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Liposomes were prepared from a milk fat globule membrane (MFGM) phospholipid fraction and from
soy phospholipid material using a high-pressure homogenizer (Microfluidizer). The liposomes were
characterized in terms of general structure, phase transition temperature, lamellarity, bilayer thickness,
and membrane permeability. The liposomes prepared from the MFGM fraction had a significantly
higher phase transition temperature, thicker membrane, and lower membrane permeability. These
differences were attributed to different phospholipid compositions of the MFGM and soy phospholipid
fractions.
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INTRODUCTION

Liposomes are spherical structures consisting of one or more
phospholipid bilayers enclosing an aqueous core (1) and are
generally produced from highly purified phospholipids extracted
from soy oil or egg yolk. These structures may be used for a
wide variety of applications, including the entrapment and
controlled release of drugs or nutraceuticals and as model cells
or membranes (2). There are a large number of potential
opportunities for use of liposomes in the food industry (1,
3-15), but the high cost of the soy and egg phospholipids used
by the pharmaceutical industry has limited their commercial
application in food systems.

Recent research into the biological functions of phospholipids
and sphingolipids has identified a number of health benefits,
including liver protection (16), memory improvement (17,18),
and inhibition of cholesterol absorption (19). This has sparked
interest in producing a valuable product through the isolation
of the milk fat globule membrane (MFGM) phospholipids and
sphingolipids present in waste dairy streams such as buttermilk
(20,21). The emulsifying properties of this material have been
previously discussed (22, 23), and emulsions produced from
MFGM fractions have been successfully used for the delivery
of drugs (24,25). Recently, we reported that MFGM-derived
phospholipids can also be used to produce liposomes by
microfluidization (26).

Like all natural sources of phospholipid material, MFGM-
derived fractions contain a number of different classes of

phospholipids. The zwitterionic phosphatidylcholine (PC), phos-
photidylethanolamine (PE), and sphingomyelin (SM) each
constitute between 20 and 40% of the phospholipid in the
MFGM, with smaller amounts of the anionic phosphatidylserine
(PS) and phosphatidylinositol (PI) also present (20,27). The
primary phospholipid components of soy lecithin are PC, PE,
and PI, the specific quantities of each class being a function of
the processing technique (28). The fatty acid profile of the chains
attached to the phospholipid headgroups also varies between
the different phospholipid source materials, with MFGM-derived
fractions tending to be more highly saturated than their soy
counterparts (14,29). The unique composition of the MFGM
phospholipid material (in particular, the high proportion of
sphingolipids) may result in liposomes with different properties
as well as provide nutritional benefit for the consumer. Waninge
et al. (30) showed that liposome-like vesicles could be pro-
duced out of simulated MFGM phospholipids, and our previous
paper has revealed that liposomes can also be manufactured
from MFGM material commercially isolated from buttermilk
(26).

At a basic level, measuring the average size and size
distribution of the liposome population is essential, but a more
thorough characterization involves a number of properties that
may provide an indication of likely entrapment and release
kinetics and the stability of the system (31). The phase transition
temperature of a liposome population directly affects membrane
permeability at different temperatures and hence the rate of
release of entrapped material (1). The thickness of the bilayer
membrane is likely to affect diffusion rates, as is lamellarity,
with multilamellar liposomes thought to provide a more gradual
and sustained release compared with unilamellar liposomes (32).
The surface charge is often related to stability due to electrostatic
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interactions between the liposomes, which are important as
destabilization of the system often leads to loss of entrapped
material (7).

This paper extends our previous studies (26) and compares
the composition of MFGM- and soy-derived phospholipid
fractions and evaluates the physical and chemical characteristics
of liposome dispersions produced from the two materials using
microfluidization.

MATERIALS AND METHODS

A MFGM-derived fraction rich in phospholipids (Phospholac 600)
was provided by the Fonterra Co-operative Group Ltd. (New Zealand).
A purified soy phospholipid fraction (Sigma product P3644, minimum
30% phosphatidylcholine, Sigma-Aldrich, St. Louis, MO) was also used
to allow comparisons between liposomes produced from the different
phospholipid sources. All chemicals used were of analytical grade and
obtained from Sigma-Aldrich.

Characterization of Phospholipid Material. Proximate Analysis.
A basic proximate analysis of the samples of phospholipid powders
was undertaken to provide information on the overall composition of
the fractions.

