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a  b  s  t  r  a  c  t

In  this  study  it was  investigated  whether  hydroxypropyl-�-cyclodextrin  (HP�CD)  is  able  to stabilize  the
liposomal  membranes  during  drying  of  long  circulating  polyethylene  glycol  (PEG)  coated  liposomes,  as
compared to  the  disaccharides  trehalose  and  sucrose.  PEGylated  liposomes  loaded  with  prednisolone
disodium  phosphate  (PLP)  were  dried  by  spray-drying  or freeze-drying.  The  dried  powders  were  tested
on their  residual  moisture  content,  glass  transition  temperature  and  amorphous  character.  Upon  recon-
stitution  the  liposomal  size,  size  distribution  and  drug  retention  were  determined  and  the results  were
compared  to the characteristics  of  the  formulation  solution  before  drying.  In  contrast  to the  disaccharides,
reeze-drying
pray-drying
yoprotection
ydroxypropyl-�-cyclodextrin
isaccharides

HP�CD  stabilizes  the  liposomal  membranes  of  the  PEGylated  liposomes  during  the  drying  process  of  both
spray drying  and  freeze-drying  when  present  in  a lipid:carbohydrate  ratio  of 1:6  (w/w).  The  resulting
powder  can  be  stored  at room  temperature.  No  changes  in  size  and  size  distribution  were seen  upon
reconstitution  of the  HP�CD  containing  formulations.  Drying  resulted  in  a  minimal  leaking  of  PLP  from
the  liposomes.  Its  relatively  high  T ′

g and Tg of  HP�CD,  as  compared  to  the  disaccharides,  make  HP�CD  an
excellent  membrane  protectant  for dry PEGylated  liposomal  formulations.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Liposomes have proven to be well tolerated drug delivery vehi-
les that offer the possibility of targeted drug delivery for a wide
ange of therapeutic agents (Metselaar and Storm, 2005). Physi-
ochemical properties of liposomes can be changed to optimize
rug delivery and retention at the target site, thus enhancing their
herapeutic efficacy, and to prevent toxicity to non-target tissues
De Silva et al., 1979; Fendler and Romero, 1977; Lopez-Garcia
t al., 1993; Metselaar et al., 2002). Furthermore, liposomes can
ffer a solution in case of formulation problems of the active com-
ound as a result of for instance low aqueous solubility (Barratt
nd Bretagne, 2007; Chang and Yeh, 2012; Mazerski et al., 1982).

owever, the phospholipids in the liposomal membrane, espe-
ially when dispersed in water, can slowly become oxidized or
ydrolyzed (Chen et al., 2010; Crommelin and van Bommel, 1984;
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Grit and Crommelin, 1992; Zuidam et al., 1995). This could induce
fusion of liposomes, leakage of the enclosed drug compound, and
structural transformations of the liposomes, which might influence
their performance (Ickenstein et al., 2006). Dry  products generally
show higher stability, and therefore various groups have tried to
develop dried liposomal formulations (Chen et al., 2010; Crowe
et al., 1985; Glavas-Dodov et al., 2005; Laverman et al., 2000;
Ohtake et al., 2006; Skalko-Basnet et al., 2000; van Winden and
Crommelin, 1997; van Winden, 2003; Wessman et al., 2010; Wieber
et al., 2012). Apart from a stabilization objective, dry liposomal
formulations also offer opportunities for routes of administration
other than parenteral use only, e.g. as dry powder inhalation.

Commonly applied drying techniques in pharmaceutical man-
ufacturing are spray drying and freeze-drying. Freeze-drying of
conventional liposomes (e.g. liposomes without surface modifi-
cations) has been well documented in the literature (Chen et al.,
2010; Crommelin and van Bommel, 1984; Crowe and Crowe, 1988;
Glavas-Dodov et al., 2005; van Winden, 2003). Though less fre-
quently, freeze-drying of long circulating liposomes containing

polyethylene glycol (PEG) has also been reported (Hinrichs et al.,
2006; Hinrichs et al., 2005; Laverman et al., 2000; Wessman et al.,
2010). However, as compared to lyophilization, only a limited num-
ber of reports have focused on spray-drying as a method to dry

dx.doi.org/10.1016/j.ijpharm.2012.08.046
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:jolanda.vandenhoven@slz.nl
mailto:j.m.vandenhoven@gmail.com
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iposomal formulations (Chougule et al., 2007, 2008; Goldbach
t al., 1993; Hauser and Strauss, 1987; Wessman et al., 2010).
ost groups tried to spray-dry conventional liposomes, though
essman et al. (2010) investigated the effect of spray-drying

n the structure of PEGylated liposomes. Compared to freeze-
rying, spray-drying is much faster, less expensive and more suited
or production of defined particles (Ingvarsson et al., 2011). On
he other hand, freeze-drying is more suited for the develop-

ent of sterile drug products. Spray-drying results in a powder
ass that requires subsequent handling into the final product for-
at  whereas freeze-drying offers the possibility of drying defined

olumes of the aqueous formulation in the final product con-
ainer.

