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a b s t r a c t

The physicochemical and release properties of non-extruded ‘multilamellar’ and small sonicated
and extruded 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) liposomes containing
hydrophobic drug dexamethasone were investigated. Non-extruded liposomes had similar diameter,
however dexamethasone encapsulation decreased with increase in lipid chain length. Dexamethasone
destabilized the liposome membranes as indicated by decrease in enthalpy and increase in the peak
width of the main transition. Based on calorimetric analysis, it appeared that dexamethasone and choles-
terol were heterogeneously distributed in the non-extruded liposomes. Sonication and extrusion reduced
the diameter (DSPC > DPPC > DMPC) and decreased drug encapsulation (approximately 50%). Cholesterol
incorporation decreased drug encapsulation in both extruded and non-extruded DMPC liposomes which
appeared to be due to structural similarities between cholesterol and dexamethasone. Incorporation of
ustained delivery
dexamethasone and cholesterol in the same DMPC liposomes caused a marked perturbation in the phase
transition. Dexamethasone release from extruded liposomes was fast, while non-extruded liposomes
showed slower release. Release was fastest from DMPC liposomes and slowest from liposomes of high
phase transition lipid DSPC. Incorporation of cholesterol did not decrease release from DMPC liposomes.
These results indicated that change in the physicochemical properties and the phase transition behavior

essin
of liposomes, due to proc
their release properties.

. Introduction

Dexamethasone is a potent anti-inflammatory and immuno-
uppressive glucocorticoid used for the treatment of inflammatory
nd autoimmune conditions such as rheumatoid arthritis, edema,
ultiple myeloma, as an adjunct with chemotherapy and for

asal and eye allergies (Schimmer and Parker, 2001). Systemic
se of glucocorticoids causes a number of adverse and toxic
ffects (e.g. withdrawal symptoms, suppression of hypothalamus-
ituitary axis, electrolyte imbalance, etc.) (Schimmer and Parker,
001). The encapsulation of dexamethasone in carrier systems
uch as liposomes and microspheres can diminish the adverse
ffects and reduce the total amount of drug required. Liposomal

nd microsphere dexamethasone formulations have been inves-
igated for hypersensitivity pneumonitis (Tremblay et al., 1993);
phthalmic anti-inflammatory action (Taniguchi et al., 1987, 1988;
l-Muhammad et al., 1996; Al-Muhammed et al., 1996); oral ulcers

∗ Corresponding author. Tel.: +1 860 486 3760; fax: +1 860 486 0538.
E-mail addresses: upkar.bhardwaj@uconn.edu (U. Bhardwaj),

.burgess@uconn.edu, diane.burgess@uconn.edu (D.J. Burgess).
1 Tel.: +1 860 486 5527.

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.01.003
g as well as incorporation of hydrophobic drug dexamethasone, changed

© 2010 Elsevier B.V. All rights reserved.

(Farshi et al., 1996); arthritis (Bonanomi et al., 1987; Koning et al.,
2006); atherosclerosis (Chono et al., 2005a,b; Chono and Morimoto,
2006); dermatological conditions (Cevc and Blume, 2004); pul-
monary diseases (Benameur et al., 1995; Suntres and Shek, 1998);
silica-induced pulmonary toxicity (DiMatteo and Reasor, 1997);
localized anti-inflammatory effect for metallic stents (Kallinteri
et al., 2002); brain edema (Eroglu et al., 2001); and controlling
the inflammatory response to implantable devices (Hickey et al.,
2002b,a).

Liposomes are used to encapsulate both hydrophilic and
hydrophobic small molecules as well as macromolecules such as
proteins and genes (Katragadda et al., 1999; Kaiser et al., 2003;
Patil and Burgess, 2005a; Sezer et al., 2007). However, most of the
literature in this area is focused on hydrophilic drugs. In particular,
liposomes have been used intravenously (IV) for chemotherapeutic
agents and antibiotics to alter tissue distribution, pharmacokinet-
ics and toxicology, as well as to reduce adverse effects (Szoka et
al., 1987; Mayer et al., 1990; Chono and Morimoto, 2006; Sezer

et al., 2007). The potential of liposomes for controlled release of
hydrophobic drugs via subcutaneous (SC) or intramuscular (IM)
administration has not been investigated extensively. The formu-
lation and process parameters required for controlled delivery of
hydrophobic drugs from liposomes is likely to differ with the route

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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f administration. For example, small unilamellar vesicles (SUV) are
referred for IV delivery in order to prevent macrophage uptake
nd extend circulation time, whereas this might not be required
or SC/IM applications. Moreover, hydrophobic drugs such as dex-
methasone are incorporated in the bilayer structure of liposomes,
hereas hydrophilic drugs are encapsulated in the internal aque-

us chamber. Incorporation of drugs or other additives in the
iposome membrane might change the phase transition properties
Biltonen and Lichtenberg, 1993) which in turn might affect drug
elease.

