar-
ticles (SLN).  Loading  doxorubicin  as  ion-pair  complex  with  deoxytaurocholate  into  cationic  and  neutral
SLN was  investigated.  Fast  release  and  poor  entrapment  were  observed  in cationic  nanoparticles,  which
were  corrected  by  entrapping  the  complex  in neutral  polyoxyethylene  (20)  stearyl  ether  (Brij® 78)/VitE-
TPGS  nanoparticles.  Slow  doxorubicin  release  confirmed  the  influence  of charge  and  electrolytes  on  the
ligonucleotide
olid lipid nanoparticles
rug delivery
ene delivery
ultidrug resistance

dissociation  of  ion-pair  complexes.  To  evaluate  antitumor  activity,  NCI/ADR-RES  cells  were  treated  with
separate  SLN:  one  loaded  with  doxorubicin  and  another  carrying  MBO-asGCS  oligonucleotide.  The  via-
bility  of  cells  treated  with  5 �M doxorubicin  was  reduced  to 17.2%  whereas  viability  was  reduced  to  2.5%
for cells  treated  with  both  5 �M doxorubicin  SLN  and  100  nM  MBO-asGCS  SLN.  This suggested  enhanced
apoptosis  due  to sensitization  and  effective  intracellular  delivery  of MBO-asGCS  and  doxorubicin  by  SLN.
. Introduction

Development of resistance to chemotherapy, wherein drugs
licit suboptimal response to their previously effective doses in
ancer, is one of the major challenges to successful chemotherapy
Choi, 2005; Gottesman, 2002; van Den Elsen et al., 1999). A major

echanism by which cells reduce the intracellular effectiveness of
ytotoxic drugs is by overexpressing either P-glycoprotein (P-gp) or
lucosylceramide synthase (GCS) (Liu et al., 2010; Lucci et al., 1999;
érez-Sayáns et al., 2010; Ye et al., 2008). P-gp is an efflux trans-
orter whereas GCS is an enzyme that modifies the efficacy of the

nternalized drug by modulating intracellular levels of ceramide.
The role of glycolipids in imparting multidrug resistance has

nly relatively recently been identified (Cabot et al., 1999; Gouaze
t al., 2004; Lucci et al., 1999; Norris-Cervetto et al., 2004). Ceramide
s a central glycolipid that dictates cellular fate of anticancer drugs
Gouaze-Andersson and Cabot, 2006b; Gouaze et al., 2005; Liu

t al., 1999, 2000, 2001). Increase in the intracellular levels of
eramide was shown to induce apoptosis, whereas its conversion to
lucosylceramide by GCS enhances cell proliferation and increases
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cancer resistance to chemotherapeutic agents (Gouaze et al., 2004;
Liu et al., 1999). Glucosylceramide has also been implicated in
the formation of membrane lipid rafts, which provide a venue
for the expression of membrane-bound receptors and transporters
(Gouaze-Andersson and Cabot, 2006a; Li et al., 2006; van Meer et al.,
2003). Enhanced numbers of lipid rafts in the membrane increases
the expression of receptor and transporters, including P-gp, leading
to signal amplification or to enhanced efflux of intracellular drugs
(Bacso et al., 2004).

In order to overcome drug resistance, P-gp inhibitors and for-
mulation components known to inhibit P-gp are commonly used.
P-gp inhibitors, however, have been shown to alter the pharma-
cokinetic and biodistribution properties of anticancer drugs (Dong
et al., 2009; Wong et al., 2006a).  Alternatively, colloidal delivery
systems such as liposomes, niosomes, solid lipid nanoparticles,
polymer-lipid hybrid nanoparticles, and micelles may  overcome
the resistance of cancer cells to chemotherapy by (a) enhanc-
ing drug accumulation through internalization by endocytosis, (b)
partially inhibiting P-gp gene expression, (c) modulating caspase-
dependent apoptotic signaling pathways, and (d) depleting ATP
(Dong et al., 2009; Wong et al., 2006b).  This approach, how-
ever, lacks any control over the expression of glucosylceramide

synthase, which could mitigate the effectiveness of the inter-
nalized drugs. Down regulating the expression of GCS with an
antisense oligonucleotide is expected to enhance the effectiveness
of the internalized drugs (Patwardhan et al., 2009). The sensitizing

dx.doi.org/10.1016/j.ijpharm.2012.04.050
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:nazzal@ulm.edu
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ffect of mixed-backbone GCS antisense oligonucleotides (MBO-
sGCS) in NCI/ADR-RES human ovarian cancer cells was previously
eported by our group (Liu et al., 2004).