The main issue in drying of liposomal formulations is the sta-
ility of the liposomal membranes. These membranes can be easily
isrupted during the drying process, for instance due to ice crystals
r phase transition of the membranes under influence of temper-
ture, or due to sublimation of water from the liposomal surface
Chen et al., 2010; Ingvarsson et al., 2011; Siow et al., 2007). There-
ore, the liposomal membranes need to be protected during the
rying process. Cryo- and lyoprotectants that are often used to
rotect delicate structures like proteins, DNA and liposomes dur-

ng drying processes are disaccharides like sucrose and trehalose
Crowe et al., 1985; Glavas-Dodov et al., 2005; Hauser and Strauss,
987; Laverman et al., 2000; Ohtake et al., 2005, 2006). Disac-
harides are able to form hydrogen bonds, thereby stabilizing the
rdered conformation of the delicate structures upon removal of
ater molecules (water replacement theory) (Chang et al., 2005;
aitani et al., 2008).
Besides disaccharides, hydroxypropyl-�-cyclodextrin (HP�CD),

 cyclic oligosaccharide, has also proven to stabilize proteins dur-
ng spray-drying (Branchu et al., 1999; Iwai et al., 2007). The
xact mechanism is still unknown but might be improved vitrifica-
ion due to a higher vitrification temperature (the glass transition
emperature of maximally cryoconcentrated solutions, T ′

g) and/or
mproved water replacement due to its large number of hydro-
en donors and acceptors (Abdelwahed et al., 2006; Branchu et al.,
999; Iwai et al., 2007; Serno et al., 2011; Vega et al., 2012).
P�CD has a high aqueous solubility and a safe toxicity profile

or a variety of administration routes, including parenteral use
Challa et al., 2005; Loftsson and Duchêne, 2007; Pourmokhtar and
acobson, 2005). Several products containing HP�CD have been

arketed, e.g. Sporanox® and Trisporal® (containing itraconazol)
nd Indocollyre® (containing indometacin) (Davis and Brewster,
004).

In this study it was investigated whether HP�CD is able to
tabilize the liposomal membranes during both spray-drying and
reeze-drying of long circulating PEGylated liposomes, as com-
ared to the disaccharides trehalose and sucrose. The PEGylated

iposomes were loaded with the water-soluble drug prednisolone
isodium phosphate (PLP) as a model drug. Creating a dry lipo-
omal formulation of a water-soluble drug encapsulated in the
queous core of the liposome is a major challenge, since the drug
an leak out of the liposome during drying (van Winden, 2003).
herefore, drug leakage is a good marker for instability or even
upture of the liposomal membranes during the drying process.
rom our own experience we know that PLP does not leak out
f the PEGylated liposomes in aqueous dispersion (Nanocort;
etselaar et al., 2003). Also, PLP solutions are chemically stable

or considerable time. Based on these characteristics, we selected
LP-PEGylated liposomes as a model drug formulation. During
rying, the water is removed from both outside and inside the
iposomes. Therefore, it might be relevant to protect the liposomal
embrane on both sides (Crowe et al., 1985; Ohtake et al., 2005).

o evaluate this, liposomal formulations were prepared both with
nd without lyoprotectant present in the liposome core. Besides
l of Pharmaceutics 438 (2012) 209– 216

drug retention, physicochemical properties and microscopic
appearance of the dried liposomal formulations were investigated.

