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Abstract – Liposomes prepared from a milk fat globule membrane (MFGM) phospholipid fraction
have been shown to have significantly different physical and chemical characteristics and appeared
to be more stable in a variety of conditions than liposomes prepared from soya phospholipid ma-
terial. These liposome systems were used to try to encapsulate model hydrophobic (β-carotene)
and hydrophilic (potassium chromate) compounds. Liposomes produced from the MFGM-derived
phospholipids showed significantly higher entrapment efficiencies for both β-carotene and potas-
sium chromate. The differences were particularly apparent when using the hydrophobic molecules
at low ratios of β-carotene to phospholipid. It is likely that the improved incorporation efficiency for
β-carotene is due to the partitioning of the molecule between the aqueous phase and the phospho-
lipid membrane, a property which will be dependent on the specific composition of the phospholipid
material used. The higher encapsulation efficiency for the potassium chromate appeared to reflect
the slightly larger diameter of the liposomes produced from the MFGM material. These results sug-
gest that there may be inherent advantages in the use of liposomes prepared from MFGM-derived
phospholipids via microfluidization for the encapsulation of both hydrophobic and hydrophilic
compounds.

encapsulation / liposome / milk fat globule membrane / phospholipid

摘摘摘要要要 –源源源于于于壬壬壬脂脂脂肪肪肪且且且膜膜膜磷磷磷脂脂脂和和和从从从豆豆豆磷磷磷脂脂脂脂脂脂质质质膛膛膛的的的嗜嗜嗜水水水和和和亲亲亲水水水败败败卵卵卵作作作用用用的的的比比比较较较。。。分别由乳
脂肪球膜磷脂和大豆磷脂制成的脂质体的物理化学性质明显不同,在不同条件下前者的稳定
性优于后者。这两种脂质体用于包埋疏水 (β-胡萝卜素)和亲水（铬酸钾）性化合物。源于
脂肪球膜磷脂的脂质体对 β-胡萝卜素和铬酸钾的捕集效率较高。当疏水性分子 β-胡萝卜素
与磷脂比例较低时这种差别特别显著。对 β-胡萝卜素结合效率的改变可能是由于水相和磷
脂膜之间存在分子隔膜，这种特性取决于所用磷脂材料的特定组成。源于乳脂肪球膜材料
的脂质体对铬酸钾较高的包埋效率可能是由于这种脂质体的直径略大一些。试验结果表明,
通过微射流方法制备的乳脂肪球膜磷脂脂质体可以有效地包埋疏水和亲水化合物。
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Résumé – Comparaison de l’encapsulation de composés hydrophobes et hydrophiles dans des
liposomes préparés à partir de phospholipides provenant soit de globules gras de lait, soit
de soja. Il a été montré que les liposomes préparés à partir de la fraction phospholipidique de la
membrane de globule gras du lait (MGGL) ont des caractéristiques physiques et chimiques signi-
ficativement différentes et s’avèrent être plus stables dans nombre de conditions que les liposomes
préparés à partir de phospholipides de soja. Ces liposomes ont été utilisés pour tester l’encapsula-
tion de composés modèles hydrophobes (β-carotène) et hydrophiles (chromate de potassium). Les
liposomes produits à partir de phospholipides MGGL ont montré des efficacités de piégeage si-
gnificativement plus élevées que ce soit pour le β-carotène ou pour le chromate de potassium. Les
différences étaient particulièrement visibles quand les molécules hydrophobes étaient utilisées à
des taux β-carotène/phospholipide faibles. Il est probable que l’efficacité d’incorporation amélio-
rée pour le β-carotène soit due au partage de la molécule entre la phase aqueuse et la membrane
phospholipidique, propriété dépendante de la composition spécifique du matériel phospholipidique
utilisé. L’efficacité d’encapsulation plus élevée pour le chromate de potassium paraissait refléter le
diamètre légèrement plus large des liposomes produits à partir de MGGL. Ces résultats suggèrent
qu’il peut y avoir des avantages inhérents à l’utilisation de liposomes préparés à partir de phospholi-
pides provenant de MGGL via la microfluidisation pour l’encapsulation de composés hydrophobes
comme de composés hydrophiles.

encapsulation / liposome / membrane de globule gras / phospholipide

1. INTRODUCTION

Milk fat globule membrane (MFGM)
phospholipids have been shown to have a
number of health benefits [4, 5, 8, 9, 15],
and MFGM material may be successfully
used to stabilize emulsions [3, 20, 21, 32]
and produce liposomes [29].