Our previous studies with solid lipid nanoparticles (SLN) loaded
ith MBO-asGCS also demonstrated that MBO  loaded nanoparti-

les sensitized the resistant NCI/ADR-RES cells to free doxorubicin
n the media (Siddiqui et al., 2010). In these preliminary studies,
owever, doxorubicin was given in a solution form. This approach,
owever, may  not be suitable for in vivo applications because
oxorubicin in solution would produce the same dose-dependent
ardiotoxicity as observed with treating non-resistant tumors.
herefore, entrapping doxorubicin in SLN may  reduce its accessibil-
ty to the cardiac tissue (Saltiel and McGuire, 1983). Furthermore,
ts entrapment in lipid nanoparticles has been reported to lower
he IC50 of the drug against adriamycin-resistant (P388/ADR)

urine leukemia cells (2009), which was attributed to the abil-
ty of nanoparticles to bypass the P-gp efflux transporter on the
ell membrane (Wong et al., 2006c, 2007). To complement earlier
tudies on doxorubicin-loaded nanoparticles, the overall objective
f the present study was to investigate whether the potency of
oxorubicin nanoparticles against adriamycin-resistant (NCI/ADR-
ES) ovarian cancer cells in vitro may  be enhanced by concurrently
reating the cells with MBO-asGCS-loaded lipid nanoparticles.

ore specifically, the first objective of this study was to pre-
are, characterize and optimize the process for preparing lipophilic
oxorubicin ion pair complexes. The second objective was  to inves-
igate whether the ion pair complexes could be incorporated into
tearyl alcohol based solid-lipid nanoparticles (SA-SLN), and to
haracterize the nanoparticles in terms of size, zeta potential, sta-
ility and effects on cell viability. The third objective was to evaluate
he potency of the concurrent treatment with doxorubicin ion pair
oaded SLN and MBO-asGCS loaded SLN against Adriamycin resis-
ant NCI/ADR RES human ovarian cells.

. Materials and methods

.1. Materials

Stearyl alcohol and cetyltrimethylammonium bromide (CTAB)
ere purchased from TCI (Portland, OR). Ceramide VI was  a gen-

rous gift from Evonik (Norwalk, CT). Fetal bovine serum was
urchased from Hyclone (Logan, UT). Tweens®60 and Brij® 78
ere provided by UniQuema (New Castle, DE). Sodium deoxytauro-

holate, d-(+)-trehalose and ingredients used for phosphate buffer
reparation were obtained from Sigma (St. Louis, MO). Doxoru-
icin HCl was purchased from NetQem (Research Triangle Park, NC).
itamin E TPGS (vitamin E d-alpha tocopheryl polyethylene gly-
ol succinate) was supplied by Eastman (Angelsey, UK). Mannitol
as generously gifted by SPI pharma (Wilmington, DE), and sucrose
as obtained from Cargill (Cedar Rapids, IA). Purified water for the
ispersion was obtained from a Nanopure Ultra® water system.

.2. Preparation of doxorubicin ion-pair complex

The doxorubicin deoxytaurocholate ion-pair complex was pre-
ared as reported by Ma  et al. (2009).  Briefly, aqueous solutions
f sodium deoxytaurocholate (DTC) and doxorubicin (Dox) were
ixed at molar ratios of sodium deoxytaurocholate to doxoru-

icin ranging from 2:1 to 16:1, and centrifuged at 3075 × g for 1 h
CentrificTM Centrifuge, Model 225, Pittsburg, PA). The precipitate
hus formed as a result of complexation was recovered after drying

nder vacuum. Furthermore, the effects of varying centrifugation
peed from 417 to 3075 × g, and centrifugation time (15, 30, 60,
0, 120, and 150 min) on yield size were evaluated. In all cases, the
mount of free doxorubicin in the supernatant after centrifugation
Pharmaceutics 431 (2012) 222– 229 223

was  measured by UV analysis at 480 nm (�max). No interference due
to free DTC in water on UV absorbance was  observed. The percent-
age of DTC-Dox ion pair complex was calculated by applying the
following equation:

%Doxorubicin Complex

= (Total doxorubicin added − Doxorubicin in supernatant )
Total doxorubicin added

× 100

2.3. Preparation of SLN

SLN were prepared by a modified microemulsion method com-
bining shear and ultrasonic homogenization techniques. Four types
of SLN nanoparticles (SLN1-4, Table 1) were prepared. In SLN 1, 2,
and 3, Stearyl alcohol at a concentration of either 0.5% or 0.25%
(w/w)  was first heated to 90 ◦C. Then 0.18% (w/v) DTC-Dox ion-pair
complex was  dissolved in an adequate quantity of ethyl alcohol. The
ion pair solution was added to the molten stearyl alcohol, and the
remaining ethyl alcohol was evaporated under a stream of nitrogen
gas. A preheated aqueous solution of CTAB or CTAB/ceramide VI or
CTAB/ceramide VI/polysorbate 60 blend was  then transferred to the
dried solid. The liquid dispersion thus formed was  homogenized
for 5 min  at 25,000 rpm, using an UltraTurrax® T10 homogenizer
(IKA, Wilmington, NC). Thereafter, the crude o/w emulsion was
ultrasonicated for 0, 2.5, 5, 7.5, and 10 min  at 40% power and 60%
pulse frequency using a probe sonicator (Model 150 V/T, Biologics,
Inc., Manassas, VA). SLN were formed by cooling the emulsion at
ambient conditions to room temperature. SLN4 was  prepared from
a blend of stearyl alcohol/Brij® 78/Vitamin E d-alpha tocopheryl
polyethylene glycol succinate (Vit. E TPGS) (Table 1) at a weight
ratio of 1:1.2:1.6. The lipid and surfactant mixture were allowed
to melt, and an ethanolic solution of the DTC-DOX ion pair com-
plex was  added. The ethyl alcohol was then evaporated under a
stream of nitrogen gas. Preheated water was added to the solid mix-
ture of lipid DTC-Dox ion-pair complex. The formulation was shear
homogenized for 1 min  at 11,500 rpm using UltraTurrax® T10. The
mixture was then sonicated for 2.5 min  as described above, and
doxorubicin-loaded SLN were formed by cooling the formulation
under ambient conditions to room temperature.