Moisture was determined in triplicate by the loss in weight of powder
dried at 105°C for 24 h in an air oven.

The ash content was determined by dry ashing, where the powder
was heated in a muffle furnace at 550°C for 5 h, cooled in a desiccator,
and weighed. The mineral content was determined in more detail using
an acid digest and inductively coupled plasma optical emission
spectrometry (ICP-OES) (AgriQuality, Auckland, New Zealand).

The triglyceride content of the phospholipid powders was measured
using a triglyceride diagnostic kit (Roche Diagnostics Ltd., Basel,
Switzerland; catalog no. 2016648). The concentration of phospholipid
in the fractions (grams per kilogram) was calculated on the basis of
the amount of phosphorus present, as determined using ICP-OES, using
an average phospholipid molecular weight (Mr) of 775 (33,34). It was
assumed that there was no free phosphorus or other entities that
contained phosphorus present in the sample.

The crude protein content of foods is usually derived by multiplying
the nitrogen content by an empirical conversion factor. However, the
presence of nitrogen in each of the phospholipid fractions means that
this approach cannot be used. Therefore, the ratio of nitrogen to
phospholipid was used to provide an indication of the relative amount
of protein in the samples. The nitrogen content of the samples was
determined according to the Kjeldahl method (AOAC official method
991.20). The samples and blank were digested at 220°C for 60 min in
a Kjeltec 1030 System (Tecator, Sweden).

The amount of cholesterol present in the phospholipid fractions was
measured using gel chromatography based on the AOAC official
methods 933.08, 970.50, and 970.51 (AgriQuality, Auckland, New
Zealand).

Phospholipid Headgroup.31Phosphorus nuclear magnetic resonance
(31P NMR) analysis was performed by Spectral Service (Köln,
Germany) on the phospholipid material in its original powder state using
a Bruker AC-P 300 MHz NMR spectrometer (35,36).

Fatty Acid Profile.The lipid was extracted from the phospholipid
powders using chloroform and methanol in a ratio of 1:2 (v/v). Fatty
acids were methylated via acid-catalyzed transesterification at 80°C
for 12 h in a sealed tube. The fatty acid methyl esters were separated
using a BPX-70 capillary column, 100 m× 0.22 mm i.d., 0.25µm
film (SGE, Melbourne, Australia). The gas chromatographic system
consisted of a 6890 gas chromatograph equipped with an autosampler
(HP7673) and Chem Station integration (all Hewlett-Packard, Avondale,
PA). The column oven was held at 165°C for 52 min and then increased
at a rate of 5°C/min to 210°C for 59 min (total run time) 120 min).
The injector port and the flame ionization detector port were both held
at 250°C. The carrier gas (helium) flow rate was 1.0 mL/min (linear
gas velocity) 20 cm/s), with an inlet split ratio of 30:1. Fatty acid
peaks were identified by matching the retention time with those of
authentic standards, including a composite standard made from com-

mercially available methyl esters (NuCheck Prep, Elysian, MN; and
Sigma, St. Louis, MO).

Preparation of Liposomes.The phospholipid powders were dis-
persed in imidazole buffer (20 mM imidazole, 50 mM sodium chloride,
and 0.02% sodium azide in Milli-Q water, adjusted to pH 7, with 1 M
hydrochloric acid) and thoroughly mixed using a JKA Ultra-Turrax
(JKA, Staufen, Germany) to produce a dispersion with a phospholipid
concentration of 10% (w/w). The phospholipid dispersion was then
passed through a M-110Y Microfluidizer (Microfluidics International
Corp., Newtown, MA) with a 75µm F12Y-type interaction chamber
five times at∼1100 bar (17000 psi).

Characterization of Liposomes.AVerage Size and Size Distribution
of Liposomes.The average hydrodynamic diameter of the liposome
dispersions was measured by photon correlation spectrometry (PCS)
using a Zetasizer 4 (Malvern Instruments Ltd., Worcestershire, U.K.).
The liposome dispersions were diluted to the required turbidity (<250
kcps) with imidazole buffer, and samples were analyzed in triplicate
at 25°C with a sampling time of 99 s and a scattering angle of 90°. A
typical refractive index of 1.45 for a liposome (37,38) was used, with
a medium viscosity of 1.054 cP and a refractive index of 1.34 for the
aqueous phase.

