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Short Communication

Size separation and size determination
of liposomes

We developed a method for separating liposomes by size and determining their average
diameters. Liposomes with different average diameters were separated on a monolithic
silica capillary column, and the size of the liposomes corresponding to each peak was
determined online with a dynamic light scattering detector coupled to the capillary liquid
chromatography system. The calculated diameters for the separated liposomes were
similar to the diameter values measured in batch mode. We demonstrate that this
combination of a monolithic capillary column and light scattering detection could be used
for size separation of liposomes and could provide more details about average diameters
than batch-mode analysis.

Keywords: Capillary liquid chromatography / Light scattering detection /
Liposomes / Monolithic column
DOI 10.1002/jssc.201100417

1 Introduction

Advances in nanotechnology have contributed to the
development of modern drug carrier systems, such as
liposomes [1] and polymeric micelles [2, 3], that play an
important role in the controlled delivery of pharmacological
agents to their targets at a therapeutically optimal rate and
dose [4]. Exact knowledge of the sizes of these nanoparticles
is essential because size can substantially affect physico-
chemical and biopharmaceutical behavior. For example,
variations in particle size can affect drug release kinetics,
transport across biological barriers, and pharmacokinetics in
the human body [5-7].

Among the methods for the characterization of macro-
molecules, flow-assisted techniques, such as size-exclusion
chromatography (SEC) [8, 9], hydrodynamic chromato-
graphy [10, 11], field-flow fractionation [12-14], and capillary
hydrodynamic fractionation [15],] are suitable for separation
on the basis of differences in the physical size indexes of the
analytes. Electrophoretic separation methods are also used
for separation and characterization of colloids that are
charged in buffered aqueous solutions [16-18].

SEC is the most commonly used fractionation method
for particle sizing. Usually, SEC is performed on a column
packed with polymer gel or porous silica microparticles with
various pore-size distributions. Polymer samples are sepa-
rated with such packed SEC columns [8], and nanoparticu-
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late drug carriers, such as liposomes, are often separated
from small solutes by means of SEC [19].

Recently, macromolecules, such as a polystyrene polymer,
were separated on monolithic silica columns by SEC [20].
Monolithic columns have received much attention as a new
technology for HPLC and capillary electrochromatography
[21, 22]. These columns consist of a single piece of porous
material (most often polymer- or silica-based) with a bimodal
pore structure consisting of through-pores (pore size
~1.5-5m) and mesopores in the skeleton (~10-25nm) [23].
Because of the high porosity of the monolithic columns, they
can be lengthened, thus leading to high separation efficiency.

Although the elution profile obtained by means of SEC
provides insight into size distribution, it does not give infor-
mation about absolute particle size. Dynamic light scattering
(DLS), also known as photon correlation spectroscopy, is a
non-invasive technique for measuring the size of molecules
and particles, typically in the submicron region; and with the
latest technology, particles sizes of <lnm have been
measured. DLS is routinely used for size and polydispersity
measurements, along with aggregate quantification.

In this report, we describe a system that combines the
high resolution of capillary LC with acquisition of absolute
diameter data by means of DLS for the online size separa-
tion and size determination of liposomal formulations.
Although a system using conventional LC coupled with DLS
has already been reported [24], ours is the first system that
uses capillary LC coupled with DLS.

2 Materials and methods

2.1 Liposome preparation

Liposome samples were prepared by an extrusion procedure.
A lipid film containing dipalmitoylphosphatidylcholine,

www.jss-journal.com
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cholesterol, and dipalmitoylphosphatidylglycerol (30:40:30,
lipid content 20 mM) was suspended in 9.5% sucrose. The
suspension was extruded through 200-, 100-, 80-, and 50-nm
polycarbonate membranes in that order. Extrusions at every
pore size were repeated. Extruded liposome samples were
stored in the refrigerator. Samples were dissolved or
dispersed in eluent and filtered through a 0.20-um filter
(Millex-LG, Millipore, Tokyo, Japan) prior to being applied to
the columns. We used two liposomes with average diameters
of 77 and 155nm, as measured by batch-mode analysis in
10mM sodium phosphate buffer (pH 7.2) containing
methanol (5% v/v), which was also the solvent used as the
chromatography eluent.