There are a number of literature reports concerning lipo-
ome formulations of dexamethasone and other glucocorticoids
Bonanomi et al., 1987; Taniguchi et al., 1987; Tremblay et al., 1993;
enameur et al., 1995; Kulkarni and Vargha-Butler, 1995; Vargha-
utler and Hurst, 1995; Farshi et al., 1996; Lopes de Menezes and
argha-Butler, 1996; Al-Muhammad et al., 1996; Al-Muhammed
t al., 1996; DiMatteo and Reasor, 1997; Saarinen-Savolainen et
l., 1997; Suntres and Shek, 1998; Kallinteri et al., 2002; Metselaar
t al., 2002; Cevc and Blume, 2004; Chono and Morimoto, 2006;
oning et al., 2006; Tsotas et al., 2007). However, the physic-
chemical properties of these liposomes vary considerably. For
xample, both increases and decreases in drug loading and release
rofiles have been reported following cholesterol incorporation

n liposomes (Taniguchi et al., 1987; Al-Muhammad et al., 1996;
sotas et al., 2007). Most of the published literature focuses on
he pharmacodynamic aspect of delivery with less emphasis on
hysicochemical properties. Much of the knowledge about the
hysicochemical properties of liposomes has been derived from
tudies using liposomes as a model for biological membranes.

The objective of this work was to investigate the effects
f process (sonication and extrusion) and formulation (lipid
ype, incorporation of cholesterol and dexamethasone) param-
ters on the physicochemical properties and thermotropic
ehavior of dexamethasone-loaded liposomes. For this, lipo-
ome formulations with immediate, intermediate and slow
elease kinetics were developed. A homologous series of
ipids: 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC);
,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); and 1,2-
istearoyl-sn-glycero-3-phosphocholine (DSPC) was selected in
rder to minimize the complexity introduced by the use of lipids
ith different head groups, unsaturation or backbones. The phase

ransition temperatures (Tm) of DMPC, DPPC and DSPC are 23.5,
1.4 and 55.1 ◦C, respectively (Taylor and Craig, 2003). At 37 ◦C
body temperature), DMPC will be in the fluidic liquid crystalline
tate, and DPPC will be in a less fluidic gel like state, whereas DSPC
ill be in the gel state. Therefore, it is expected that three different

elease profiles may be achieved using these three lipids. Non-
xtruded large multilamellar (MLV) and sonicated and extruded
mall oligo/unilamellar liposomes were investigated. This study
ill help in designing liposome formulation(s) of dexamethasone.

. Materials and methods

.1. Materials

Dexamethasone, sodium azide, sodium dodecyl sulfate (SDS)
nd HEPES sodium salt were purchased from Sigma–Aldrich
St. Louis, MO). DMPC, DPPC, DSPC and cholesterol were pur-
hased from Avanti Polar Lipids, Inc. (Alabaster, AL). Chloroform,

cetonitrile and methanol were purchased from Fisher Scien-
ific (Pittsburgh, PA). Spectra®/Por CE DispoDialyzer membranes
50 kDa molecular weight cut off (MWCO; volume 2 ml)) were pur-
hased from Spectrum labs (Rancho Dominguez, CA). NanopureTM

uality water (Barnstead, Dubuque, IA) was used for all stud-
es.
l of Pharmaceutics 388 (2010) 181–189

2.2. Preparation of liposomes

A thin film hydration method was used to prepare
dexamethasone-loaded liposomes as reported previously with
slight modification (Patil et al., 2005b). Briefly, a chloroform
solution of lipid and a methanol solution of dexamethasone were
mixed in a pear-shape flask and evaporated in a Büchi® rotary
evaporator at a temperature above the phase transition tempera-
ture(s) of the lipids (ca. 37 ◦C for DMPC, 55 ◦C for DPPC and 70 ◦C
for DSPC liposomes) to form a thin film (lipid:drug ratio—1:0.2 M).
For liposomes containing cholesterol, a chloroform solution of
cholesterol was also added. This film was dried overnight under
vacuum for complete removal of the solvents. The lipid film was
then hydrated in 10 mM HEPES buffer, pH 7.4 (with 0.1%, w/v,
sodium azide as a preservative; at T > Tm (same as used in the
drying step above)) followed by vortexing for 2 min (final lipid
concentration 1.2 mg/ml). These vortexed vesicles were used
as large multilamellar ‘non-extruded’ liposomes (referred to as
‘non-extruded liposomes’ henceforth). For preparation of small
‘extruded’ liposomes, non-extruded liposomes were sonicated (for
4 min) using an Avanti Ultrasonic cleaner® bath sonicator (T > Tm)
followed by extrusion (11 times) through a 400 nm polycarbonate
membrane (T > Tm) (Avanti Polar Lipids, Inc., Alabaster, AL) using
an Avanti MiniExtruder® for size homogenization (referred to as
‘extruded liposomes’ henceforth). The thin film hydration method
was selected as it is a simple laboratory scale method and does not
introduce any contamination/impurities that can affect the phase
behavior and release properties of liposomes (as may occur in the
case of the reverse phase evaporation method or the dialyzed octyl
glucoside vesicle (DOV; detergent dialysis) method) (Parente and
Lentz, 1984).

The non-entrapped dexamethasone was removed using the
Amicon Ultra-15® centrifugal filtration devices (Millipore, Billerica,
MA) 30 kDa MWCO. Briefly, 5 ml liposome suspension was added to
the upper chamber of the ultrafiltration tube and filtered to 500 �l
by centrifugation at ∼3800 × g (10 ◦C) using a Beckman Coulter
Allegra® X-15R centrifuge. Non-entrapped drug filtered into the
bottom chamber of ultrafiltration tube and the purified liposome
suspension was collected from the upper chamber.