2.4. Determination of entrapment efficiency (EE)

Entrapment of DTC-Dox ion pair complex was  determined
by an indirect method using Amicon Ultra Centrifugation filters
(MW cut-off 30,000) (Millipore, MA). An adequate volume of
doxorubicin-loaded SLN (1 mL)  was added to the tube, which was
then centrifuged at 3075 × g for 15 min  at room temperature. The
filtrate was collected and taken as free drug. The UV absorbance
of the filtrate at �max 480 nm was used to estimate the amount of
free drug. In order to calculate the amount of free doxorubicin in
the water, calibration curve was generated using known quantity
of doxorubicin dissolved in water. The equation fitted to the curve
for a particular range of doxorubicin was used for estimating the
quantity of the doxorubicin by substituting the absorbance value
in the equation. The EE of doxorubicin in SLN was obtained as the
ratio of actual and theoretical loading as follows:

EE(%) =
(Total amount of drug added − Amount of free drug)
Total Amount of drug added

× 100
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Table 1
Effect of nanoparticles composition and sonication time on particle size, zeta potential and entrapment efficiency of doxorubicin ion-pair complex (0.18% w/v).

SLN Composition Sonication time (min) Particle size (nm) Zeta potential (mV) EE (%)

SLN1 SA:CTAB 2:1 (drug loaded) 0 374.0 ± 37.3 50.3 ± 1.5 42.3 ± 0.9
2.5  247.0 ± 3.5 44.1 ± 0.7 36.5 ± 2.6
5 264.0 ± 3.8 41.0 ± 0.5 34.5 ± 1.1
7.5  257.0 ± 1.3 39.3 ± 1.2 32.2 ± 0.3

10  250.2 ± 1.5 38.7 ± 0.3 33.0 ± 1.1
(Drug  free) 10 167.0 ± 1.6 39.3 ± 0.2 na

SLN2 SA:CTAB:Ceramide VI 1:1:1(drug loaded) 0 89.0 ± 1.4 42.0 ± 2.6 <5
2.5  101.2 ± 1.1 35.7 ± 0.6 <5
5  75.3 ± 0.4 37.1 ± 2.8 <5
7.5  63.0 ± 0.5 32.4 ± 1.8 <5

10  57.0 ± 0.6 34.4 ± 1.3 <5
(Drug  free) 10 74.6 ± 1.2 38.8 ± 2.3 na

SLN3 SA:CTAB:Ceramide VI:Polysorbate 60
1:1:0.5:0.5(drug loaded)

0 209.5 ± 4 36.0 ± 0.4 35.0 ± 2.2
2.5  153.4 ± 3.6 34.2 ± 1.4 35.1 ± 2.7
5 146.1 ± 0.9 33.0 ± 0.7 30.2 ± 2.8
7.5  114.4 ± 1.6 35.4 ± 0.3 31.3 ± 2.3

10  105.2 ± 1.4 35.3 ± 0.9 23.6 ± 0.9
(Drug  free) 10 109.1 ± 0.9 nd na

SLN4 SA:Brij®78:Vit E TPGS: 1:1.2:1.6 (drug Loaded) 0 165.6 ± 0.9 (−)5.6 ± 0.3 93.5 ± 0.4
2.5  129.0 ± 0.2 (−)5.6 ± 0.8 95.1 ± 0.3
5  163.4 ± 1.6 (−)6.2 ± 0.4 94.2 ± 0.4

10  233.4 ± 1.1 (−)6.0 ± 0.3 94.8 ± 0.3
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(Drug  free) 2.5 

a = not applicable and nd = not determined.