2.2 LC conditions

The schematics of the analytical system we developed are
shown in Fig. 1. Separation was performed with a capillary
LC system equipped with a capillary LC micro-flow pump
(MP711V; GL Sciences, Tokyo, Japan), a four-port internal
sample injector (fixed volume 10nL; Valco Instrument,
Houston, TX, USA), and a capillary ultraviolet—visible
(UV-vis) detector (MU701; GL Sciences). Samples were
analyzed on a MonoCap Amide column (500 mm x 0.2 mm
id; mesopore size ~15nm or ~20 nm; GL Sciences). The
total porosity of the column was estimated using void times
of hollow capillary column and monolithic capillary column,
and total volume of the column. The eluent was 10 mM
sodium phosphate buffer (pH 7.2) containing methanol (5%
v/v). The eluent was delivered at a flow rate of 0.1 uL/min,
and the column was kept at room temperature. The capillary
UV-vis detector was operated at a wavelength of 210 nm. A
sample volume of 10nL was injected for each analysis.
Downstream of the UV-vis detector, the same eluent was
added by means of a semi-micro-flow pump (NanoSpace
3101 SI-2, Shiseido, Tokyo, Japan) through a T-joint to
increase the flow rate. At the increased flow rate, the eluate

Sample iniector

Micro-flows g";"‘f
Pump elector
i Semi-micro-
fiow Pump
T DL

Diamteter {nm}

waste

Figure 1. Schematic of-analytical system for size separation of
liposomes and. determination of their average diameters.
Samples were injected onto a monolithic capillary column and
detected by a microlC UV-vis detector. The flow rate was
increased downstream of the detector by means of a semi-
micro-flow pump. At the increased rate, the eluate from the UV
detector flowed continuously into the DLS detector.
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from the UV-vis detector continuously flowed into the flow
cell of a DLS detector via a reducing joint (2 mm, 1/16 inch,
GL Sciences). Zetasizer Software was used to calculate the
average diameters of the liposomes. A real-time parameter
reading from the external device (the UV-vis detector in this
case) can be also directly introduced into the optics unit and
added to the light scattering sample record.

3 Results and discussion

3.1 Separation of liposomes on the monolithic
capillary column

In this report, we used the monolithic column which
consisted of silica derivatized with an amide group, a
neutral hydrophilic group that prohibits adsorption of the
samples on the silica monolith by ion-exchange interactions
and that permits the analysis of charged soft nanocarriers,
such as liposomes derived from biomaterials. As the eluent,
10mM  sodium phosphate buffer (pH ,7.2) containing
methanol (5% v/v) was used. We attempted to separate
liposomies with two different average diameters on a
monolithic column with’ mesopore size of ~15nm.
However, this column did not effectively separate the
liposomes (Fig. 2A). When we used a monolithic’ column
with larger mesopores (average size ~20 nm), the resolution
was improved (Fig. 2B). Because total porosity is also
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Figure 2. Effect of mesopore size on the separation of liposomes
on monolithic columns with (A} ~15-nm mesopores and (B) ~20-
nm mesopores. Column: capillary EX nano MonoCap Amide
(500 mm % 0.2 mm id); eluent: 10 mM phosphate buffer (pH 7.2)
containing 5% methanol; sample: mixture of liposomes with
diameters of 155 and 77 nm, as determined by batch measure-
ment; flow rate: 0.1 uL/min; detection wavelength: 210 nm.
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increased from 88 to 95%, it is presumed that an increase in
throughpore volumes also contributed to the improvement
of resolution. SEM images of the latter monolithic column
showed. the presence of rough surfaces (micron and
submicron ranges; -Fig. 3). Typically, monolithic columns
are more porous than conventional columns packed with
spherical particles, and the higher porosity results in much
lower column backpressure: Furthermore, the throughpore/

skeleton size ratio .of 2—4 for the monolithic column was ‘

much greater than the 0.25-0.4 ratio typical of columns
packed with particles [25]. This higher ratio permits the use
of a long column and thus high separation efficiency [26].
Therefore, ‘'we ~connected -three - 500-mm . columns - (total
length 1500 mm) and then tried the separation again. As
expected, the resolutlon was further improved (Fig. 4A), and
the column pressure was only L5 n: contrast, the
same two hposorne could not-be separated by batch-mode

ave ge sizes’ (111 and 77 nm)