2.3. Liposomes characterization

2.3.1. Drug loading
Five millilitre of liposome suspension was centrifuged at

4700 × g for 2 h using a Beckman Coulter Allegra® X-15R cen-
trifuge to form a pellet and the supernatant was removed. To
determine dexamethasone loading, the pellet was dissolved in
6 ml of 0.5% (w/v) SDS solution in HEPES buffer using vortex-
ing and sonication. Dexamethasone was analyzed using a high
performance liquid chromatography (HPLC) method with acetoni-
trile/water/phosphoric acid (35:65:0.5, v/v/v) mobile phase on a
Zorbax® Rx C18 column (4.6 mm × 15 cm) at flow rate of 1 ml/min.
Dexamethasone was detected using a Perkin Elmer 785A UV–Vis
detector at 242 nm. The percent drug encapsulation was calculated
as: percent encapsulation = (amount in liposomes/total amount
used) × 100. The results were reported as mean ± standard devi-
ation (SD) (n = 4).

2.3.2. Liposomes size analysis
Liposome particle size (diameter) was measured using a

dynamic light scattering particle size analyzer (NicompTM 380 sub-

micron particle size analyzer, Santa Barbara, CA) equipped with a
laser (wavelength 632.8 nm) set at an angle of 90◦ and at 25 ◦C.
Liposome suspensions were diluted tenfold in 10 mM HEPES buffer
before size estimation. The results were reported as mean ± SD of
the Gaussian number weighed average diameter (n = 4).
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.3.3. Zeta potential analysis
The zeta potential was measured using a ZetaPlusTM zeta poten-

ial analyzer (Brookhaven Instrument Corporation, NY) equipped
ith 35 mW solid state red laser (wavelength 660 nm) at 25 ◦C.

iposome suspensions were diluted tenfold in 10 mM HEPES buffer
efore zeta potential estimation. The results were reported as
ean ± SD (n = 4).

.3.4. Differential scanning calorimetry (DSC)
The phase transition behavior of different liposomes was

nalyzed using a VP-DSC® microcalorimeter (MicrocalTM, Inc.,
orthampton, MA). Fivefold diluted liposome samples (lipid con-
entration ca. 0.3 �M) were subjected to thermodynamic studies at
scan rate of 60 ◦C/h. Degassed HEPES buffer (10 mM, pH 7.4) was
sed as a reference. MicroCalTM Origin software was used for fitting
non-two state model. Phase transition temperature (Tm), excess

alorimetric enthalpy (�H), Van’t Hoff enthalpy (�Hv), and co-
perative units (CU) were estimated. The co-operative unit reflects
ntermolecular interactions between phospholipids in the bilayer
McElhaney, 1982). An increase in CU indicates higher interaction
etween the lipid molecules. The CU is calculated as a ratio of Van’t
off enthalpy to calorimetric enthalpy (CU = �Hv/�H). The results
ere reported as mean ± SD (n = 3).

.4. In vitro release from liposomes

In vitro release testing from liposomes was determined using a
ialysis sac method (Chidambaram and Burgess, 1999). Liposome
uspensions were added to Spectra®/Por CE DispoDialyzer 50 kDa
WCO membranes. The dialysis sacs containing the liposome sus-

ensions were placed in glass tubes (Kimax glass culture tubes;
5 mm × 200 mm) containing 50 ml HEPES buffer maintained at
7 ◦C/25 ◦C in a shaker water bath (New Brunswick, Edison, NJ) and
otated at 50 rpm. One millilitre aliquots were withdrawn at each
ime point for release estimation and replaced with fresh buffer.
examethasone was analyzed using the HPLC method as described
bove. In case of incomplete release or if a plateau was reached, SDS
as added to a final concentration of 0.5% (w/v) to disrupt the lipo-

omes and confirm complete recovery. Addition of SDS is indicated
y an arrow in all figures. The results were reported as mean ± SD
n = 3).

.5. Statistical analysis
Statistical analyses to evaluate significant differences between
ifferent groups were carried out using JMPIN® software (SAS

nstitute, Inc.). Results were analyzed by one-way analysis of vari-
nce (ANOVA). Any significant difference was further analyzed by
ukey’s HSD (Honestly Significantly Different) post hoc test, a mul-

able 1
iposomes formulations and their physical properties.

Liposome Diameter (nm)

Extruded
DMPC:Dex (1:0.2 M) 43.45 ± 1.29
DMPC:Chol:Dex (1:0.1:0.2 M) 50.39 ± 7.17
DMPC:Chol:Dex (1:0.2:0.2 M) 116.27 ± 40.37
DPPC:Dex (1:0.2 M) 433.0 ± 174.5
DSPC:Dex (1:0.2 M) 728.30 ± 125.32

Non-extruded
DMPC:Dex (1:0.2 M) 1015.35 ± 131.96
DMPC:Chol:Dex (1:0.1:0.2 M) 1166.09 ± 172.08
DMPC:Chol:Dex (1:0.2:0.2 M) 1403.8 ± 284.4
DPPC:Dex (1:0.2 M) 1121.95 ± 113.06
DSPC:Dex (1:0.2 M) 929.48 ± 200.15

esults shown as mean ± SD; Chol: cholestrol; Dex: dexamethasone.
l of Pharmaceutics 388 (2010) 181–189 183

tiple range test to determine significant difference between more
than two groups. For comparison between two groups, Student’s
t-test was used. The level of significance was accepted at p < 0.05.