2. Materials and methods

2.1. Preparation of the liposomes

Liposomes were prepared using a film extrusion method
(Amselem et al., 1993). Briefly, dipalmitoylphosphatidylcholine
(DPPC), 1,2-distearoyl-phosphatidylethanolamine-methyl-
polyethyleneglycol conjugate-2000 (DSPE-PEG) (both from
Lipoid GmbH, Ludwigshaven, Germany) and cholesterol (BUFA,
Uitgeest, The Netherlands) were dissolved in ethanol. A lipid
film was created by rotary evaporation at 65 ◦C. The lipid film
was hydrated with a solution containing prednisolone disodium
phosphate (BUFA, Uitgeest, The Netherlands) in a concentration
of 139 mg/mL. Furthermore, the hydrating solutions contained
either 0% or 10% of sucrose (BUFA, Uitgeest, The Netherlands),
trehalose (Merck, Darmstadt, Germany) or HP�CD (Roquette
Pharma, Lestrem, France) in sterile water for injections (B. Braun,
Melsungen, Germany). The resulting coarse dispersion was  sized
by multiple extrusion steps through polycarbonate filter mem-
branes with a pore size of 100 nm,  resulting in liposomes with
a diameter of about 100 nm,  as was  confirmed by dynamic light
scattering (DLS). Unencapsulated PLP was removed by dialysis
against a 10% solution of sucrose, trehalose or HP�CD using Slide-
A-Lyzer dialysis cassettes (Thermo Fisher Scientific, Etten-Leur,
The Netherlands) with a molecular weight cut-off of 10 kDa, with
repeated changing of the dialysis medium. The lipid content of
the liposomal dispersions was  determined using HPLC, and the
liposomal dispersions were subsequently diluted with their corre-
sponding 10% sugar solutions to a final ratio of sugar:lipid of 6:1
(w/w, dry product), as ratios of 4:1 or higher have shown to protect
the liposomes during drying in previous studies (Chaudhury et al.,
2012; Crowe and Crowe, 1988; Laverman et al., 2000). The diluted
dispersion is used for the drying processes.

All compounds used were of pharmaceutical (Ph. Eur) or highly
pure (≥99%) grade and were used without any further purification.

2.2. Spray-drying of the liposomes

The aqueous formulations were spray-dried using a B-290 Mini
Spray Drier (Büchi Labortechnik GmbH, Hendrik-Ido-Ambacht, The
Netherlands). The spray-drying conditions were selected based on
literature (Chougule et al., 2007, 2008; Skalko-Basnet et al., 2000)
and were as follows: inlet and outlet temperatures were 100 ◦C and
68 ◦C, respectively; airflow rate was  35 m3/h and the spray gas flow
was 670 L/h; with a nozzle size of 0.7/1.5 mm the feed was set at
1 mL/min. The resulting spray-dried powders were kept in closed
containers at 2–8 ◦C prior to characterization and further analysis.

2.3. Freeze-drying of the liposomes

1 mL  aliquots of the liposomal dispersions were filled into 8R
colorless glass vials (hydrolytic class type 1 Fiolax clear, Aluglas,
Uithoorn, The Netherlands). Vials were partly closed using gray
bromobutyl rubber lyophilization closures (West Pharmaceuti-
cal Services Inc., Lionville, PA, USA) and loaded into the freeze
dryer (Model Lyovac GT4, GEA Lyophil GmbH, Hürth, Germany).
The lyophilization program was based on the literature (Aso and
Yoshioka, 2005; van Winden et al., 1997; van Winden, 2003). Vials
were frozen to −35 ◦C at 0.5 ◦C/min in two hours. The shelf temper-

ature of −35 ◦C was  maintained for 24 h during the primary drying
phase, while a vacuum of 10 Pa was  established. At the end of pri-
mary drying the temperature was linearly increased to 0 ◦C in 2 h
while the pressure was reduced to 0.9 Pa, to start secondary drying.
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hese conditions were maintained for another 48 h after which the
ials were stoppered pneumatically under vacuum, removed from
he freeze-dryer, and stored at 2–8 ◦C prior to characterization and
urther analysis.

.4. Characterization of the dried powders

.4.1. Visual inspection of the powders
The appearance, bulk density and flowability of the dried pow-

er formulations were compared by visual inspection.

.4.2. Differential scanning calorimetry (DSC)
DSC was performed using a Q2000 DSC equipped with a refrig-

rated cooling accessory (RCA) for low temperature in the T4P
ode (TA instruments, New Castle, DE, USA). Temperature scale

nd heat flow were calibrated with indium. For determination of
he glass transition temperature (Tg) powder samples of approxi-

ately 5–10 mg  were transferred into TZero Aluminium pans (TA
nstruments) and closed hermetically. The sample was equilibrated
t 0 ◦C, followed by an isothermal step for 5 min. Subsequently the
ample was heated to 80 ◦C with 2 ◦C/min and 1 ◦C/60 s modulation.
n empty pan was used as a reference.

For determination of the membrane transition temperature
Tm), samples of approximately 10 mg  of the reconstituted pow-
er solutions were transferred into TZero Aluminium Hermetic
ans (TA instruments) and closed hermetically. The sample was
quilibrated at 10 ◦C, followed by an isothermal step for 5 min. Sub-
equently the sample was heated to 80 ◦C with 5 ◦C/min. An empty
an was used as a reference.

.4.3. Residual moisture content
Determination of the residual moisture content of the dried

roduct was performed using the Karl Fisher titration method.
pproximately 90 mg  of the dried formulation was transferred into

he titration unit of a Model 658 KF Titrino apparatus (Metrohm,
erisau, Switzerland).