W01, dum 15, 0kV £500 100w

% 15, 0KV %30k - 10im

Flgure 3 Scannmg electron m|crographs of monohthsc cap!llary
columns. Scale bars correspond 10 100 um for (A) and 10 pm for (B).
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"F|gure 4. Analys:s of liposomes in (A) flow-assisted mode and

(B) batch mode. (A) Analys;s in flow-assisted mode. Column:
capillary EX nano MonoCap Arnide (500 mm x 0.2 mm id) x 3;
eluent: 10 mM phosphate buffer (pH 7.2) containing 5% metha-
nol; sample: mixture of.liposomes with sizes of 155 and 77 nm,
as determined by batch measurement; flow rate: 0.1pul/min;
detection Wave!ength 210 nm. (B). Analysrs in batch mode with
DLS detection. Sample: mixture of liposomes with diameters of
161 and ‘77 nm; dlspersant 10 rnM phosphate buffer (pH 7.2)
containing 5% methanol. - .

(data not shown) Therefore ‘the separation of 80nm size
dlfference is possﬂ:de by this system '

3.2 Online data acquisition by DLS

Next, we evaluated a system that combined capillary LC with

“DLS . detection. The DLS data were accumulated continu-
‘ously and analyzed every 3's,.and the software recorded all

correlation functions and intensity values. Because the
volume of the DLS flow cell was 135 uL and the detection
volume was 5L, and the flow rate of the capillary LC
system was <1 puL/min, we increased the flow rate down-

stream of the UV-vis detector by adding the same eluent to
the flow by means of a semi-micro-flow pump through a
T-joint downstream of the détector. However, the flow was
diluted by the additional eluent. Therefore, we examined the
effect of the increased flow rate on the intensity of scattered
light to make sure that DLS detection was still feasible at the
higher flow rate. At flow rates ranging from 50 to 10 uL/
min, DLS detection was possible, and ‘diameters of the
liposomes could be calculated. Figure 5A shows the average
diameter and external UV input for monodlsperse lipo-
somes injected onto the monolithic column. The system
was operated at a flow rate of 50 pL/min. From the single
peak that was detected, we calculated an average diameter of
166 nm, which was close to the expected value (155 nm) for
this liposome dispersion, as indicated by batch-mode
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Figure 5. Plots of diameters and UV absorption versus elution
volumes for liposomes injected onto a monolithic column.
Column: capillary EX nano MonoCap Amide (500 mm x 0.2 mm
id); eluent: 10 mM phosphate buffer (pH 7.2) containing 5%
methanol; sample: liposomes with diameters of (A) 155 nm and
(B) mixture of liposomes with diameters of 155 and 77 nm as
determined by batch measurement. Capillary LC flow rate:
0.1 pl/min; semi-micro-flow pump flow rate: 50 ul/min; detec-
tion wavelength: 210 nm. AU: arbitrary unit.

analysis. We ascribed the similarity of the values to the low
column backpressure, which did not affect the diameter of
liposomes. The run-to-run repeatability of the calculated
diameter for the eluted sample was determined to be 1.2%
(RSD, N = 3). As far as I know, there have been no reports
that the semi-micro-LC column or conventional column can
separate liposomes with two different average diameters
within 100-nm range. If we can use semi-micromonolithic
LC column or conventional monolithic column long enough
to separate liposomes with two different average diameters
within 100-nm range, it is not required to dilute eluate from
column before detector. '

Next, we used the developed system to analyze a
dispersion of liposomes with two different diameter ranges.
Figure 5B shows the diameter and external UV input versus
elution volumes for liposomes, separated onto a monolithic
column. The size separation of the liposomes was good, and
average diameters for the two detected peaks were calculated
as 164 and 77 nm; these values were also similar to the
values measured in baich mode, 155 and 77 nm, respec-
tively.