3. Results

3.1. Liposome characterization

3.1.1. Liposome size
The mean diameter of non-extruded liposomes of DMPC, DPPC

and DSPC was approximately 1 �m and did not differ significantly
between the three lipids (p-value 0.25; Table 1). The extruded
liposomes had significantly smaller mean particle diameter than
the non-extruded liposomes (p-value 0.0006) for all except the
DSPC liposomes. The largest change in diameter after sonication
and extrusion was observed for the low transition temperature
DMPC liposomes (1015.35 nm before and 43.54 nm after sonication
and extrusion). The mean particle diameter of the extruded lipo-
somes of DMPC, DPPC and DSPC was significantly different between
the three lipids (p-value 0.0001). The particle diameter increased
with increase in acyl change length and transition temperature
(DSPC > DPPC > DMPC). In fact, the mean diameter of the extruded
DMPC liposomes (43.45 nm) was considerably smaller than that of
the extruded DPPC (433 nm) and DSPC (728 nm) liposomes.

The incorporation of cholesterol into DMPC liposomes (at 0.1 M
or 0.2 M ratio) did not result in any significant change in the mean
diameter of non-extruded samples (p-value 0.07). However, for
extruded liposomes the incorporation of cholesterol at the higher
molar ratio (0.2 M) caused a significant change in the mean particle
diameter (43.45 nm without cholesterol vs. 116.27 nm with choles-
terol). Interestingly, this did not occur at the lower molar ratio
(0.1 M) of cholesterol (the mean particle diameter was 50.39 nm
with cholesterol).

3.1.2. Zeta potential
Saturated phosphatidylcholines are neutral zwitterionic

molecules. The zeta potential of all the liposomes was close to
neutrality and no significant difference was observed between
different liposomes due to lipid type, sonication, extrusion and the
incorporation of cholesterol and dexamethasone (Table 1).

3.1.3. Drug encapsulation
Usually, a gel filtration, dialysis or high speed centrifugation

method is used for the separation of non-entrapped drug from lipo-

somes (Peschka et al., 1998; Lasch et al., 2003). However, these
methods have limitations such as: time consuming (dialysis), dilu-
tion of sample (gel filtration) and change in particle size due to
pellet formation (centrifugation) (Ozer and Talsma, 1989). An ultra-
filtration method was developed which provides an easy and fast

Zeta potential (mV) Percent encapsulation

0.55 ± 2.2 12.53 ± 1.66
−0.77 ± 0.58 7.50 ± 0.86

0.77 ± 0.26 5.24 ± 0.68
1.21 ± 1.23 9.20 ± 0.54
1.31 ± 1.13 11.51 ± 1.01

−0.24 ± 1.34 26.6 ± 2.9
−1.12 ± 1.98 15.24 ± 4.04

0.6 ± 2.07 11.56 ± 1.42
−0.64 ± 1.8 19.55 ± 1.33
−0.85 ± 1.30 16.01 ± 1.81
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Table 2
Thermodynamic parameters of extruded and non-extruded liposomes of DMPC, DPPC and DSPC.

Liposome Tm1 �H1 �Hv1 CU1 Tm2 �H2 �Hv2 CU2

Extruded
DMPC 23.7 ± 0.06 3.9 ± 0.3 0.98 ± 0.01 250 ± 20 – – – –
DMPC:Chol:(l:0.1 M) 23.27 ± 0.06 2.6 ± 0.2 0.6 ± 0.02 231 ± 28 24.82 ± 0.11 1.6 ± 0.01 0.11 ± 0.01 63.72 ± 9.1
DMPC:Chol(l:0.2 M) 23.2 ± 0.11 0.98 ± 0.08 0.4 ± 0.006 414 ± 38 25.66 ± 0.52 1.8 ± 0.08 0.07 ± 0.00 37.04 ± 2.4
DMPC:Dex (1:0.2 M) 23.1 ± 0.06 3.46 ± 0.21 0.74 ± 0.009 215 ± 13 23.74 ± 0.83 2.3 ± 0.99 0.12 ± .03 62.64 ± 33
DPPC 41.2 ± 0.03 6.5 ± 0.2 1.08 ± 0.11 167 ± 13 – – – –
DPPC:Dex (1:0.2 M) 40.74 ± 0.14 2.4 ± 0.22 0.56 ± 0.08 237 ± 44 41.02 ± 0.03 4.53 ± 0.26 1.39 ± 0.1 306 ± 16
DSPC 54.4 ± 0.07 9.8 ± 0.34 1.24 ± 0.098 126 ± 14 – – – –
DSPC:Dex(l:0.2 M) 53.89 ± 0.02 4.23 ± 0.6 0.765 ± 0.11 227 ± 102 54.25 ± 0.01 6.85 ± 1.2 1.44 ± 0.17 215 ± 39

Non-extruded
DMPC 23.56 ± 0.05 5.15 ± 0.2 1.63 ± 0.15 316 ± 2 – – – –
DMPC:Chol:(l:0.1 M) 23.08 ± 0.02 2.15 ± 0.2 1.42 ± 0.04 669 ± 78 24.1 ± 0.25 1.9 ± 0.03 0.12 ± 0.03 62.18 ± 9.7
DMPC:Chol(l:0.2 M) 21.6 ± 0.06 0.3 ± 0.05 0.98 ± 0.13 3343 ± 0.9 23.86 ± 0.09 2.8 ± 0.38 0.98 ± 0.11 35.26 ± 8.7
DMPC:Dex (1:0.2 M) 22.89 ± 0.07 3.68 ± 0.5 1.13 ± 0.06 310 ± 49 23.15 ± 0.05 2.0 ± 0.24 0.17 ± 0.03 85.08 ± 10
DPPC 41.32 ± 0.01 8.25 ± 0.5 2.8 ± 0.25 338 ± 10 – – – –
DPPC:Dex (l:0.2 M) 40.6 ± 0.2 5.2 ± 0.1 0.57 ± 0.06 114 ± 35 41.02 ± 0.02 3.2 ± 0.7 2.5 ± 0.9 765 ± 164

282
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DSPC 54.46 ± 0.01 15.8 ± 5.7 4.37 ± 1.15
DSPC:Dex(l:0.2 M) 53.72 ± 0.06 9.56 ± 1.45 0.63 ± 0.04

refers to first peak fit parameters and 2 refer to second peak fit parameters. Tm
Hv: Van’t Hoff enthalpy change (Mcal/unit); CU: co-operative unit (n = 3; mean ±

ethod (approximately 1 h) of separation of non-entrapped drug.
oreover, this method allows the preparation of concentrated lipo-

ome suspensions. Since only low speed centrifugation is used,
iposome particle size is not affected by this process.