.5. Particle size and zeta potential measurement

The mean particle size of a given SLN preparation was mea-
ured by photon correlation spectroscopy using a NicompTM380
LS (Particle Sizing System, Port Richey, FL). The size was  recorded
t 25 ◦C by scattering light at an angle of 90◦ for 90 s, with vis-
osity and dielectric constant of the medium set to 1.33 and 78.5,
espectively. As recommended by the manufacturer, SLN formu-
ations were diluted with Nanopure water in order to minimize

ultiple-particle scattering and to achieve an optimal scatter-
ng intensity of 300 kHz. The intensity-weighted mean diameter
f the particles was calculated based on the Stokes–Einstein
aw by curve fitting of the correlation function (Nicomp ZLS
ser Manual, release date 08/03). The change in particle size
ith time at room temperature was taken as an index of SLN

tability. The zeta potential of the SLN was measured using
he same instrument (NicompTM380 ZLS) under zeta mode. The
ample was diluted with Nanopure water, and Zeta poten-
ial was measured by the Helmholz–Smoluchowsky equation as
ollows:

 = ��

ε

here �, �, �, and ε are mean zeta-potential, viscosity, elec-
rophoretic mobility and dielectric constant, respectively (Nicomp
LS User Manual, release date 08/03).

.6. Lyophilization of SLN

Lyophilization was performed on SLN dispersions diluted with
ryoprotectant solutions containing trehalose, mannitol, or sucrose
t concentration ranging from 0% to 20% (w/v). Samples frozen
or 24 h at −80 ◦C were lyophilized at −55 ◦C at a pressure of
.65 Torr for 20 h (Labconco, Free zone 6, Kansas city, MO). The

btained SLN lyophilizate was stored in tightly closed glass vials at
oom temperature until used. Samples reconstituted with deion-
zed distilled water were analyzed for particle size as described in
ection 2.5.
158.2 ± 1.6 nd na

2.7. In vitro drug release

In vitro release studies were performed 24 h after SLNs were
prepared. Doxorubicin-loaded SLN (4 mL)  was placed in a dialysis
tube (Spectra/por® dialysis tubes, MWCO  25,000, Spectrum Labs,
Rancho Dominguez, CA). Both ends of the tube were sealed and
carefully checked for possible leakage. Dialysis tube containing
the doxorubicin-SLN suspension was  placed in 200 mL of water or
phosphate buffered medium at pH 7.4 and 6.8. The media along
with the dialysis bag containing doxorubicin loaded SLN were
stirred in the dark using magnetic bar. Samples (2 mL)  were with-
drawn from the dissolution medium after 1, 2, 4, 8, 16, 32 and 48 h,
and replaced with the same amount of fresh medium. The amount
of doxorubicin released was quantified by the UV spectrophoto-
metric method described above.

2.8. Preparation of MBO-asGCS SLN complexes

MBO-asGCS SLN complex was prepared as described by Siddiqui
et al. (2010).  Briefly, SLN2 were first sterilized. After filtration, MBO-
asGCS at various ratios of CTAB to MBO-asGCS ranging from 0.62:1
to 25:1 (w/w) was added to the aqueous SLN dispersion and the
mixtures were immediately vortexed for 20 s. After vortexing, the
formulations were allowed to stand for half an hour at room tem-
perature to allow the MBO-asGCS to bind with the SLN.

2.9. Cell culture and reagents

Drug-resistant NCI/ADR-RES human ovarian cancer cells were
kindly provided by Dr. Kenneth Cowan (UNMC Eppley Cancer
Center, Omaha, NE) and Dr. Merrill Goldsmith (National Cancer
Institute, Bethesda, MD). Cells were cultured in RPMI-1640 medium
(with 10% fetal bovine serum, 100 units/mL penicillin, 100 �g/mL
streptomycin, 584 mg/liter l-glutamine) and maintained in an incu-
bator humidified with 95% air and 5% CO2 at 37 ◦C. The selection of

this cell line was based on previous studies in which the effect of
MBO-asGCS was  examined in adriamycin resistant and sensitive
cells (NCI/ADR-RES, MCF-7, EMT6/AR1, and EMT6). No signifi-
cant reduction in the level of GCS was found when healthy cells
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Table 2
Effect of mixing various molar ratios of sodium deoxytaurocholate (DTC) and dox-
orubicin (DOX) on percent doxorubicin complex.

DTC to DOX (Molar ratio) % Dox complexed

2 49.4
3 60.2
4  58.0
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Table 3A
Effect of complex processing conditions on the yield size. Effect of centrifugation
time on recovery of doxorubicin as ion pair complex at a centrifugation speed of
4750 rpm (3075 × g). The data reported are mean ± standard deviation of n = 3 repli-
cates. Result obtained for centrifugation time 15–45 min were significantly different
(p-value <0.05). Statistical analysis was carried out by linear contrast where p-value
<0.05 was considered statistically different.

Centrifugation time (min) % Dox complexed

15 43.2 ± 3.1
30  63.7 ± 0.3
60 79.0 ± 0.3
90 87.3 ± 0.1

120  87.6 ± 0.2

sonicated for a longer time were also less stable than those prepared
without sonication.