.4.4. X-ray diffraction
X-ray powder diffraction measurements were performed using

n X’pert pro diffractometer equipped with an X-celerator (PANan-
lytical, Almelo, The Netherlands). A 0.5 mm deep metal sample
older was filled with sample. The particle size of granule-like
tructures and crystalline materials was reduced using mortar and
estle before filling of the sample holder. Subsequently the sam-
le was placed in the diffractometer. Samples were scanned at a
urrent of 50 mA  and a tension of 40 kV. The scanning range was
0–100◦ 2�, with a step size of 0.020◦ and a scanning speed of 0.002◦

er second.

.5. Characterization of the liposomes

The dried formulations are reconstituted with sterile water for
njections (B. Braun) to their original concentrations (w/v). The
esulting liposomal solutions were characterized and the results
ere compared to the characteristics of the formulation solution

efore drying.

.5.1. Visual inspection of the formulation
The liposomal solutions were compared by visual inspection.

he turbidity, the degree of opalescence and the color of the solu-
ion were compared. Additionally, the reconstitution time was
etermined.
.5.2. Dynamic light scattering (DLS)
The size and size-distribution (polydispersity index, PDI) of

he liposomes were determined by DLS with a Malvern ALV
l of Pharmaceutics 438 (2012) 209– 216 211

CGS-3 system (Malvern instruments Ltd., Malvern, Worcester-
shire, United Kingdom) with a scattering angle of 90◦ at 25 ◦C.
Samples were diluted approximately 40 times using phosphate
buffered saline (PBS) (B. Braun, Melsungen, Germany) before
measurement.

2.5.3. High pressure liquid chromatography (HPLC)
PLP concentrations were determined by HPLC–UV using an 1100

series HPLC system consisting of a binary pump, Model G1312A, an
autosampler Model G1367A and a UV-detector Model G1314A (all
from Agilent Technologies, Amstelveen, The Netherlands). A Zorbax
Eclipse-XDB-C8 analytical column (750 mm × 4.6 mm ID, particle
size 5 �m,  Agilent Technologies, Palo Alto, CA, USA) preceded by
a guard column (reversed phase 10 mm × 3 mm,  Varian, Palo Alto,
CA, USA) were used. Absorbance was  measured at 254 nm.  Injection
of 10 �L of sample was followed by a linear gradient of 5–90% ace-
tonitrile (Biosolve B.V., Amsterdam, The Netherlands) with 10 mM
ammonium formate (Fluka via Sigma–Aldrich, St. Louis, MO,  USA).
The pH was set at 3.6 using perchloric acid (Merck, Darmstadt,
Germany). The flow rate was 1.0 mL/min. Chromatograms were
processed using Chromeleon software (Dionex Corporation, Sun-
nyvale, CA, USA).

To determine the amount of (un)encapsulated PLP, an addi-
tional dialysis step was  performed against a 10% solution of sucrose,
trehalose or HP�CD using Slide-A-Lyzer dialysis cassette (Thermo
Fisher Scientific, Etten-Leur, The Netherlands) with a molecular
weight cut-off of 10 kDa. A 2 mL  sample of the formulation solution
was dialyzed against 600 mL  of medium for at least 8 h. Both the
permeate and the retentate were analyzed on the above mentioned
HPLC–UV system.

Lipid concentrations were determined by HPLC with evapora-
tive light scattering detection (ELSD) using an 1100 series binary
HPLC pump, Model G1312A (Agilent Technologies, Amstelveen, The
Netherlands), AS 3000 autosampler (Thermo Separation Products,
Breda, The Netherlands) and an Alltech Varex MKIII Evapora-
tive Light Scattering Detector (ELSD) (Grace (Alltech), Deerfield,
IL, USA). An X-Bridge C18 analytical column (750 mm × 4.6 mm
ID, particle size 2.5 �m,  Waters Corporation, Milford, MA,  USA)
was used. Injection of 30 �L of sample was followed by a lin-
ear gradient of 80–100% methanol (Biosolve B.V., Amsterdam, The
Netherlands) with 1% triethylamine (Merck, Darmstadt, Germany).
The flow rate was  0.4 mL/min. Chromatograms were processed
using Chromeleon software.

Prior to HPLC analysis the samples were diluted, if neces-
sary, to a concentration of approximately 1 �g/mL PLP or 3 mg/mL
total lipid. Subsequently, an extraction using dichloromethane
(Merck, Darmstadt, Germany), sterile water for injections (B.
Braun) and methanol (Biosolve) was performed on the lipid-
containing samples, to separate the PLP and the lipid com-
pounds.