For non-extruded liposomes, drug encapsulation decreased
ith increase in phospholipid acyl chain length (Table 1)

nd was significantly different between the three lipids
DMPC > DPPC > DSPC; p-value 0.0001). Sonication and extru-
ion of the liposomes reduced drug encapsulation. Except for
SPC liposomes, the amount of drug encapsulated in the extruded

iposomes was almost half of that in non-extruded liposomes.
n the case of DSPC liposomes, the percent drug entrapment
ecreased from 16.01% to 11.51% on sonication and extrusion.

The incorporation of cholesterol significantly decreased dex-
methasone encapsulation in DMPC liposomes for both extruded
p-value 0.0003) and non-extruded samples (p-value 0.0005;
able 1). This effect was more pronounced at the higher cholesterol
atio (0.2 M). Similar to other liposomes, sonication and extrusion
aused a reduction in drug encapsulation of cholesterol containing
iposomes by a factor of two.

.2. Phase transition behavior

The phase transition of blank liposomes (no drug or cholesterol)
as best modeled using a ‘one-peak’ fit, whereas for dexametha-

one and cholesterol containing liposomes, the main transition
eak was resolved into two peaks. The thermodynamic parameters
re marked 1 and 2 for the two peaks in Table 2. The non-extruded
lank liposomes showed a characteristic endotherm with a pre-
ransition peak followed by a sharp main transition peak. The main
ransition temperatures of DMPC, DPPC and DSPC were 23.56, 41.32
nd 54.46 ◦C, respectively (Fig. 1 and Table 2). Both the main transi-
ion temperature and the enthalpy (�H) increased with increase in
cyl chain length (Table 2). These results are in agreement with that
eported earlier by others for MLVs (Kruijff et al., 1975; van Dijck
t al., 1978b; Parente and Lentz, 1984; Biltonen and Lichtenberg,
993). Sonication and extrusion of blank liposomes led to abolition
r reduction of the pre-transition peak, broadening of the main
ransition, as well as a marked reduction in the peak height and
H values (Fig. 1 and Table 2). The size of the co-operative unit
CU) was also smaller for the extruded liposomes.

Incorporation of dexamethasone (0.2 M) led to abolition of the
re-transition peak, reduction in the main peak height and the
H values as well as main peak broadening (Fig. 1 and Table 2).
± 32 – – – –
± 15 53.92 ± 0.78 1.08 ± 1.23 5.95 ± 4.65 27,677 ± 41,237

e transition temperature (◦C); �H: experimental enthalpy change (kcal/mole/◦C);

These effects were more pronounced for non-extruded compared
to extruded liposomes. The main transition peak of drug-loaded
non-extruded liposomes had a shoulder (DMPC and DPPC; Fig. 1A
and B) or split peak (DSPC Fig. 1C). The transition temperature of
one of the fitted peaks was close to that of blank liposomes, while
the second peak temperature was shifted downwards (Table 2).

Sonication and extrusion of liposomes resulted in a reduc-
tion in the main peak broadening or splitting. The main peak
temperature shifted towards higher temperatures for extruded
liposomes compared to non-extruded liposomes (Fig. 1). This
was more evident in the case of DPPC and DSPC where
the area of the second peak increased at the expense of
the first (3.2 kcal/mole/◦C vs. 4.53 kcal/mole/◦C for DPPC and
1.08 kcal/mole/◦C vs. 6.85 kcal/mole/◦C for DSPC; Table 2).

Incorporation of cholesterol in blank DMPC liposomes caused a
decrease in peak height and enthalpy as well as abolition of the pre-
transition peak (Fig. 2). Increase in the cholesterol content (from 0.1
to 0.2 M) intensified these effects. Non-extruded liposomes con-
taining the higher mole ratio (0.2 M) of cholesterol showed two
distinct but smaller peaks whereas extruded liposomes showed
only one broad peak. The transition temperature of the second
fitted peak (Tm2) shifted towards higher temperatures. The incor-
poration of both dexamethasone (0.2 M) and cholesterol (0.1 M)
together in DMPC liposomes reduced the phase transition temper-
ature and the peak height, while increasing the peak width. The
non-two state model used could not fit the peak satisfactorily due
to its broad shape.