Asymmetrical flow field-flow fractionation (AFFF) was performed
using a Postnova Avalanche AF4 AFFF (Postnova, Munich, Germany)
equipped with a Postnova refractive index detector (PN 3140) and a
Precision Detectors PD Expert multiangle dynamic and static light-
scattering system (www.precisiondetectors.com). The channel outlet
flow was held constant at 0.3 mL/min with a channel spacer of 0.25
mm. A field programming method using power field decay was used,
with the field held constant at 70% for 4.8 min and then decaying at
the rate of-p × 4.8 min, wherep ) 2. This method was designed to
give the optimum separation in 60 min for particles between 7.5 and
750 nm in diameter, providing a more detailed analysis of the size
distribution of the liposome dispersions.

Electron microscopy.Two different electron microscopy techniques
were used to provide information on the microstructure of the liposome
dispersions: negative staining transmission electron microscopy (TEM)
and cryofield emission scanning electron microscopy (cryo-FESEM).

The negative staining TEM required the liposome dispersions to be
diluted∼ 1:10 with distilled water to reduce the concentration of the
liposomes. Equal volumes of the diluted sample and a 2% ammonium
molybdate solution were combined and left for 3 min. A drop of this
solution was placed on a copper mesh for 5 min before the excess
liquid was drawn off using filter paper. The mesh was examined using
a Philips 201C transmission electron microscope (Eindhoven, Nether-
lands).

For the cryo-FESEM, samples were plunge-frozen in liquid propane
and then frozen with slushy liquid nitrogen at-140 °C. The frozen
samples were fractured with a knife on the Alto 2500 Cryo Stage
(Gatan, Abingdon, U.K.) and freeze-etched by cycling the temperature
from -140 to-90 °C and back to-140°C. The exposed surface was
coated with Au and Pd for 120 s and examined under the JSM-6700F
field emission scanning EM (JEOL, Tokyo, Japan) using an acceleration
voltage of 10 kV.

Determination ofú Potential.To swamp the original differences in
ionic strength and allowú potential to be measured under identical
ionic conditions, liposome dispersions were prepared using 0.1 M NaCl
and the pH was adjusted using 1 M HCl and 1 M NaOH. The samples
were diluted as required using a 0.1 M NaCl solution that had also
been adjusted to the specific pH. Theú potential was measured using
the Zetasizer 4 with an AZ104 cell. Five measurements of 25 s duration
at 100 mV were used to measure theú potential at the stationary layer
14.63% of the capillary diameter in from the wall.

Phase Transition Temperature.The liposome dispersions were
concentrated to∼20% phospholipid using Centrisart 1 19239E
centrifugal filters (Sartorius, Goettingen, Germany) at 4000g for 4 h
in a CentraMP4R centrifuge (International Equipment Co., Needham
Heights, MA). The concentrated dispersions were filled into 1 cm3

ampules, and a CSC 4100 differential scanning calorimeter (Calorimetry
Sciences Corporation, Spanish Fork, UT) used to scan from 0 to 60°C
at a rate of 1°C/min.
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Bilayer Thickness and Lamellarity.The liposome dispersions were
concentrated to∼20% phospholipid as described above. The samples
were transferred into glass capillary tubes (1.5 mm diameter, Charles
Supper Co., Natick, MA), and the scattering pattern was measured
during exposure to low-divergence Cu KR radiation with a wavelength
of 1.54 Å (Rigaku MicroMax007, microfocus rotating anode generator
with Osmic multilayer confocal optics; Tokyo, Japan). The exposure
time varied from 10 to 15 min, with separate samples of the liposome
dispersions analyzed at 20 and 40°C. The diffraction images were
recorded on a RAxisIV++ image-plate detector (Rigaku, Fuji) placed
100-300 mm from the sample. Diffraction patterns were visualized
and analyzed using CrystalClear software (version 1.3.6SP0, Rigaku-
MSC).

The repeat distance between the lattice planes for each of the
liposome dispersions was calculated within the CrystalClear software
using eq 1

where d is the repeat distance between the lattice planes,λ is the
wavelength of the X-ray beam,x is the radius of the Debye ring, and
X is the distance between the sample and the detector. The distanceX
is accurate to(0.2 mm and was determined from diffraction patterns
taken at different rotational settings of three-dimensional crystals.