2.5.4. Transmission electron microscopy (TEM)
The size and shape of the liposomes were visualized using

TEM. To this end, samples diluted 1000 times were applied
on Agar® formvar/carbon coated copper grids (van Loenen
instruments, Zaandam, The Netherlands). The samples were neg-
atively stained by uranyl acetate and dried on air. The samples
were visualized under a Tecnai12 transmission electron micro-
scope (Philips, Eindhoven, The Netherlands) using a GATAN 626
cryoholder (Gatan GmbH, München, Germany). Samples were

observed at 120 kV. Images were recorded on TemCam-0124
camera (TVIPS GmBH, Gauting, Germany) and processed with Anal-
ySIS software. The magnification ranged from 30,000 to 265,000
times.
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Table 1
Liposomal characteristics before drying (PDI = polydispersity index). Liposomal formulations were prepared with and without the protecting carbohydrate present in the
liposomal core (10% internal sugar and no internal sugar).

Formulation Size (ø, nm)  PDI Total lipid (mg/mL) Molar lipid ratio
(DPPC:DSPE-PEG:CHOL)

PLP content (mg/mL)

No internal sugar Sucrose 100 0.05 13.61 2.4:0.14:1.0 0.79
Trehalose 100 0.03 15.73 2.4:0.14:1.0 1.12
HP�CD  112 0.04 12.10 2.6:0.15:1.0 1.54

4.22 2.4:0.13:1.0 0.86
4.64 2.4:0.14:1.0 1.32
3.97 2.6:0.16:1.0 1.79
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Fig. 1. X-ray diffraction patterns of the raw protecting carbohydrates and the dried
formulations. (A) Sucrose formulations, (B) trehalose formulations and (C) HP�CD

T
R
l

10%  internal sugar Sucrose 104 0.09 1
Trehalose 98 0.10 1
HP�CD  104 0.01 1

. Results

.1. Characterization of the liposomes

PLP-PEGylated liposomes were prepared in order to evaluate
he stabilizing effect of the different carbohydrates on the liposo-

al  membranes during drying. The liposomal characteristics before
rying were determined using HPLC–UV, HPLC–ELSD and DLS. All
ifferent liposomal formulations had comparable characteristics
efore drying (Table 1).

.2. The effect of the drying methods

Visual inspection of the dried liposome formulations showed
o differences in powder characteristics between the formula-
ions with and without internal carbohydrate. However, differences
ere observed between the spray-dried formulations and the

reeze-dried formulations. The powder resulting from spray-drying
sing HP�CD as lyoprotectant consisted of finer particles with a

ower bulk density as compared to the disaccharide-containing
owders, that consisted of granule-like particles. Lyophilization of
he liposomal solutions resulted in white cake structures with a
esidual water content of approximately 1%, whereas spray-drying
esulted in white powders with a residual water content of approx-
mately 4%, irrespective of the formulation (Table 2).

X-ray diffraction analysis showed characteristic crystalline
iffraction peaks in the X-ray diffraction spectra of the unprocessed
isaccharides (Fig. 1: 1 in panel A and B). These were absent in the
nprocessed HP�CD (Fig. 1: 1 in panel C), as well as in all dried
ormulations, indicating that the dried PLP-PEGylated liposome for-

ulations are amorphous (Fig. 1: 2–5 in all panels).
The Tg of the sucrose formulations is approximately 36 ◦C, the

reeze-dried formulations having a slightly higher Tg compared
o their equivalent spray-dried formulations (Table 2). This is in
orrespondence with the slightly higher water content of the spray-
ried formulations. The Tg of all dry trehalose formulations is 50 ◦C
Table 2). Apparently, the slight increase in water content does not

ffect the Tg of these formulations, which is a unique property of
rehalose that has been reported before (Crowe et al., 1998, 1996;
ilburn et al., 2006). However, both disaccharide powders appeared

o be very hygroscopic and instantly turned into its rubbery state

formulations. In each panel, 1 represents the raw carbohydrate, 2 and 3 respectively
are the freeze-dried and spray-dried formulations without internal carbohydrate,
4  and 5 respectively are the freeze-dried and spray-dried formulations with 10%
internal carbohydrate.

able  2
esidual moisture content and Tg values of the dried formulation. Liposomal formulations were prepared with and without the protecting carbohydrate present in the

iposomal core (10% internal sugar and no internal sugar).