3.3. In vitro release

3.3.1. Release from extruded liposomes
At 37 ◦C, release from the extruded DMPC and DPPC liposomes

was similar with most of the drug releasing in the first 12 h, ca.
92% and ca. 96%, respectively (Fig. 3A). Drug release was slower
in the case of extruded DSPC liposomes (ca. 78% at 12 h and ca.
90% at 48 h), which has the highest phase transition temperature.
Drug release was also tested at 25 ◦C which is below the transi-
tion temperature of DPPC and DSPC but not that of DMPC (Fig. 3B).
Three distinct release profiles were obtained at 25 ◦C. At 12 h, dex-

amethasone release from DMPC, DPPC and DSPC liposomes was
86.74%, 70.23% and 49.14%, respectively. This trend is in agree-
ment with the transition temperatures of the lipids. The addition
of SDS resulted in complete release of dexamethasone from lipo-
somes.
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Fig. 1. Effects of extrusion and dexamethasone incorporation on phase tran-
sition behavior of (A) DMPC, (B) DPPC and (C) DSPC liposomes ((1) DMPC
non-extruded liposomes; (2) DMPC extruded liposomes; (3) DMPC:dexamethasone
(1:0.2 M) non-extruded liposomes; (4) DMPC:dexamethasone (1:0.2 M) extruded
liposomes; (5) DPPC non-extruded liposomes; (6) DPPC extruded liposomes; (7)
D
(
e
(

3

D
l
6
e
b
D

Fig. 2. Effects of cholesterol incorporation on phase transition behavior of

at 25 ◦C i.e. DMPC > DPPC > DSPC. At both 25 ◦C and 37 ◦C, release
from the non-extruded DPPC and DSPC liposomes showed a fast
initial phase followed by a slow release phase till a plateau was
reached. The non-extruded DPPC liposomes released over a period
PPC:dexamethasone (1:0.2 M) non-extruded liposomes; (8) DPPC:dexamethasone
1:0.2 M) extruded liposomes; (9) DSPC non-extruded liposomes; (10) DSPC
xtruded liposomes; (11) DSPC:dexamethasone (1:0.2 M) non-extruded liposomes;
12) DSPC:dexamethasone (1:0.2 M) extruded liposomes.).

.3.2. Release from non-extruded liposomes
At 37 ◦C, dexamethasone release profiles for non-extruded

MPC and DPPC liposomes were similar while release from DSPC

iposomes was slower (Fig. 4A). During the initial 12 h, 68.8%,
4.25% and 30.5% of dexamethasone were released from non-
xtruded DMPC, DPPC and DSPC liposomes, respectively. At 25 ◦C, a
etter discrimination was observed between non-extruded DMPC,
PPC and DSPC liposomes for dexamethasone release compared to
DMPC liposomes ((1) DMPC:cholesterol (1:0.1 M) non-extruded liposomes; (2)
DMPC:cholesterol (1:0.1 M) extruded liposomes; (3) DMPC:cholesterol (1:0.2 M)
non-extruded liposomes; (4) DMPC:cholesterol (1:0.2 M) extruded liposomes; (5)
DPPC:cholesterol:dexamethasone (1:0.1:0.2 M) non-extruded liposomes.).

that at 37 ◦C. At 12 h, 64.88%, 40.14% and 24.72% of dexamethasone
were released from DMPC, DPPC and DSPC liposomes, respectively.
The order of release was similar to that for the extruded liposomes
Fig. 3. In vitro release of dexamethasone from sonicated and extruded DMPC, DPPC
and DSPC liposomes at (A) 37 ◦C and (B) 25 ◦C in 10 mM HEPES buffer, pH 7.4. The
addition of SDS is indicated by an arrow. Each value represents mean ± SD (n = 3).
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ig. 4. In vitro release of dexamethasone from non-extruded DMPC, DPPC and DSPC
iposomes at (A) 37 ◦C and (B) 25 ◦C in 10 mM HEPES buffer, pH 7.4. The addition of
DS is indicated by an arrow. Each value represents mean ± SD (n = 3).

f 4–5 days, whereas for DSPC, a plateau was reached around 20
ays. The addition of SDS increased the rate of dexamethasone
elease at both 25 and 37 ◦C.

At 25 ◦C, the release profile from extruded DMPC:cholesterol
iposomes was similar to extruded DMPC liposomes without
holesterol (Fig. 3B). Interestingly, cholesterol incorporation in
on-extruded DMPC liposomes resulted in faster release of dex-
methasone (Fig. 4B).

.3.3. Effect of temperature on release
Drug release from all liposomes investigated was faster at 37 ◦C

ompared to that at 25 ◦C (Fig. 5). The effect of release medium
emperature was more pronounced for non-extruded liposomes
ompared to extruded liposomes. The reduction in temperature
rom 37 to 25 ◦C had a minimal effect on drug release from DMPC
iposomes. Release from both non-extruded and extruded DPPC and
SPC liposomes was slower at 25 ◦C.

.3.4. Effect of sonication and extrusion on release
◦ ◦
At a given temperature (25 C or 37 C), release from non-

xtruded liposomes was slower than release from extruded
iposomes for all lipids studied (Fig. 5). The difference between the
elease profiles of non-extruded and extruded liposomes increased
ith the transition temperature of the phospholipid. Addition of

DS was required to achieve release of dexamethasone from non-
xtruded liposomes during the study time period.
Fig. 5. Comparison of the effects of extrusion and release medium temperature on
in vitro release of dexamethasone from (A) DMPC, (B) DPPC and (C) DSPC liposomes
in 10 mM HEPES buffer, pH 7.4. The addition of SDS is indicated by an arrow. Each
value represents mean ± SD (n = 3).