Permeability.The membrane permeability of the various liposome
dispersions will depend on the specific molecule diffusing through the
bilayer. Pulsed-field-gradient NMR (PFG-NMR) can be used to observe
the diffusion of molecules in solution. Waldeck et al. (39) were the
first to use PFG-NMR to measure the permeability of liposome
membranes. This method involves fitting the PFG-NMR experimental
data to Karger’s model of exchange between two compartments. It was
recently found that this method could be expanded to incorporate a
distribution of compartment sizes and allow the average liposome
diameter to be estimated (40).

The PFG-NMR diffusion measurements were carried out between
20 and 40°C using a Bruker Avance 500 MHz spectrometer with a 50
G cm-1 z-gradient. The gradient strength (g) ranged from 5 to 50 G
cm-1 in 32 steps, with a gradient pulse width (δ) of 5 ms. Several
measurements were taken for each sample, with∆ (equivalent to the
diffusion timetD, time interval between gradient pulses) values of 60,
80, 100, and 150 ms. The liposome dispersions used in this experiment
had been prepared in distilled water to minimize signal interference
from the buffer salts and sedimented at 100000g for 8 h. These samples
were at pH 6.9, and PCS measurements indicated no significant
difference in liposome size compared with dispersions prepared in
imidiazole buffer. The pellet was resuspended in a small amount of
distilled water and filled into NMR tubes. Initial results were
compromised by the peak corresponding to the diffusion of the
liposomes within the sample being significantly larger than the peak
from the diffusion of the water molecules between the intra- and
extraliposomal spaces. Small buds of cotton wool were placed in the
bottom of the NMR tube and sufficient of the concentrated dispersions
added to moisten the wool. This reduced the diffusion of the liposomes
within the sample to close to zero and inhibited thermal convection.

Models were fitted to the PFG-NMR experimental data using the
nonlinear least-squares regression analyses in Matlab (version 6.5, The
Mathworks Inc.). For the two-compartment model with exchange, the
fitted parameters were the intraliposomal fractionp1, the extraliposomal
space diffusivityD2, intraliposomal exchange timeτ1, the volume-
weighted mean liposome diameterR0, and liposome size distribution
deviationσ. The liposome size distribution was fitted to a volume-
weighted log-normal distribution. The mean permeability was calculated
with

RESULTS

Characterization of Phospholipid Material. Proximate
Analysis.The results of the proximate analysis of the phospho-

lipid fractions are shown inTable 1. The soy phospholipid
material had less than half the ash content but a slightly higher
phospholipid content than the MFGM phospholipid sample. The
difference in the ash content was primarily due to the high levels
of the monovalent cations (potassium and sodium) in the MFGM
phospholipid fraction compared with the soy phospholipid
fraction. The level of triglycerides present in either fraction was
found to be negligible. The MFGM phospholipid fraction had
over twice the nitrogen content of the soy phospholipid fraction,
and the nitrogen/phospholipid ratio suggests a significantly
higher protein level for the MFGM phospholipid sample. The
cholesterol content of the MFGM phospholipid was negligible
(0.032%), and no cholesterol was present in the soy fraction.

Phospholipid Headgroup.The phospholipid class composition
of the phospholipid fractions is shown inTable 2. As expected
on the basis of the phosphorus content, the two fractions had
similar polar lipid contents, but the relative amounts of the
specific phospholipid classes varied considerably. The MFGM
material was primarily composed of approximately equal
quantities of PC, PE, and SM, with small amounts of PI and
PS. This is in agreement with the literature reports on the
phospholipid composition of MFGM (20,27). The soy phos-
pholipid fraction had a significantly higher proportion of PC,
with about one-third PE and a small amount of PI.