Table 3B
Effect of complex processing conditions on the yield size. Effect of centrifugation
speed on doxorubicin recovery as ion pair complex after 90 min  of centrifugation.
The  data reported are mean ± standard deviation of n = 3 replicates.

Centrifugation speed (rpm) % Dox complexed

1750 (417 × g) 12.0 ± 2.0
8  55.0
16 38.0

ere treated with the oligonucleotide, whereas in resistant cells,
ligonucleotide significantly reduced the level of GCS. Nonetheless,
ptake of MBO-asGCS in adriamycin resistant and sensitive cells
NCI/ADR-RES and MCF-7) was found to be similar (Patwardhan
t al., 2009)

.10. Cell viability assay

This assay was performed to screen for non-specific toxic-
ty of the formulations to cells and to investigate the viability
f the cells treated with MBO-asGCS SLN complex in the pres-
nce or absence of doxorubicin loaded SLN. Cell viability was
etermined by quantitating ATP as an indicator of live cells,
sing the CellTiter-Glo® luminescent cell viability assay kit
Promega, Madison, WI)  as described by Patwardhan et al.
2009).  Briefly, cells (4000 cells/well) were plated in 96-well
lates with 10% FBS RPMI-1640 medium overnight. Cells were
ither treated with drug or oligonucleotide-free SLN, doxorubicin-
oaded SLN, oligonucleotide-loaded SLN (100 nM), or concurrent
reatment of doxorubicin and oligonucleotide-loaded SLN. Cells
reated with LipofectamineTM 2000 (Invitrogen, Carlsbad, CA), or
ipofectamine®2000 plus MBO-asGCS, were used as controls. A
eparate set of studies were carried out in which doxorubicin
5 �M)  was added as a free hydrochloride salt solution to all
reatments. After treatment, cells were kept for 72 h after which
ell viability was determined by measuring their luminescence
fter incubation with the CellTiter-Glo® reagent in a Synergy HT
icroplate reader (BioTek, Winnooski, VT).

.11. Statistical analysis

Data were analyzed by ANOVA. Linear contrast was used when-
ver necessary to distinguish the differences in mean particle size
nd zeta potential. The Bonferroni method of multiple comparisons
as carried out to help interpret cell viability data. The differences
ere considered significant if p < 0.05.

. Results

.1. Preparation and characterization of DTC-Dox ion pair
omplex

An ion pair complex of DTC-Dox was prepared at various molar
atios as described in the methods section. The percent of doxoru-
icin complexed at DTC:doxorubicin ratios of 2:1, 3:1, 4:1, 8:1, and
6:1 were 49%, 60%, 58%, 55% and 38%, respectively (Table 2). Dried
omplexes were further characterized by FTIR (data not shown),
hich did not reveal any detectable changes in spectra in compari-

on to pure doxorubicin and sodium DTC, or their physical mixture.
o determine the exact stoichiometric ratio of DTC:doxorubicin,
lemental analysis on the complex that was recovered at the opti-

al  (3:1) ratio was performed at Atlantic Microlab, Inc. (Norcross,
A). Based on the elemental analysis data (not shown) it was con-
luded that doxorubicin in the complex formed a 1:1 ion pair with
TC.
150  88.0 ± 0.1

In order to maximize the yield of the ion pair complex, centrifu-
gation time, and centrifugation speed were optimized. Mixtures
were centrifuged for 15, 30, 60, 90, 120 or 150 min. The percentage
of doxorubicin complexed initially increased significantly with an
increase in centrifugation time and reached a plateau after 90 min
(Table 3A). While keeping a constant centrifugation time at 90 min,
the fraction of doxorubicin recovered as ion pair increased as the
centrifugation speed increased (Table 3B).

3.2. Entrapment of DTC-Dox ion pair complex in SLN

Drug-free and DTC-Dox complex-loaded cationic SLN1 and SLN2
(Table 1) were initially prepared. Doxorubicin loading into SLN1
brought about significant increases in mean particle size. A maxi-
mum  of approximately 43% of doxorubicin was entrapped, which
decreased with an increase in sonication time during nanoparti-
cle preparation. In comparison, less than 5% of doxorubicin was
entrapped in SLN2 regardless of sonication time (Table 1). This
may  be attributed to the partial substitution of CTAB with ceramide
VI, which enhanced lipid packing density and thereby significantly
reduced particle size. Tight packing of lipid after re-crystallization
may  be responsible for the expulsion of the ion-pair complex and
significantly lower EE when compared with SLN1 (Müller et al.,
2000).