Formulation Residual moisture content (%) Tg (◦C)

After freeze-drying After spray-drying After freeze-drying After spray-drying

No internal sugar Sucrose 0.97 3.61 39 36
Trehalose 1.20 3.90 48 50
HP�CD  1.37 4.70 >100 >100

10%  internal sugar Sucrose 0.97 3.58 37 36
Trehalose 1.06 4.04 50 50
HP�CD  1.28 4.26 >100 >100
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ig. 2. TEM measurement confirms the presence of 100 nm liposomes in all formu
rehalose or HP�CD, as well as in the spray-dried formulation containing HP�CD. Ag
ucrose and trehalose, which explains their turbidity.

pon exposure to air, due to increased moisture levels and thereby
eduction of the Tg to values below room temperature (Jaya and
as, 2009; Nokhodchi, 2005). This was not seen in the HP�CD for-
ulations, since the Tg of the HP�CD formulations was found to be

ver 100 ◦C (Table 2).

.3. Size and size distribution

Liposomal solutions containing 100 nm PLP-PEGylated lipo-
omes are opalescent, and exhibit a characteristic red glow when
nspected against visible light. This was seen in all formulation
olutions before drying, and was confirmed by DLS measure-
ent (Table 1). Reconstitution of the disaccharide-containing

LP-PEGylated liposomes took 40–75 min  with manual shaking,
hile the reconstitution of the freeze-dried formulations and

he spray-dried formulation containing HP�CD was complete
ithin 5 min  of manual shaking. Upon rehydration of all spray-
ried formulations the opalescence and red glow re-appeared,
n indication for the presence of 100 nm liposomes. However,
ith the exception of the HP�CD formulations, the formula-

ions remained turbid upon reconstitution, indicating that also
arger particles are present. Indeed this observation was  con-
rmed by DLS analysis, which showed that the mean liposomal
ize as well as the PDI of all spray-dried formulations were sig-
ificantly increased, with exception of the HP�CD formulations
Table 3). The PLP-PEGylated liposomal formulations contain-
ng HP�CD as lyoprotectant showed only a minor increase in
ize and PDI after reconstitution. This finding was confirmed

y TEM analysis which showed the presence of uniform sized

iposomes in the HP�CD formulations after spray- and freeze-
rying, irrespective of the presence or absence of internal HP�CD
Fig. 2).
s. No aggregates are formed in the freeze-dried formulations containing sucrose,
tion and rupture of liposomes occurred in the spray-dried formulations containing

3.4. PLP leakage

PLP concentrations were measured using HPLC–UV. Before dry-
ing >90% of the PLP was encapsulated in the liposomes. Upon
reconstitution of the freeze-dried formulations, the total PLP con-
tent of the formulation was  comparable to the concentration before
drying. However, for the sucrose and trehalose containing formu-
lations only about 50% of the drug was  still encapsulated in the
liposomes, while for the HP�CD containing formulations this was
still >90% (see Fig. 3).

For the spray-dried formulations, the results for drug retention
were comparable to freeze-drying. For the HP�CD containing for-
mulations approximately 100% of this drug is still encapsulated in
the liposomes, while for the disaccharides up to 70% has leaked out
of the liposomes.

The composition of the liposomes that are present in the dried
substances was comparable to the liposomes in the aqueous for-
mulation (comparable drug to lipid ratio, molar lipid composition
DPPC:DSPE-PEG:CHOL 2.4:0.15:1.0), indicating that the leaking of
the drug from the liposomes was  not a result of liposome degra-
dation. Clearly, the disaccharides were not able to stabilize the
liposomal membranes during the drying process, resulting in drug
leakage.

4. Discussion

PLP loaded liposomes were prepared in order to compare the
stabilizing effect of HP�CD to commonly used disaccharides on the

liposomal membranes during drying. The formulations were dried
by spray-drying or freeze-drying. Three temperatures are of impor-
tance during drying of liposomes: the glass transition temperature
(Tg) of the drying formulation, the vitrification temperature (T ′

g) of
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Table 3
Effect of the drying method on the size (z-average) and size distribution of the liposomes. Liposomal formulations were prepared with and without the protecting carbohydrate
present in the liposomal core (10% internal sugar and no internal sugar).

Formulation Mean size ø (PDI)

Before drying After spray-drying After freeze-drying

No internal sugar Sucrose 100 nm (0.05) 664 nm (0.76) 94 nm (0.11)
Trehalose 100 nm (0.03) 1102 nm (0.64) 100 nm (0.15)
HP�CD  112 nm (0.04) 138 nm (0.18) 107 nm (0.12)