Fatty Acid Profile.There was a noticeable difference between
the fatty acid profiles of the two fractions (Table 3). The animal
origin of the MFGM phospholipid fraction was reflected in the
higher percentage of saturated and mono-unsaturated fatty acids,
whereas the soy-derived fraction contained more poly-unsatur-
ated fatty acids. The differences between the measured and the
literature values for the soy material is likely to be due to the
literature referring to soy oil, rather than a soy phospholipid
extract. As discussed in our earlier paper (26), the MFGM values
are similar to those reported by Fauquant et al. (41), with the

d ) λ

2 sin(12tan-1x
X)

(1)

P ) R0/3τ1

Table 1. Composition of Phospholipid Powders As Determined by
Proximate Analysis

component

MFGM
phospholipid

fraction

soy
phospholipid

fraction

moisture (%) 5.6 3.8
ash (%) 14.8 5.7

calcium (mg/100 g) 5.8 3.6
magnesium (mg/100 g) 1.8 6.2
potassium (mg/100 g) 2060 415
sodium (mg/100 g) 810 <0.6
phosphorus (mg/100 g) 29.7 31.7

phospholipid (%) 74 79
triglycerides (%) negligible negligible
nitrogen (%) 2.4 1.1
nitrogen/phospholipid ratio 0.032 0.014
cholesterol (%) 0.032 not detected

Table 2. Phospholipid Classes Present in the MFGM and Soy
Phospholipid Powders (Weight Percent)

lipid

MFGM
phospholipid

fraction

soy
phospholipid

fraction

polar lipids 72.0 73.9
phosphatidyl choline 23.6 40.9
phosphatidyl ethanolamine 20.2 25.4
sphingomyelin 22.8 not detected
phosphatidyl serine 2.5 not detected
phosphatidyl inositol 2.6 3.6
other phospholipids 0.2 4.1
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higher proportion of C22:5 fatty acid chains possibly a
consequence of the selective removal of buttermilk components
during fractionation.

Characterization of Liposomes Produced from Phospho-
lipid Material. AVerage Size and Distribution of Liposomes
within the Dispersions.The average hydrodynamic diameters
of liposome dispersions produced by five passes through the
Microfluidizer at 1100 bar were 95( 5 and 81( 5 nm for the
MFGM phospholipid and soy phospholipid dispersions, respec-
tively. All samples had high polydispersity values (∼0.5),
indicating a very wide particle size distribution. These results
are similar to previous reports of liposomes produced by
microfluidization, with an average diameter of 100-200 nm
and a polydispersity of between 0.2 and 0.6 (1).

Possible size distributions as determined by asymmetric field
flow fractionation (AFFF) showed that liposomes made from
both of the phospholipid fractions had a primary peak at∼100
nm, with a long tail stretching past 1000 nm (Figure 1). The
length of this tail is in agreement with polydispersity values
obtained by the Zetasizer. The soy phospholipid dispersion also
appeared to have a small peak at∼15 nm. This is smaller than
the 20-25 nm theoretical minimum liposome diameter (12).
This minimum is based on assumptions regarding thickness of

the bilayer (42) and overcrowding of phospholipid headgroups
caused by surface curvature (32). It has been suggested that
microfluidization may produce micelle-like structures (43), but
other workers have refuted this (44). Assuming that the micelle
is composed of a monolayer of phospholipid molecules with
the hydrophobic fatty acid chains touching in the middle, its
diameter would be approximately the same as the thickness of
the bilayer. An average membrane thickness for liposomes of
∼4 nm has been reported (42), which is too small for micelles
to be responsible for the peak at 15 nm. A glycerol density
gradient used to separate bands of liposomes from a number of
dispersions revealed that 76% of the liposomes present in one
dispersion were smaller than 22 nm in diameter and that 63%
had diameters of between 11 and 19 nm (45). Therefore, it seems
probable that the small particles observed using AFFF were
indeed very small liposomes.

Electron Microscopy.Negative staining TEM micrographs
of the two liposome dispersions are shown inFigure 2, with
micrographs produced by cryo-FESEM shown inFigure 3. The
liposomes could easily be identified as discrete particles that
were predominantly spherical or rodlike in shape. The particles
ranged in size frome40 nm to between 100 and 200 nm in
diameter. This is in line with the size distribution suggested by
the PCS and AFFF results.