4 Concluding remarks
We developed a system for simultaneous size separation
and size determination of liposomes using a capillary LC

system with DLS detection. By changing the mesopore size,
we could improve the separation of liposomes with different

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Sep. Sci. 2011, 34, 2861-2865

average diameters. Because the column had a low back-
pressure, resolution could easily be increased by lengthen-
ing the column. After increasing the flow rate with a
second pump, we used DLS detection to determine the
diameters of the separated liposomes. Analysis with this
system provided more-detailed information than conven-
tional batch-mode analysis about the size of the liposomes,
which affects their physicochemical and biopharmaceutical
behavior.
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ABSTRACT: The purpose of this study was to elucidate the effect of trehalose distribu-
tion across the membrane on the freeze-related physical changes of liposome suspensions and
their functional stability upon freeze—thawing. Cooling thermal analysis of 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine liposome suspensions showed exotherm peaks of bulk (~15°C to
—25°C) and intraliposomal (approx. —45°C) solution freezing initiated by heterogeneous and
homogeneous ice nucleation, respectively. The extent of the intraliposomal solution freezing
exotherm depended on liposome size, lipid composition, cosolutes, and thermal history, suggest-
ing that osmotic dehydration occurred due to the increasing difference in solute concentrations
across the membrane. A freeze—thawing study of carboxyfluorescein-encapsulated liposomes
suggested that controlling the osmotic properties to avoid the freeze-induced intraliposomal
solution loss either by rapid cooling of suspensions containing trehalose in both sides of the
membrane (retention of the intraliposomal supercooled solution) or by cooling of suspensions
containing trehalose in the extraliposomal media prior to freezing (e.g., osmotic shrinkage) led
to higher retention of the water-soluble marker. Evaluation and control of the osmotically medi-
ated freezing behavior by optimizing the formulation and process factors should be relevant to
the cryopreservation and freeze-drying of liposomes. © 2011 Wiley-Liss, Inc. and the American
Pharmacists Association J Pharm Sci 100:2935-2944, 2011

Keywords: liposomes; formulation; stabilization; thermal analysis; osmosis; calorimetry

(DSC); excipients; freeze-drying

INTRODUCTION

The increase in the variety and clinical relevance of
liposomal formulations has enhanced the importance
of the freezing and freeze-drying processes for the
distribution and long-term storage of the drug de-
livery systems that are not chemically and/or physi-
cally stable enough as aqueous suspensions.™* These
processes, however, expose the lipid systems to var-
ious stresses including ice growth, pH change, con-
centration of the surrounding solutes, and dehydra-
tion that often damage their structural integrity and
pharmaceutical functions [e.g., release of active phar-
maceutical ingredients (APIs)] of liposomes. Retain-
ing water-soluble APIs is a particular challenge for
development of liposome formulations.! Formulation
and process design that are based on an understand-
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ing of the freeze-related stresses and required stabi-
lization mechanisms should improve the stability of
various liposome pharmaceuticals.-3

Disaccharides (e.g., trehalose and sucrose) and
some amino acids have been applied to protect the
lipid systems from chemical and physical changes
during freeze-thawing (cryoprotectants) and freeze-
drying (lyoprotectants).!® The stabilization of lipo-
somes by disaccharides is explained mainly by three
mechanisms. Some saccharides substitute the wa-
ter molecules necessary to retain the supramolecu-
lar phospholipid assembly through molecular inter-
actions with hydrophilic phospholipid head groups
(water substitution).>7 The saccharides also form
highly viscous amorphous freeze-concentrated phases
and dried solids that prevent direct contact between
liposome vesicles (bulking).™#:9 The reduced mobility
of the surrounding molecules helps improve the chem-
ical and physical stability of liposomes (vitrification).
Use of the stabilizers is mostly dependent on empir-
ical trial and error through analysis of the morpho-
logical (e.g., size) and functional (e.g., API or marker
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retention) traits of the resulting suspensions or dried
solids.