10%  internal sugar Sucrose 104 nm (0.09) 503 nm (0.88) 95 nm (0.07)
 (0.10

 (0.01
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t
T
o
i
c
e

F
1

Trehalose 98 nm
HP�CD  104 nm

he aqueous formulation and the transition temperature (Tm) of the
iposomal membrane. The T ′

g and the Tg are primarily determined
y the lyoprotectant used (Ingvarsson et al., 2011; Ohtake et al.,
006; van Winden et al., 1998, 1997; van Winden, 2003). The T ′

g is
mportant during freezing of the solution. Carbohydrates, like dis-
ccharides, are used to protect the liposomal membranes during
reezing, by forming a protective amorphous network around the
iposomes. This vitrification occurs at temperatures below the T ′

g
van Winden, 2003). For sucrose and trehalose, the T ′

g is −32 ◦C and
30 ◦C, respectively (van Winden, 2003), while for HP�CD this is
bout −15 ◦C (Vega et al., 2012). The Tg is important during drying
nd storage of the formulation. Temperatures higher than the Tg of
he (drying) powder could result in collapse of the powder. The Tg of
ried sucrose and trehalose (e.g. without residual water) are about
0 ◦C and 100 ◦C respectively, and decrease with increased mois-
ure content (Cummins et al., 2006; Hatley, 1997). The Tg of HP�CD
s much higher as compared to the disaccharides (about 220 ◦C for
ry HP�CD (Zheng and Chow, 2009)). The Tm mainly depends on
he composition of the liposome and is similar for all tested for-

ulations as the same lipid composition was used (Table 1). Due
o the high content of cholesterol in the liposomal membrane, the
m could not be determined (Ohtake et al., 2005). However, the Tm

◦
f similar liposomes with less cholesterol is typically around 41 C
n hydrated state (Hashizaki et al., 2006), and is not expected to
hange significantly upon dehydration (Crowe et al., 1985; Koster
t al., 1994).

ig. 3. Encapsulated % of PLP in formulations without internal sugar (A) and with
0% internal sugar (B).
) 1159 nm (0.66) 101 nm (0.11)
) 132 nm (0.14) 108 nm (0.17)

The size and PDI of the liposomes in the spray-dried formula-
tions containing disaccharides increased dramatically, while for the
HP�CD formulations no changes in size and PDI were seen. This was
also reflected by the 70% of drug leakage from the disaccharide for-
mulations, while for the HP�CD formulations approximately 100%
of the drug is still encapsulated in the liposomes. Apparently, spray-
drying induces instability of the liposomal membranes that cannot
be stabilized by disaccharides. This is likely due to the high dry-
ing temperatures obtained during spray-drying. The final Tg of the
dried liposomal formulations was  35–50 ◦C, and has been below
these values during the drying process. The outlet temperature
of the spray drier was 68 ◦C, so the drying particles were tem-
porarily heated to temperatures above their Tg. This could have
caused transformation of the outer layer of the particles into a vis-
cous liquid state, thereby enhancing its mobility, which could have
resulted in partial collapse of the powder particles. The protecting
vitrified structure is lost, resulting in instability of the liposomal
membranes. Since the Tg of HP�CD is much higher as compared to
the disaccharides, collapse of the cyclodextrin formulations is pre-
vented. This indicates the importance of selection of proper settings
of the spray-drying parameters. These settings should be based on
the temperature characteristics of the selected lyoprotectant and
lipid composition used (Ingvarsson et al., 2011).

Previously Hauser and Straus reported no significant structural
changes after spray-drying of non-PEGylated small unilamel-
lar vesicles. 90% of the originally entrapped materials remained
entrapped in the liposomal cavity during spray-drying, when using
sucrose as lyoprotectant (Hauser and Strauss, 1987). Additionally,
Chougule et al. (2007, 2008) developed nanoliposomal dry powder
formulations for inhalation, containing tacrolimus and dapsone.
Conventional liposomes of approximately 140 nm were spray-
dried with sucrose, trehalose or lactose as lyoprotecting agents
at spray-drying conditions comparable to the settings used in our
study. Drug retention of 97% for both formulations was  reported.
However, Wessman et al. (2010) showed that size and size distri-
bution increased after spray-drying of 100 nm PEGylated liposomes
with lactose as lyoprotectant. To the best of our knowledge, drug
retention upon reconstitution of spray-dried PEGylated liposomes
has not been reported thus far, but the occurrence of drug leakage
in our own  study is in line with the results obtained by Wessman
et al.

Freeze-drying is performed at lower drying temperatures (up
to maximal 0 ◦C during secondary drying) and therefore collapse
due to exceeding the Tg during drying is not observed. Although
no changes in size and PDI were found, approximately 50% of the
drug leaked out of the liposomes during freeze-drying of the disac-
charide formulations. This indicates that the liposomal membranes
have been instable at some timepoint during the drying process or
the rehydration with disaccharides as lyoprotectant. In contrast, in

the HP�CD formulations no PLP leakage was observed. In freeze-
drying, both the formation of ice crystals during freezing and the
sublimation of the water from the liposomal surface could cause
damage to the liposomal membranes (Siow et al., 2008; van Winden
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t al., 1997; van Winden, 2003). Due to its higher T ′
g the protecting

itrification networks were formed at higher temperatures during
reezing of the HP�CD formulations, as compared to the formu-
ations containing the disaccharides. This difference might have
esulted in larger ice crystals during freezing of the disaccharide
ontaining formulations, ultimately leading to membrane damage
nd drug leakage. The drying temperature during primary drying
s well below all T ′

g values, therefore no differences in membrane
tability are expected during primary drying.