4. Discussion

The similar mean diameter of all the non-extruded liposomes
indicated that particle size appeared to be dependent on the ini-
tial film thickness, since the concentration and volume of the lipid

solutions was kept constant for all liposomes preparations. Sonica-
tion and extrusion led to a reduction in the mean particle diameter
of the liposome formulations, due to structural rearrangement of
their membranes as has been previously reported for the sonica-
tion processing (Kodama et al., 1993). The particle diameter of the
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xtruded liposomes was dependent on the lipid acyl chain length.
he small acyl chain length of DMPC liposomes can acquire a higher
urvature on sonication and this may be responsible for the small
article size of these liposomes (Kruijff et al., 1975; van Dijck et
l., 1978a). The large size of the DMPC liposomes containing 0.2 M
f cholesterol might be due to localization of cholesterol between
he acyl chains, which would restrict the mobility of the lipids and
nhibit high membrane curvature.

Dexamethasone encapsulation in the non-extruded liposomes
as inversely related to the acyl chain length (Table 1). As the

hain length increases, the van der Waals forces between the
cyl chains increases and accordingly the space between the acyl
hains decreases (Cevc, 1993). Therefore, less space would be
vailable for dexamethasone incorporation in the DSPC liposome
embranes compared to the DMPC liposome membranes, which
ay be responsible for the lower drug encapsulation. A simi-

ar phenomena has been observed with other hydrophobic drugs
Saarinen-Savolainen et al., 1997). Approximately half of the drug
hat was encapsulated in non-extruded liposomes was lost during
he sonication and extrusion process. This may be due to break-
ng and structural rearrangement of the lipid bilayer during the
onication and extrusion process. Therefore, during this process
examethasone embedded in the inner layers of non-extruded

iposomes is lost to the aqueous media. In addition, the lipid
olecules in the extruded liposomes are in a higher energy and

ermeability state due to their higher curvature. Interestingly, drug
oading reduced the most for DPPC extruded liposomes (>50% of
rug was lost from the non-extruded liposomes). DPPC has a higher
endency to form an interdigitated state, as compared to DMPC and
SPC (Demetzos, 2008). Sonication and extrusion induced interdig-

tation leads to a decrease in space between the acyl chains and the
igher loss of dexamethasone from the extruded DPPC liposomes.

Cholesterol incorporation has been reported to increase mem-
rane stability, decrease permeability and increase encapsulation
f hydrophilic drugs (Papahadjopoulos et al., 1972; Gregoriadis
nd Davis, 1979). However, both cholesterol and dexamethasone
ave a similar hydrophobic steroidal molecular structure and com-
ete for the same sites in the liposome membrane. Cholesterol is
ore lipophilic (log p ∼ 7.17) (Stanculescu et al., 2006) than dex-

methasone (log p ∼ 1.74; Scifinder® Scholar) and therefore should
e preferentially incorporated/partitioned in the liposome mem-
ranes, leading to a decrease in dexamethasone encapsulation.

A decrease in the peak height and enthalpy suggested that the
ipid molecules in sonicated and extruded liposomes were in a
igher energy state (Fig. 1 and Table 2). Sonication and extrusion
re expected to induce high curvature in the extruded liposomes
van Dijck et al., 1978b; Kodama et al., 1993), which in turn would
istort the packing of the acyl chains and increase the energy
tate of the lipid molecules. This is supported by the smaller CU
or the extruded liposomes compared to the non-extruded lipo-
omes. A shoulder (DMPC and DPPC; Fig. 1A and B) or split peak
DSPC Fig. 1C) in the main transition peak of the drug-loaded,
on-extruded liposomes indicated a heterogeneous distribution of
examethasone between the different liposomes or in-between
ifferent layers in the same liposome. However, sonicated and
xtruded liposomes had a more homogenous distribution of drug
s suggested by the disappearance of the split peak and a sharper
eak shape. The bilayer structure was destabilized after incorpo-
ation of dexamethasone, as indicated by a decrease in the peak
ransition temperatures (Tm1 and Tm2) compared to those of the
lank liposomes (Table 2). This suggested that dexamethasone has a

reater affinity for the liquid crystalline state of the lipids, reducing
he van der Waals interaction between the acyl chains. Destabiliza-
ion was more prominent for the non-extruded liposomes since
eterogeneous distribution resulted in slightly lower Tm1 values
Table 2). Interpretation of the effects of sonication and extrusion
l of Pharmaceutics 388 (2010) 181–189 187

on the CU for DSPC liposomes was complicated by the heteroge-
neous distribution of dexamethasone in non-extruded liposomes
(CU2 value ∼ 27,677).

At higher molar ratio (0.2 M), the cholesterol distribu-
tion in the non-extruded DMPC liposomes was heterogeneous
(Fig. 2). Two distinct peaks indicated the presence of cholesterol-
poor and cholesterol-rich domains/liposomes. It is speculated
that in cholesterol-poor domains, lipid molecules are con-
strained in a smaller space which increases their energy
(�H ∼ 0.3 kcal/mole/◦C). The higher CU1 value (∼3343) supports
this argument. Heterogeneous distribution of cholesterol in lipo-
somes has been observed previously (McElhaney, 1982; Demetzos,
2008). Sonication partially negated this heterogeneous distri-
bution as evident by the higher �H1 and lower CU1 values.
A higher Tm2 (compared to the Tm of the blank liposomes)
suggested that cholesterol has more affinity for the gel state
(Demetzos, 2008). Therefore, cholesterol incorporation would sta-
bilize the DMPC liposome membrane as reported in the literature
(McElhaney, 1982; Demetzos, 2008). The different stabilizing effect
of cholesterol and dexamethasone on the liposomes might be due
to differences in their interaction with phospholipid molecules.
Highly lipophilic cholesterol gets incorporated between the acyl
chains and reduces chain movement (increasing rigidity) above the
phase transition temperature (Liu et al., 2000). Therefore, choles-
terol shows membrane stabilization above the phase transition
temperature. Dexamethasone, being more hydrophilic, may inter-
act differently with phospholipid acyl chains and headgroups and
destabilizes the membrane.