Table 3. Comparison between the Fatty Acid Content of the
Phospholipid Powders and the Literature Values for the Source of
Each Fraction

phospholipid
fraction (wt %)

literature
values (wt %)

fatty acid MFGM soy MFGM (41) soybean oil (64)

C14:0 3.1 0.1 1.9−2.2 trace
C16:0 16.2 15.6 16.5−19.4 11
C16:1 1.4 0.2 1.2−1.6 trace
C18:0 10.0 3.7 16.3−17.9 4
C18:1 30.3 8.6 27.7−30.7 22
C18:2n−6 4.8 57.5 6.1−6.9 53
C18:3n−3 1.8 7.5 0.4−0.6 8
C20:2n−6 0.5 0.3 0.5−1.5 trace
C20:3n−6 0.7 0.0 1.0−1.3 trace
C20:4n−6 0.7 0.1 0.9−2.2 trace
C20:5n−3 0.6 0.0 0.2−0.6 trace
C22:0 4.2 0.2 3.5−4.8 trace
C22:5n−3 1.0 0.0 0.5−0.6 trace
C22:5n−6 6.5 0.2 0.3−0.5 trace
C24:0 4.0 0.2 3.1−3.9 trace

Figure 1. Normalized 90° detector response for specified liposome
diameters on a linear scale as determined by asymmetric field flow
fractionation.

Figure 2. Negative staining TEM micrographs of liposomes produced
via microfluidization from the (a) MFGM and (b) soy phospholipid fractions.
Bar ) 0.5 µm.

Figure 3. Cryo-FESEM micrographs of liposomes produced via microf-
luidization from the (a) MFGM and (b, c) soy phospholipid fractions: (c)
structures consistent with liposomessan internal cavity surrounded by
an outer shell. Bar ) 0.2 µm in (a) and (b) and 0.1 µm in (c).
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The negative staining TEM allowed the outer membrane
surrounding the internal aqueous space to be clearly seen in
many of the liposomes, and internal membranous structures
could also be identified. Most large heterogeneous liposome
systems typically contain liposomes with irregularly spaced
bilayers or “liposome within liposome” structures (46), often
referred to as multivesicular liposomes (47, 48). This is in
contrast with the common assumption that multilamellar lipo-
somes are composed of neatly stacked lamellae at regular
spacing. Freeze-fracture TEM micrographs of liposomes
produced via microfluidization have shown irregularly shaped
vesicles trapped inside other vesicles (44), as do those formed
from phospholipid pastes produced by high-pressure homog-
enization (48).

The cryo-field emission SEM provided three-dimensional
confirmation of the liposome structure, showing smooth spheri-
cal structures, some of which were broken during the preparation
process to reveal an internal space that had been fully enclosed
by an outer shell (Figure 3c).

ú Potential. The ú potentials of the MFGM phospholipid
liposome dispersions at pH 6.0 and 7.0 were-64 ( 2.0 and
-67 ( 2.5 mV, respectively. The soy phospholipid liposome
dispersion had higherú potentials,-77 mV ( 1.5 at pH 6.0
and -79 ( 1.3 mV at pH 7.0. The negativeú potential
presumably reflects the presence of negatively charged phos-
pholipids, particularly PI. Charge neutralization and the presence
of proteins will also influence theú potential, and the slightly
higher proportion of PI and lower concentration of cations in
the soy material may help explain its larger negative charge.

Phase Transition Temperature.The differential scanning
calorimeter thermogram showed a broad endothermic peak
between 20 and 35°C for the MFGM phospholipid liposome
dispersion, with the peak at∼28 °C. This is likely to correspond
to the bilayer membranes transforming from gel to liquid-crystal
state. There were no significant features present between 0 and
60 °C in the liposome dispersions made from the soy phos-
pholipid, indicating that the phase transition temperature was
below 0°C. These results were as expected on the basis of the
origin of the phospholipid fractions. Nonhydrogenated soy
phospholipids usually undergo phase transition between-15
and-5 °C, whereas phospholipids from animal sources have
phase transition temperatures above 0°C (12). Milk sphingo-
meylin has been reported as having aTc of 35 °C at concentra-
tions of <70 wt % (49).

The width of the observed endothermic peak reflects the
complicated mixture of phospholipid classes and types of fatty
acids present in the fraction (50, 51) and is similar to endotherms
obtained for biological membranes (52). Each different com-
bination of headgroup and fatty acid will have a slightly different
phase transition temperature, resulting in the coexistence of gel
and fluid phases and a total phase transition over a wide range
of temperatures (53).