To improve entrapment efficiency, polysorbate 60 was added to
the nanoparticles (SLN3). While addition of polysorbate 60 signifi-
cantly improved doxorubicin entrapment in SLN3 when compared
to SLN2, the entrapment efficiency was ∼35% (Table 1), which
was  too low to justify their use in subsequent studies. Therefore,
alternate neutral nanoparticles (SLN4) composed of stearyl alcohol,
Brij® 78 and vitamin E TPGS at a ratio of 1:1.2:1.6 was  prepared
(Table 1). The effect of sonication time during the preparation
of SLN4 on doxorubicin entrapment and particle size is given in
Table 1. With SLN4, it was  possible to achieve >90% entrapment
efficiency. The size of these nanoparticles, however, significantly
increased over 3 days of storage (Fig. 1). Nanoparticles that were
2500 (852 × g) 41.0 ± 0.5
3250 (1439 × g) 53.5 ± 1.1
4000 (2180 × g) 72.0 ± 0.8
4750 (3075 × g) 87.2 ± 0.1



226 A. Siddiqui et al. / International Journal of Pharmaceutics 431 (2012) 222– 229

Fig. 1. Three-day stability of SLN4 at controlled room temperature as a function of
sonication time during SLN preparation. ANOVA on particle size data obtained after
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Fig. 3. Doxorubicin release from the SLN using dialysis tubing method. Drug release
hree days showed that particle size at sonication time 0, 2.5, 5, and 10 min  were
ignificantly different (p-value <0.0001). The data reported are mean ± standard
eviation of n = 3 replicates.

.3. Lyophilization of SLN4

In order to stabilize SLN4, the formulation was  lyophilized.
ono and disaccharides were added as cryoprotectants at a final

oncentration of 1%, 2.5%, 5%, 10%, and 20% (w/v). Dispersions
ere frozen at −80 ◦C for 3 days, and then rapidly transferred to

yophilization trays. The temperature of the condenser was  reduced
o −55 ◦C to minimize liquefaction of the frozen mass during freeze-
rying. Dispersions in which trehalose, sucrose, and mannose were
sed produced a fluffy, light, and readily soluble lyophilized mass
nd were therefore selected for subsequent reconstitution and
article size analysis (Fig. 2). The mean particle size of the reconsti-
uted lyophilized powders produced with trehalose, mannitol and
ucrose were significantly different (p < 0.0001). The particle size
f the reconstituted SLN4 was found to decrease with increasing
ryoprotectant concentration. The most significant decrease was

bserved when the concentration of the cryoprotectants increased
rom 1% to 2.5% (w/v). Among the cryoprotectants, mannitol was
ound to stabilize SLN4 more than either trehalose or sucrose. At

ig. 2. Mean particle size of freeze dried SLN4 in the presence or absence of tre-
alose, mannitol or sucrose as cryoprotectant. Samples pre-frozen at −80 ◦C for 24 h
ere freeze dried at −55 ◦C and a pressure 1.65 Torr for 20 h (Labconco Freeze Zone

).  Freeze-dried samples were then redispersed in water to measure particle size.
he  data reported are mean ± standard deviation of n = 3 replicates.
was  evaluated in water, and in phosphate buffer at pH 6.8 and 7.4, representing the
pH  of the tumor and of blood, respectively. The data reported are mean ± standard
deviation of n = 3 replicates.

10% (w/w)  concentration, the size of the reconstituted SLN4 in
trehalose, mannitol, and sucrose was  571.3, 226.8, and 322.6 nm,
respectively. SLN4 dispersions without cryoprotectant produced
a lyophilized cake that upon reconstitution in water resulted in
1700 nm particles, which were at least 10 fold larger than the size
of the nanoparticles when freshly prepared.

3.4. In vitro drug release study

In vitro drug release studies were carried out by the dialysis
method in different release media. After 4 h, 96% of doxorubicin was
released from SLN3, which was  dialyzed in plain water, whereas
only 38%, 39%, and 19% of doxorubicin was released after 4 h from
SLN4 at pH 6.8, 7.4 or distilled water, respectively (Fig. 3). Doxoru-
bicin release from SLN4 followed a biphasic pattern characterized
by an initial burst release followed by a plateau.

3.5. In vitro cell viability assay

The specific and non-specific toxicity of free doxorubicin in
solution, doxorubicin loaded SLN4, and drug-free SLN4 against
NCI/ADR-RES was investigated with an in vitro cell viability assay
(Figs. 4 and 5). While free doxorubicin and drug-free SLN had
marginal effect on the viability of the cells, doxorubicin loaded
SLN4 had a significant and concentration–dependent effect on cell
viability over a range from 0.1 to 5 �M.  When cells were concur-
rently treated with 5 �M doxorubicin loaded SLN4 and SLN loaded
with 100 nM MBO-asGCS, a significant decrease in cell viability
was  observed when compared with cells treated with doxorubicin
loaded SLN4 only (Fig. 5).