Longstanding cryopreservation studies of living
cells and microorganisms provide precepts valuable
for the protection of liposomes against the freeze-
induced stresses.1%-14 The cooling of cell and liposome
suspensions induces the freezing of bulk solutions ini-
tiated by heterogeneous ice nucleation at the surface
of containers or impurities (—5°C to —25°C) and the
freezing of spatially restricted internal solutions ini-
tiated by homogeneous (spontaneous) ice nucleation
(—25°C to —45°C).152! The bulk solution freezing and
the accompanying significant concentration of sclutes
surrounding the living cells and liposomes induce os-
motic stress that removes the internal solution before
they freeze, leading to morphological changes observ-
able by microscopic methods (e.g., optical microscope
and cryo-transmission electron microscopy).?:2? Be-
cause the intracellular ice formation (IIF) is widely
recognized to cause lethal damage through disor-
dering of the complex membrane and intracellular
structure (e.g., organelle), cryopreservation of the liv-
ing cells and microorganisms is usually performed
in two ways that prevent IIF, namely by slow cool-
ing of suspensions containing extracellular solutes
(cell dehydration) and by rapid cooling of the sus-
pensions containing high-concentration membrane-
permeating solutes [e.g., dimethyl sulfoxide (DMSO),
cytoplasm vitrification].’ On the contrary, only lim-
ited studies have been performed on the stabilization
of liposomes taking various freezing-related phys1ca1
changes into account.17-25-25

The purpose of this study was to elucidate the effect
of intra- and extraliposomal trehalose on the freeze-
related physical changes and functional stability of li-
posomes during freeze~thawing. The effect of saccha-
ride distribution across the membrane on the stability
of liposomes is of particular interest for formulation
purposes because the liposome preparation methods
significantly affect allocation of the nonpermeating
solutes. Different solute concentrations across the
membrane induce osmotic flow that shrinks or swells
the liposomes in the aqueous suspensions.*?%:26 Lit-
erature claims the requirement of disaccharides on
both sides of the membrane to protect liposomes from
freezing- and lyophilization-related stresses (e.g., ad-
dition before extrusion).® Recent reports suggested
that the rational setting of different intra- and ex-
traliposomal trehalose concentrations confers better
stabilization.1:2” Effect of trehalose on the freeze-
related physical phenomena (e.g., freeze-induced
dehydration and intraliposomal solution freezing)
and functional stability of liposomes were stud-
ied mainly through thermal analysis and through
the retention of encapsulated carboxyfluorescein
(CF).2717 .

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 7, JULY 2011

MATERIALS AND METHODS
Materials

Chemicals obtained from the following sources were
used without further purification: 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine  (POPC), 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) (NOF Co., Tokyo, Japan); trehalose dihy-
drate, glucose, sucrose, and 5(6)-CF (Sigma—Aldrich
Co., St. Louis, Missouri); DMSO, xylitol, and glycerol
(Wako Pure Chemical Co., Osaka, Japan); and
dextran 4000-6000 (Serva Electrophoresis GmbH,
Heidelberg, Germany).

Preparation of Liposome Suspensions

Phospholipid films were obtained by drying their so-
lution in a chloroform and methanol mixture (2:1) un-
der vacuum at temperatures above the main transi-
tion temperature (Ty,). Liposome suspensions were
prepared by using a hand-held extruder (Avanti
Polar Lipids, Alabaster, Alabama). The films hydrated
by 10 mM Tris—HCI buffer (6%, w/w; pH 7.4) were ex-
truded 12 times through a polycarbonate membrane
filter (0.1-0.8 pm pore, 0.2 pm unless otherwise men-
tioned; Whatman, Maidstone, UK) while maintaining
the apparatus at room temperature (POPC) or at tem-
peratures 10 to 15°C higher than the T, of the respec-
tive lipids. The DPPC liposomes extruded through the
smaller pore membranes (0.1 and 0.2 pm) were re-
ported to have a unilamellar structure, whereas those
extruded through the larger pore membranes (0.4 and
0.8 pm) contained increasing ratios of multilamellar
vesicles.?®:30 The term “0.2 pm liposome” will be used
in the text given below to denote samples prepared
by extrusion through the respective pore size mem-
branes.