Bilayer Thickness.The small-angle X-ray diffraction of the
samples at 20°C showed broad single peaks with diffraction
maxima (indicative of membrane thickness) of 68 and 52 Å
for the MFGM phospholipid and soy phospholipid dispersions,
respectively. The MFGM liposomes had a membrane thickness
of ∼15 Å larger than that of the soy phospholipid liposomes.
These measurements were made at 20°C, which was above
the phase transition temperature for the soy fraction but below
the transition temperature for the MFGM bilayer. Examination
of samples at 40°C (above the phase transition temperature
for both samples) showed no significant change in bilayer
thickness for the soy phospholipid fraction, but the MFGM

bilayer thickness reduced by 3 Å to 65 Å,possibly due to the
change in membrane state.

Marsh (53) stated that the lipid bilayer is “considerably”
thinner in the fluid state than in the gel state but did not give
an indication of the actual numerical size of this change, whereas
Malmsten et al. (49) commented that the repeat distance of the
lamellar phase for milk sphingomyelin changed by<5 Å
between the gel and fluid phases.

Lamellarity.Small-angle X-ray diffraction may also be used
to provide an indication of the lamellarity of a liposome
population (54). X-ray scattering curves from dispersions
containing only unilamellar liposomes are typically very broad
and flat, and usually have only a single symmetric peak. Those
from multilamellar liposomes exhibit first- and second-order
diffraction peaks at regular intervals, that is, 1/d, 2/d, etc. (55-
57).

A primarily unilamellar population with a small number of
bi- or trilamellar vesicles is likely to result in a broad, asym-
metric peak (54), similar to that obtained from these samples
(data not shown). This observation is also in agreement with
the negative staining TEM micrographs shown inFigure 3,
which appear to indicate a primarily unilamellar population with
a small number of multilamellar and multivesicular liposomes.
Bouwstra et al. (54) stated that if the majority of the multila-
mellar liposomes present in a system are only bi- or trilamellar,
they will need to constitute a significant proportion (>20%) of
the total liposome population before they will have a clear effect
on the X-ray scattering curve. Multilamellar liposomes that have
different lamellar spacings either within the same vesicle or
between different vesicles will have different diffraction patterns,
which may average out to a broad smooth peak (57), and any
multivesicular liposomes will respond as unilamellar structures
(47). Therefore, it is not possible to determine whether the broad
single peak observed corresponds to unilamellar or multive-
sicular liposomes or to quantify the specific quanity of multi-
lamellar liposomes present in the dispersions.

Permeability.The first step in determining the permeability
of water through the bilayer was to confirm that there was indeed
exchange between the water trapped inside the liposome and
the bulk aqueous phase. This can be done by comparing the
experimental diffusion pattern with model predictions with and
without exchange between two compartments.Figure 4 shows
plots of the relative signal attenuation for the water peak for
values of∆ between 60 and 150 using both the model that is
based on no exchange between compartments and the model
that assumes some exchange will be taking place. When these
plots are compared with the experimental data obtained from
the liposome dispersions, it is obvious that the model that
includes exchange provides a much closer fit to the actual
results. Similar plots were observed for sucrose.

The PFG-NMR results showed that water diffused through a
liposome membrane made from the soy phospholipid material
at ∼4.7E-06 m/s, 3 times faster than it was able to permeate
membranes composed of the MFGM phospholipid fraction
(Table 4). These values compared well with previously reported
values of 3-6E-6 m/s (46) and E-5 m/s (58). Increasing the
temperature from 20 to 40°C had no effect on the permeability
of the liposome membranes made from the soy phospholipid.
There was no noticeable change in permeability across this
temperature range for the MFGM phospholipid dispersion, and
there was no increase at the phase transition temperature (28-
30 °C).

The results suggest that there is only a minimal effect of
membrane phase or phase transition on the permeability of the
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MFGM liposome membranes to small molecules such as water.
Previous studies indicate that the permeability of the membrane
should be highest at the phase transition temperature (32), but
there was no indication of such increase at 28 or 30°C for the
MFGM fraction. The presence of high concentrations of
cholesterol can reduce or remove evidence of this transition (12,
32, 59). The MFGM material contained<0.05% cholesterol
(Table 1), which was probably too low to have any significant
effect. Reineccius (12) and Frezard (60) stated that the
transformation of the MFGM-derived phospholipid membrane
from the gel to the liquid-crystal phase would result in an
increase in membrane permeability as the packing density of
the membrane decreases, but the experimental data showed a
small decrease in measured permeability. However, this obser-
vation corresponds with the slight reduction in bilayer thickness
determined using small-angle X-ray diffraction. The increase
in temperature did not change the phase of the soy phospholipid
membranes, and so the lack of a significant effect of the
temperature on permeability was as expected.