4. Discussion

The objective of the present study was to ascertain whether the
effectiveness of doxorubicin loaded into SLN against adriamycin-
resistant NCI/ADR-RES cells could be augmented through concur-
rent treatment with MBO-asGCS loaded SLN. In order to achieve

this objective, a water insoluble DTC-Dox ion-pair complex, with
maximum yield at deoxytaurocholate to doxorubicin molar ratio of
3:1, was first prepared. Elemental analysis of the complex showed
that the molecular ratio in the complex was  1:1 deoxytaurocholate
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Fig. 4. Anticancer effect of doxorubicin solution, doxorubicin hydrophobic com-
plex loaded SLN4, and drug-free SLN4 on adriamycin-resistant NCI/ADR-RES human
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Table 4
The mechanism of doxorubicin release from SLN as estimated from the R2 value for
each  kinetic model corresponding to the in vitro release data obtained.

Dissolution media [R2 (n)]

Model pH 7.4 pH 6.8 Water

Zero order 0.863 0.819 0.785
First order 0.987 0.920 0.817
Higuchi Model 0.972 0.950 0.913
vary cancer cells. Viable cell number was ascertained by measuring luminescent
TP using CellTiter-Glo® reagent. Vertical bars indicate the mean cell count +SEM

n = 6).

o doxorubicin. The complex did not dissolve in water or in highly
onpolar solvents (e.g., chloroform, dichloromethane, n-hexane)
owever, it was slightly soluble in alcohols (methyl alcohol, ethyl
lcohol and isopropyl alcohol).

Poor entrapment of the DTC-Dox ion-pair in SLN1 and SLN2
uring SLN preparation could partially be attributed to sonication,
hich may  have caused the ion-pairing to dissociate leading to

he release of soluble doxorubicin salt into the aqueous media.
o enhance doxorubicin entrapment and reduce SLN size, CTAB
oncentration was reduced by 50% and substituted with polysor-
ate 60 (SLN3) to confer steric and electrostatic stability to the

articles. The mean particle size of SLN3 was 139 nm with a dox-
rubicin entrapment of 33%, which was an improvement over SLN2
or which doxorubicin entrapment was less than 5%. These results

ig. 5. Anticancer effect of doxorubicin solution, doxorubicin hydrophobic
omplex-loaded SLN4, and concurrent treatment with SLN-MBOasGCS (100 nM) and
oxorubicin-complex-loaded SLN4 on adriamycin-resistant NCI/ADR-RES human
vary cancer cells. Viable cell number was determined by measuring lumines-
ent  ATP using CellTiter-Glo® reagent. Vertical bars indicate the mean cell count
SEM (n = 6). C: negative control; MBO: mixed backbone antisense glucosyceramide
ynthase oligonucleotide; Dox: Doxorubicin; Dox SLN: Solid lipid nanoparticles
oaded with hydrophobic doxorubicin complex; Dox Sol: Doxorubicin solution; (+)
LN-MBO-asGCS: indicates concurrent treatment of two SLN i.e.,  SLN4 (containing
oxorubicin ion pair complex), and SLN2 MBO-asGCS (ceramide based SLN loaded
ith MBO-asGCS); the number in the parentheses against the formulations in the
-axis represent concentration of treatment in �M.
Hixon Crowell 0.983 0.891 0.807
Korsmeyer–Pappas 0.980 (0.52) 0.981 (0.49) 0.932 (0.45)

suggested that the presence of CTAB in nanoparticles limited its
ability to accommodate the DTC-Dox ion-pair complex. More likely
the positively charged CTAB competes with the positively charged
(protonated) doxorubicin for incorporation into the particles. The
observed 93% doxorubicin release in 2.5 h for SLN3 in water (Fig. 3),
suggested that the ion-pair complex was either dissociated upon
particle formation or remained trapped in the static water layer
formed by polysorbate 60 around the particles. Due to the dissoci-
ation of the ion-pair complex and the fast release of doxorubicin,
two  separate SLN were prepared; one carrying doxorubicin (SLN4)
and the other loaded with MBO-asGCS. SLN4 was prepared with
the main objective of enhancing doxorubicin entrapment in SLN. In
SLN4, cationic CTAB was substituted with the neutral surfactants:
Vitamin E TPGS and Brij® 78. A similar surfactant and cosurfac-
tant combination was  shown by Ma  et al. (2009) to efficiently
entrap doxorubicin. While doxorubicin entrapment was  signifi-
cantly improved in comparison to its entrapment in SLN containing
CTAB or CTAB/polysorbate, SLN4 proved to be unstable in water,
exhibiting significant increases in particle size with time, which
was  proportional to the sonication time used during SLN prepa-
ration. To stabilize SLN4, it was freeze-dried. Trehalose, mannitol
and sucrose were selected as cryoprotectant. The original size of
the nanoparticle was  maintained when 20% (w/v) cryoprotectant
solutions were used. No differences in drug entrapment efficiencies
before and after the lyophilization were observed.