Some hposome suspensions containing the excipi-
ents predominantly in the extraliposomal media were
prepared by adding the excipients approximately 30
min prior to the thermal analysis and freeze—thawing
experiments. Those containing excipients in both the
inside and outside of the membranes were prepared
by the extrusion of lipids hydrated with the excipient-
containing solutions. Some suspensions were eluted
through Sephadex G-25 desalting: columns (PD-10;
GE Healthcare Bio-Sciences AB, Uppsala, Sweden)
equilibrated with the Tris-HCI buffer to obtain sam-
ples containing the excipient mainly in the intralipo-
somal solutions. The concentrations of DPPC in the
column-eluted suspensions were obtained by phos-
phorous assay.?! Measurement of the DPPC concen-
trations in the liposome suspensions indicated that
approximately 90% of the liposomes passed through
the Sephadex columns.
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Thermal Analysis

Thermal analysis of the frozen liposome suspen-
sions was performed by using a differential scanning
calorimeter (DSC Q10; TA Instruments, New Castle,
Delaware) equipped with a refrigerating system and
data processing software (Universal Analysis 2000,
TA Instruments). Aliquots [10 pL, 4% (w/w) lipid] of
suspensions in hermetic aluminum cells were cooled
from 25°C to —70°C at varied speeds (1-10°C/min)
and then heated to 25°C at a scanning rate of 5°C/min.
The intensity of the intraliposomal solution freezing
exotherm was shown as their ratio to the lipid content
(J/g lipid). Some DPPC liposome suspensions were
heat-treated at 45°C for 3 min before the cooling scan.
The cooling scan of some suspensions were paused
at certain temperatures (—10°C to —35°C) and main-
tained those temperatures for 30 or 60 min before
further cooling to study the effect of low temperature
storage on the physical changes. The column-eluted
liposome suspensions were subjected to thermal anal-
ysis without the concentration adjustment. The homo-
geneous ice formation exotherms of these suspensions
were calculated using the phosphate concentration
data.

Measurement of Liposome Size by Dynamic Light
Scattering

The size distribution of liposomes suspended in the
Tris—HCI buffer (0.08% DPPC, 25°C) was determined
using a dynamic light scattering (DLS) spectropho-
tometer (Photal DL.S-7100SL; Otsuka Electronics Co.,
Osaka, Japan) with a He—Ne laser (632.8 nm) and a
scattering angle (90°; 50 scans).

CF Retention Study

Dried DPPC films were hydrated with solutions con-
taining 25 mM 5(6)-CF, 10 mM Tris—HC]1 buffer, and
0% or 12% trehalose, adjusted to pH 7.4 by NaOH.
The CF-loaded vortexed multilamellar liposome sus-
pensions (6% lipid, w/w) were prepared by extrusion
through a 0.2-pm pore filter, and then eluted through
the Sephadex G-25 column equilibrated with the
buffer or trehalose-containing buffer. Freeze—thaw-
ing of the suspension was performed using the DSC
system while the thermal profiles were simultane-
ously monitored. Aliquots of the liposome suspen-
sions (10 uL, 4% DPPC, w/w) in unsealed aluminum
pans were cooled to —35°C or —70°C at varied cool-
ing speeds (1-10°C/min), and then heated to 25°C at
10°C/min on the DSC furnace. The freeze-thawed
liposome suspensions were diluted by adding the
Tris—HC1 buffer or trehalose-containing buffer solu-
tions (10 mL) in the glass tubes. The mildly agi-
tated liposome suspensions underwent fluorescence
measurement using a spectrometer (FP-6500; JASCO
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Corp., Tokyo, Japan). After the initial fluorescence
measurements of the suspensions (2 mL) at 460
nm (excitation) and 550 nm (emission), those of the
membrane-perturbed liposome suspensions were ob-
tained by the addition of aliquots (20 uL) of Triton
X-100. The CF leakage ratio was calculated using the
following equation:

% Leakage =
Initial fiuorescence of treated sample
—initial fluorescence of control
(Final fluorescence of treated sample
—initial fluorescence of control)

x 100

RESULTS AND DISCUSSION
Freeze-Induced Changes in Liposome Suspensions

Figure 1 shows a thermogram of a frozen DPPC li-
posome suspension (4% in 10 mM Tris—HCI buffer,
0.2 pm) cooled at 5°C/min. The suspension showed a
large exothermic peak of the freezing of the bulk solu-
tion (heterogeneous ice nucleation) at approximately
—20°C and a smaller second exothermic peak of the
freezing of the intraliposomal solution (homogeneous
ice nucleation) at approximately —45°C.15:17:32 The
lower temperature exotherm disappeared by prior ad-
dition of a membrane-perturbing surfactant (1% Tvri-
ton X-100), which supported the aforementioned def-
inition of the peak rather than other interpretations
(e.g., freezing of phosphatidylcholine headgroups) of
the exotherm (data not shown).?® The temperature
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Figurel. Cooling thermogram of a frozen DPPC liposome
suspension. An aliquot (10 pL) of liposome suspension (4%
lipid, w/w) in Tris-HCI buffer (10 mM, pH 7.4) was cooled
from room temperature to —70°C at 5°C/min.
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of the bulk solution freezing peak varied greatly
between the scans. Some suspensions also showed
a broad exotherm at approximately —30°C. The
exotherm suggested the freezing of solutions released
from the liposomes (dehydration) and/or freezing of
the internal solutions initiated by external ice crys-
tals that penetrated through the membrane.!?.16,34
The varied shape and overlapping of the peak with the
large bulk solution freezing exotherm made further
characterization difficult in this study. The frozen li-
posome suspensions showed only a gradual shift of the
thermogram before the large ice melting endotherm
during their heating scans (data not shown). DLS
measurement of the DPPC liposome suspensions in-
dicated a mean diameter of 203.9 =+ 10.6 nm before the
thermal analysis (three different preparations). Stan-
dard deviation of the liposome size obtained in each
measurement was within 5% of the average value.
The effects of cooling speeds on the internal solu-
tion freezing exotherm of liposomes differing in size
and lipid composition are shown in Figure 2. Slower
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Figure 2. Effects of cooling speed on internal solution
freezing exotherm of liposome suspensions with differing
(a) extrusion membrane pore sizes (DPPC; 0.1 pm: o, 0.2
pm: o, 0.4 pm: A, and 0.8um: A) and (b) lipid compositions
(0.2 pm; DMPC: o, DPPC: o, and DSPC: A). Aliquots of li-
posome suspensions (10 pL, 4% lipid in 10 mM Tris—HCl
buffer) were cooled at 1-10°C/min (average £ SD, n = 3).

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 100, NO. 7, JULY 2011

cooling of the DPPC liposome suspension (0.2 um) re-
duced the exotherm, indicating loss of the supercooled
intraliposomal solution during the scan (Fig. 2a; 1
—2°C/min). The extraliposomal ice growth and con-
comitant concentration of solutes should generate os-
motic forces that induce water evacuation from lipo-
somes. Reported freeze-induced morphological rear-
rangement into multilamellar liposomes may also re-
duce the intraliposomal solution content.* The width
of the bulk solution freezing peak got narrower in
the slower cooling, suggesting a certain time required
for the ice growth (data not shown). On the con-
trary, the limited effect of the cooling speed on the
peak width of the intraliposomal solution freezing
exotherm suggested independent ice formation in the
individual liposomes. A certain amount of the in-
traliposomal solution interacting (hydrating) with the
membrane lipid and/or solute molecules should re-
main unfrozen even below the intraliposomal solution
freezing temperature.l’11

Reduction of the intraliposomal solution freezing
exotherm was more apparent in the DPPC lipo-
some suspensions temporarily (30 min) kept at tem-
peratures between the bulk and the intraliposomal
solution freezing during the cooling scan (Fig. 3).
The finding that the intraliposomal solution freezing
exotherm of a suspension held at —25°C was smaller
than those of suspensions held at —30°C or —35°C

‘suggested faster loss of the supercooled solutions in

the temperature range just below the bulk solution
freezing. Longer exposure to the temperature range
should be one of the reasons for the reduction in the
exotherms with the slower cooling. On the contrary,
holding the suspension at a temperature above the
bulk solution freezing temperature showed no ap-
parent effect on the intraliposomal solution freezing
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Figure 3. Effect of low temperature holding on internal
solution freezing exotherms of DPPC liposome suspensions
containing trehalose (0% or 12%, w/w) on both sides of the
membrane (10 pL, 4% lipid in Tris~HCl buffer, 0.2 pm). The
suspensions were held at different temperatures (—10°C to
—35°C) for 30 min during cooling scans at 5°C/min.
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exotherm. The absence of apparent osmotic driving
force may explain the limited effect of storage at above
the bulk solution freezing temperature.