Dexamethasone release from all extruded liposomes was fast
and most of the contents were released within 48 h at 37 ◦C (Fig. 3A).
While the slower release from DSPC could be explained by the high
transition temperature, the similar release profiles from the DMPC
and DPPC liposomes were unexpected. At 37 ◦C, DPPC should be
in a less permeable gel state while DMPC is in a more perme-
able liquid crystalline state. However, changes in the transition
behavior of DPPC due to the incorporation of dexamethasone and
the sonication and extrusion processing may explain the release
profile. Dexamethasone incorporation and sonication and extru-
sion processing decreased the main transition onset temperature,
increased lipid molecular energy and destabilized the DPPC mem-
branes (Fig. 1B and Table 2). Therefore, extruded DPPC liposomes
are in a more permeable state at 37 ◦C than expected and this
may be responsible for the similar release profile to that of the
DMPC liposomes. This was further corroborated by dexamethasone
release studies at 25 ◦C from the extruded liposomes (Fig. 3B). At
25 ◦C, only DMPC is in the liquid crystalline state while DPPC and
DSPC are in the gel state. Accordingly, dexamethasone release at
25 ◦C from extruded liposomes decreased with increase in the Tm
of the lipids in the order DMPC > DPPC > DSPC (Fig. 3B).

At both 37 ◦C and 25 ◦C, the rank order of dexamethasone
release from the non-extruded liposomes was similar to that
from the extruded liposomes. Release profiles from DMPC and
DPPC were similar at 37 ◦C. However, for non-extruded DPPC
liposomes, heterogeneous distribution of dexamethasone reduced
the main transition onset temperature even lower than that for the
extruded liposomes. Nevertheless, dexamethasone release from
non-extruded liposomes was slower than that from extruded lipo-
somes at both 37 and 25 ◦C (Fig. 5). Therefore, it would appear that
the rate controlling step for release of dexamethasone (to bulk) is
diffusion across the multilamellar structure of the non-extruded
liposomes. This is supported by the fact that the curvature in

larger non-extruded liposomes is smaller (van Dijck et al., 1978b;
Kodama et al., 1993) which would result in a close packing
arrangement, a lower lipid molecular energy state and hence
reduced drug permeability. Drug permeability is further decreased
at lower temperature explaining the slower release at 25 ◦C (Fig. 5).
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oreover, larger non-extruded liposomes have a smaller surface
rea exposed to the aqueous media compared to the extruded
iposomes. This will decrease the rate of diffusion across the

embrane for non-extruded liposomes. On the other hand, the
ermeability of dexamethasone for extruded liposomes will be
igher due to: (1) high curvature and energy state; (2) distorted
cyl chain packing; (3) fewer lamellar barriers for dexamethasone
iffusion; and (4) a marked increase in surface area. Hence, it
ppears that the ability of the lipid to affect release is masked by
hanges in the physical properties of the extruded liposomes.

There appears to be no advantage in adding cholesterol to obtain
ustained release of dexamethasone. While the phase transition
ehavior showed that cholesterol stabilizes the DMPC membrane,
holesterol incorporation resulted in faster release from non-
xtruded liposomes. This appears to be mainly due to the structural
imilarity between dexamethasone and cholesterol, and conse-
uent competition for the same sites in the lipid membrane. Similar
ffects have been observed in MLVs containing cholesterol and tri-
mcinolone (Vargha-Butler and Hurst, 1995).

The results from this study suggest that sustained release of
he hydrophobic drug dexamethasone can be achieved using MLVs
omposed of high phase transition temperature lipids such as DSPC.
on-extruded liposomes have higher encapsulation efficiencies
nd therefore, a smaller amount of liposomes may be required for
herapeutic purposes. Extruded liposomes have a limited ability
o control the release of dexamethasone. Therefore, an immediate
elease of dexamethasone can be achieved using extruded DMPC
r DPPC liposomes. Whereas, intermediate and slow releases of
examethasone can be obtained using non-extruded DPPC and
SPC liposomes. In addition, changes in the physicochemical and
hase transition properties of liposomes due to the incorporation
f hydrophobic drugs can impact their release behavior.

. Conclusions

Sonication and extrusion process caused a marked change in
iposomes size, dexamethasone encapsulation and phase transition
ehavior of DMPC, DPPC and DSPC liposomes. While dexam-
thasone and cholesterol were distributed heterogeneously in
on-extruded liposomes, the extruded liposomes had a more
omogeneous distribution. However, changes in the structure and
nergy state of the extruded liposomes due to processing and
ncorporation of dexamethasone increased the permeability. This
ndermined the ability of lipids to control release of dexametha-
one from the extruded liposomes. Although, the non-extruded
PPC and DSPC liposome membranes were destabilized by dex-
methasone incorporation, dexamethasone release from these
iposomes was slow and dependent on the type of lipid used.
his was due to the lower permeability of MLVs as a consequence
f multilamellar structure and lower surface area. Moreover, the
tructural similarity between cholesterol and dexamethasone obvi-
ted the advantage of cholesterol in stabilizing the liposome
embrane. Hence, sustained release of dexamethasone can be

chieved using MLVs of high phase transition phospholipids.
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