DISCUSSION

The most significant differences between the phospholipid
compositions were the high level of sphingomyelin in the
MFGM phospholipid fraction (approximately one-third of the
polar lipid present) and the higher degree of saturation of the
fatty acid chains. Sphingomyelin has a more structured gel phase
than PC, and sphingomyelin membranes seem to be more stable
and have a lower permeability to hydrophilic molecules than
PC bilayers (61). Phospholipids composed of saturated fatty
acids tend to be less susceptible to oxidation than their
unsaturated counterparts and may reduce the membrane perme-
ability due to their ability to pack more tightly within the
membrane (62).

MFGM material appeared to contain a slightly higher level
of protein than the soy fraction. The amphipathic nature of
protein means the protein molecules are likely to become
incorporated in the phospholipid membrane, with hydrophobic
portions located in the interior of the bilayer and the hydrophilic

Figure 4. Plots of the relative signal attenuation for the water peak measured using PFG-NMR: (a) model with no exchange, a ) 5E-7, sigma ) 0.8,
p1 ) 0.05, Diff ) 1e-9 m/s; (b) model with exchange, a ) 5E-7, sigma ) 0.8, p1 ) 0.05, t1 ) 0.05 s, Diff ) 1e-9 m/s; (c) typical response for
liposome dispersions (actual data from a MFGM phospholipid dispersion). ∆ (equivalent to the diffusion time tD, time interval between gradient pulses)
values of 60 (b), 80 (O), 100 (1), and 150 (3) were used.

Table 4. Effect of Temperature on the Membrane Permeability of Water through Liposomes Produced from Each of the Phospholipid Fraction

mean permeability of water through the liposome membrane (m/s)

phospholipid fraction 20 °C 28 °C 30 °C 40 °C

MFGM 1.6E-06 ± 3.0E-07 1.5E-06 ± 3.0E-07 1.4E-06 ± 2.8E-07 1.2E-06 ± 2.4E-07

soy 4.7E-06 ± 9.4E-07 4.8E-06 ± 9.6E-07
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portions in the aqueous phase either inside or outside the
liposome. Therefore, the protein present in the dispersion has
either been incorporated into the membrane during liposome
formation or become adsorbed to the surface of the membrane
postformation. In biological systems, proteins rapidly adsorb
to the liposome membrane (7,63). Steric and charge repulsion
forces are likely to cause at least some part of the hydrophilic
portion of the proteins to extend from the membrane surface.
Shi et al. (65) found that coating liposomes with collagen or
polysaccharide material such as chitosan significantly decreased
membrane permeability. Although there is no previous informa-
tion regarding the use of dairy or soy proteins in this situation,
it is probable that proteins from other sources would have similar
effects. Thus, the presence of proteins within the hydrophobic
interior of the membrane and/or as an additional barrier on the
liposome surface may be responsible for the increased mem-
brane thickness for the MFGM phospholipid liposomes, as well
as their reduced membrane permeability for water. It is well-
known that the presence of sterols within the liposome
membrane can prevent the increase in permeability observed
during phase transition (32), and it is possible that protein
material within the membrane structure may also affect the
behavior of the membrane during phase transition.

On the basis of the measuredú potentials, it would be
expected that liposomes produced from the soy phospholipid
fraction would have a higher level of charge repulsion compared
with liposomes produced from the MFGM phospholipid fraction.
These repulsions may increase the resistance of soy phospholipid
liposome dispersions to aggregation or coalescence between pH
6 and 7. However, despite the MFGM membranes’ being less
strongly charged, the presence of sphingomyelin may provide
a different mechanism for enhancing the stability of these
liposome dispersions. Further studies will be undertaken to
compare the stability of liposomes produced from the soya and
MFGM fractions in a range of conditions. If the MFGM
phospholipid liposomes demonstrate good stability character-
istics in addition to their lower membrane permeability, they
would provide a number of potential advantages over the
traditional soy phospholipids in the delivery of bioactives in
food systems.
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