Structure bound (adsorbed) water is removed in the secondary
rying phase of the lyophilization cycle (van Winden, 2003). In this
rocess, the water molecules at the liposomal surface are replaced
y molecules of the lyoprotecting agent, to stabilize the mem-
rane structure in the dried state. Carbohydrates replace water
y the formation of hydrogen bonds with liposomal surface struc-
ures (Crowe and Crowe, 1988; Crowe et al., 1985). Apparently,
he lipid:disaccharide ratio of 1:6 (w/w) does not provide suffi-
ient hydrogen replacement to stabilize the PEGylated liposomal
embranes, resulting in drug leakage upon reconstitution. HP�CD

as a unique structure with a large number of hydrogen donors
nd acceptors (Serno et al., 2011; Vega et al., 2012) and is therefore
robably very efficient in stabilizing the liposomal membranes.

Leakage percentages of water-soluble compounds of 0% to up
o 60% have been reported when using a variety of disaccha-
ides to stabilize the liposomal membranes during freeze-drying
Crommelin and van Bommel, 1984; Crowe and Crowe, 1988;
lavas-Dodov et al., 2005; Talsma, 1991; van Winden et al., 1997).
ccording to Crowe and Crowe, 100% drug retention in 100 nm lipo-
omes could be obtained using a lipid:disaccharide ratio (trehalose
r sucrose) of approximately 1:4 (w/w). Additionally, they have
emonstrated that changes in both the lipid composition and the
rying protocol can result in differences in the stability of the dried

iposomes (Crowe and Crowe, 1988). To the best of our knowledge,
o drug leakage results from freeze-dried PEGylated liposomes
ave been reported thus far.

HP�CD can form complexes by inclusion of lipophilic drugs into
ts cavity. The formation of a drug-HP�CD complex potentially can
ffect the pharmacokinetic profile of the drug, and therefore the
rug release profile of the liposomal formulation should be inves-
igated when HP�CD is added to the formulation. The effect of this
ossible complex formation on the pharmacokinetic behavior of
he formulation is very much depending on the strength of the com-
lexation. Although HP�CD is not able to form a complex with the

iposome itself (diameter cavity HP�CD is 6–6.5 Å, whereas diam-
ter liposome is 100 nm), complexation of drug entrapped in the
iposomal core is possible when using HP�CD as internal lyopro-
ectant. Indeed, complexation of prednisolone (the underivatized
lucocorticoid) with HP�CD has been described (Ghuzlaan et al.,
009). However, based on a complexation constant of 4300 L mol−1

or prednisolone, it is very unlikely that the much better water-
oluble PLP forms a more stable complex with HP�CD in solution
nd be of any significance with respect to its pharmacokinetic
rofile. Nonetheless, it could be advised to stabilize the liposo-
al  membranes only externally with HP�CD to prevent complex

ormation, since no differences were observed in stability of the
ormulations with and without internal lyoprotectant.

With respect to the storage conditions of the dried liposomal
ormulations, a storage temperature of 20–50 ◦C below the Tg is
equired. Therefore, the disaccharide containing formulations have
o be stored at least refrigerated (+2 to 8 ◦C) (Chang et al., 1996;
uddu and Dal Monte, 1997; Hancock et al., 1995). Additionally,

he hygroscopic behavior of the dried disaccharide formulations

equires them to be stored under cold and dry conditions (Jaya
nd Das, 2009; Nokhodchi, 2005). Since the Tg of the HP�CD
ormulations is over 100 ◦C, these formulations can be stored at
oom temperature.
l of Pharmaceutics 438 (2012) 209– 216 215

5. Conclusion

In conclusion, HP�CD has proven to stabilize the liposomal
membranes during both spray drying and freeze-drying. Likely,
its relatively high T ′

g protects the membranes against damage by
ice crystal formation during the freezing phase of the lyophiliza-
tion cycle, while its relatively high Tg prevents the drying powder
from collapse during spray-drying. Additionally, the large number
of hydrogen donors and acceptors in the structure of HP�CD likely
attributes to the efficiency of replacement of the water molecules
at the liposomal surface during drying of the formulation, thereby
protecting the liposomal membranes from damage and keeping its
structure intact.
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