In dissolution media, SLN4 formulation exhibited a biphasic
release profile: an initial burst followed by a plateau, with low,
intermediate and high rates, in water and in pH 6.8 and pH 7.4
phosphate buffers, respectively (Fig. 3). These results demonstrated
the role of counterions, for example phosphate ion, in facilitating
the doxorubicin release from its complex in the nanoparticles. In
order to further elucidate the mechanism of drug release, in vitro
data were fitted into various drug release models (Table 4). Both
Higuchi and Korsmeyer–Pappas models were found to describes
the maximum variability in data (R2 > 90%). The exponent value (n)
in the Korsmeyer–Pappas model for doxorubicin release in water
and in pH 7.4 and 6.8 media was  approximately 0.45. Thereby, it
could be concluded that fickian diffusion is the rate controlling step
in doxorubicin release from the SLN (Korsmeyer et al., 1983), which
was confirmed by the linearity of the release data when apply-
ing the Higuchi square root of time model. Consequently, if we
hypothesize that the DTC-Dox ion-pair complex is heterogeneously
distributed in the lipid matrix, the release of doxorubicin into the
media would be faster for the complex present at the surface of
the SLN than those in the core because of the differences in dif-
fusion path lengths. Similar drug release patterns were suggested
by Wong et al. (2004) who  monitored the release of doxorubicin
from nanoparticles loaded with doxorubicin/dextran sulfate com-
plexes. Overall, the results obtained in this study suggest that the
entrapped complex reduced the availability of free doxorubicin in
water, in spite of the effect of counterions in the media on facili-

tating drug release. When taking into consideration the small size
of the complex-loaded SLN, which would enhance its permeabil-
ity around the leaky tumor vasculature, and the small percentage
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f doxorubicin leaking during circulation (25% in 2 h), an increase
n the bioavailability of the drug at target size would be expected
Wang and Thanou, 2010).

In vitro cell viability studies were subsequently carried out
o delineate the efficacy of doxorubicin-loaded nanoparticle over
ree doxorubicin against adriamycin resistant cancer cells (Fig. 4).
CI/ADRRes cells were treated with either free doxorubicin in

olution or DTC-Dox ion complex loaded in nanoparticles (SLN4).
hereas free doxorubicin in solution did not have a significant

ffect on the cells because more than 80% of the cells were viable
t the end of the experiment, DTC-Dox ion complex loaded SLN4
emonstrated enhanced and dose-dependent reduction in cell sur-
ival, presumably due to the increased delivery of doxorubicin
o the cells. Enhanced intracellular doxorubicin availability due
o the ability of doxorubicin loaded SLN to by-pass P-gp efflux
ransported was  reported by Dong et al. (2009).  Furthermore, for-

ulation ingredients, such as vitamin E TPGS and Brij® 78, were
lso shown to chemosensitize resistant cancer cells by fluidizing the
ell membrane, and/or depleting ATP, and/or inhibiting drug efflux,
nd/or reducing glutathione/glutathione S-transferase detoxifica-
ion activity (Dong et al., 2009; Dumortier et al., 2006; Ma  et al.,
009; Wong et al., 2006b,c).

At cytoplasmic level, upregulated conversion of ceramide to glu-
osylceramide by glucosylceramide synthase (GCS) was found to be
ssociated with increased levels of P-gp expression, as previously
oted. Down-regulating GCS using an MBO  was shown to sensitize
CI/ADR-RES cells to doxorubicin by increasing ceramide levels,
hich subsequently leads to cell apoptosis (Liu et al., 2008). This

ffect was more pronounced when the MBO-asGCS was delivered
y SLN (Siddiqui et al., 2010). A further dose-dependent decrease

n cell viability was observed when the cells were concurrently
reated with doxorubicin-loaded into SLN4 and SLN loaded with

BO-asGCS (Fig. 5).

. Conclusion

In conclusion, the formation of lipophilic doxorubicin-ion pair
omplex is essential for inclusion into lipid-based nanoparticles.
he nature of SLN determines doxorubicin entrapment efficiency
ith positively charged SLN showing lower entrapment efficiency

han the neutral SLN. While the cationic nanoparticle induced
he dissociation of the ion pair complex as observed by the fast
oxorubicin release in water, a slow release was attained in neu-
ral nanoparticles. Less than <40% of doxorubicin was released in
2 h from the neutral SLN4 nanoparticles in water. In phosphate
uffer, however, close to 80% of doxorubicin was  released within
6 h, which could be attributed to the effect of ions on the dis-
ociation of the ion pair complex. Entrapment of doxorubicin in
anoparticle was also shown to enhance the efficacy of doxorubicin
gainst adriamycin resistant cancer cells. The concurrent treat-
ent of cells with SLN loaded with MBO-asGCS and SLN4 loaded
ith doxorubicin was also shown to significantly reduce cell via-

ility, which suggested that SLN is an efficient non-viral carrier for
he cellular delivery of chemotherapeutics and MBOs. This study
urther provided the proof-of-concept that SLN-facilitated MBO-
sGCS delivery down-regulates GCS and consequently sensitizes
he NCI/ADR-RES cells to doxorubicin. However, a number of details
oncerning the uptake and intracellular trafficking of SLN4 and SLN
oaded with MBO-asGCS remain unknown, and warrant further
nvestigation.
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