The DPPC liposome suspensions extruded through
larger pore size filters (e.g., 0.4 and 0.8 pm) showed
larger intraliposomal solution freezing exotherms
(Fig. 2a). Factors including the possibility of higher
initial solution contents per lipid weight, limited
membrane disordering associated with the curva-
ture, and slower dehydration due to the increase in
multilamellar membranes would explain the large
exotherms. Liposomes composed of phosphatidyl-
cholines of different acyl chain lengths showed re-
tention of the intraliposomal solution down to the
homogeneous ice formation temperature in the or-
der of DMPC < DPPC < DSPC (Fig. 2b). The in-
traliposomal solution freezing exotherm was not ob-
served in the thermal analysis of POPC liposome sus-
pensions (data not shown). All the liposome mem-
branes are below their Ty, (POPC: —5°C, DMPC: 24°C,
DPPC: 41°C, DSPC: 54°C) at the bulk solution freez-
ing temperature.?® Possible differences in the mem-
brane fluidity and rigidity would cause the freeze-
induced dehydration to vary.

Effect of Trehalose Distribution on Freezing Profiles of
Liposome Suspensions

The effects of intra- and extraliposomal trehalose on
the freezing behavior of liposome suspensions were
studied. The DPPC liposome suspensions contain-
ing trehalose on both sides of the membrane showed
larger intraliposomal solution peaks that suggest re-
duced solution loss upon the bulk solution freezing.
For example, cooling of the 0.2 pm DPPC suspen-
sions at 10°C/min resulted in exotherms of approx-
imately 80 and 200 J/g lipid, respectively, in the ab-
sence and presence of trehalose (Figs. 2 and 4). The
addition of trehalose also lowered the peak tempera-
ture of the exotherm (approx. 3°C at 12% trehalose,
wiw).18:3% The trehalose-containing liposome lost a
larger amount of the internal supercooled solution
during the slower cooling of the suspensions. Tempo-
rary pausing of the cooling scan suggested a faster
loss of the supercooled solution near the bulk solution
freezing temperature (—25°C), also in the trehalose-
. containing liposome suspensions (Fig. 3). The addi-
tion of various low-molecular-weight saccharides and
polyols to both sides of the lipid membrane increased
the freezing exotherm of the intraliposomal solutions,
suggesting that slower freeze-induced dehydration oc-
curred due to the colligatively determined osmotic
effect (Fig. 5). The limited effect of dextran on the
exotherm could be explained by its lower molar con-
centration and its possible exclusion from the vicin-
ity of the liposomes in the freeze-concentrated non-
ice phase.®® The large (0.4 and 0.8 pm) or lower flu-
idity (DSPC) liposomes retained higher amounts of
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Figure 4. Internal solution freezing exotherms of lipo-

some suspensions containing trehalose (12%, w/w) on (a)
the inside and (b, c) both sides of liposomes. Aliquots of sus-
pensions (10 pL, 4% lipid in 10 mM Tris-HC] buffer) con-
taining liposomes with (b) differing extrusion membrane
pore sizes (DPPC; 0.1 pm: e, 0.2 pm: o, 0.4 pm: A, and 0.8
pm: A) and (c) lipid compositions (0.2 pm; DMPC: e, DPPC:
o, and DSPC: A) were cooled at 1~10°C/min (average + SD,
n=3).

freezable intraliposomal solution in the presence of
trehalose on both sides of the membrane (Figs. 4b
and 4c).

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine lipo-
somes containing trehalose on one side of the mem-
brane showed different freezing behaviors. The addi-
tion of higher concentration trehalose to the extrali-
posomal media reduced the intraliposomal solution
freezing exotherm (Fig. 6). The difference in the os-
motic pressures across the membrane should induce
solution flow that dehydrates the liposomes both prior
to cooling and after the bulk solution freezing. The
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