Liposomes are phospholipid-bilayer
structures with an aqueous core [33], and
are usually produced from highly purified
phospholipids extracted from soya oil
or egg yolk. The first stage in liposome
production is the self-assembly of a bilayer
of phospholipid molecules. During the
formation of this bilayer, hydrophobic
compounds may be incorporated inside
the membrane. The ends of this bilayer
may then wrap around and seal together
to form a liposome, enclosing a portion of
the aqueous environment inside the vesicle
and thus entrapping any hydrophilic
compounds present in the aqueous phase.

The effectiveness of a liposome popula-
tion at entrapping compounds during vesi-
cle formation is commonly reported as en-
trapment efficiency. This is the proportion
of the desired compound present in the
system that is held within the liposome

structure, either in the aqueous compart-
ments or incorporated in the bilayer mem-
brane. The calculation of the entrapment
efficiency is usually based on the removal
of unincorporated material and the as-
sumption that the remaining material is all
entrapped. This requires a method to sep-
arate free and entrapped species, and is
usually based on either size and/or density
differences [17].

The bilayer membrane is held together
by non-covalent interactions, allowing it to
carry a wide variety of hydrophobic com-
pounds. The inclusion of such compounds
at up to approximately 10 wt. % will not
usually disrupt the membrane, although
membrane fluidity and permeability may
be affected [14]. For highly hydrophobic
materials and liposome preparation meth-
ods using organic solvents, entrapment is
usually close to 100% regardless of the li-
posome size, type and composition. Over-
all entrapment is thus determined by the
total amount of phospholipid present [31].
For molecules of lower hydrophobicity,
the location of the compound within the
liposome and its entrapment efficiency
will depend on its partitioning between
the hydrophilic and hydrophobic phases.
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The dehydration-rehydration method used
by one research group resulted in en-
trapment efficiencies ranging from 1 to
34% for proteins of varying hydrophobici-
ties [16].

Hydrophilic entrapment for a given li-
posome system is proportional to the en-
trapped volume of the liposomes [31] and
the phospholipid concentration. The use
of high concentrations of the hydrophilic
material increases the active material to
phospholipid ratio, making more efficient
use of the phospholipid available. If lipo-
somes were tightly-packed solid spheres
in an aqueous environment, the theoreti-
cal maximum for entrapment efficiency of
the aqueous phase would be 70%, as 30%
of the aqueous phase would be required
to fill the gaps between the spheres [12].
However, there is evidence that the bi-
layer membrane is quite flexible and that
liposomes are often non-spherical [1, 23],
which at very high phospholipid concen-
trations may allow entrapment efficien-
cies higher than this theoretical maximum.
Reported entrapment efficiencies for hy-
drophilic materials vary greatly depending
on the details of the preparation method
and specific hydrophilic compound. The
standard thin-film liposome preparation
method usually gives a hydrophilic entrap-
ment efficiency of only 1–9%, but repeated
freezing and thawing of the solution can in-
crease the efficiency to 35–88%. Mayhew
et al. [13] used a Microfluidizer� to encap-
sulate cytosine arabinoside, and obtained
entrapment efficiencies ranging from 5–
75% depending on the operating condi-
tions and phospholipid concentration.

Previous work in our laboratory has
compared the general structure and
properties of liposomes produced from
MFGM-derived phospholipids using three
different techniques – microfluidization,
the traditional thin-film hydration and
the heating method [28]. These results
showed that microfluidization produced
liposomes with the smallest overall size

and narrowest particle size distribution.
This technique has therefore been used
for the manufacture of liposomes in
subsequent work. We have also found that
the unique composition of the MFGM-
derived phospholipid fractions produces
liposomes which have a higher phase
transition temperature, thicker membrane
and lower membrane permeability when
compared with liposomes produced from
non-hydrogenated soya phospholipids
[27]. The MFGM liposomes also demon-
strated an improved stability in a range of
pH conditions, at a variety of storage and
processing temperatures, and in the pres-
ence of mono- and divalent cations [24].
This suggests that liposomes produced
from the MFGM-phospholipid material
may provide some advantages in the
entrapment of bioactive compounds.

To characterise and compare the entrap-
ment profiles of the liposome dispersions,
model hydrophobic and hydrophilic com-
pounds were used. β-Carotene was cho-
sen as a model hydrophobic compound,
as its bright orange colour allowed the
presence of the molecule to be followed
qualitatively by eye and quantitatively by
spectrophotometric techniques. Potassium
chromate was chosen as a model hy-
drophilic compound, as its entrapment and
release from liposomes has been shown to
be similar to that of other molecules with
slow rates of membrane diffusion [19].

2. MATERIALS AND METHODS

2.1. Materials

Both phospholipid products used in
this study are commercially available, and
were stored vacuum-packed at –18 ◦C.
The MFGM-derived phospholipid frac-
tion (Phospholac 600) was provided by
the Fonterra Co-operative Group Ltd
(New Zealand), and a purified soya
phospholipid fraction (Sigma catalogue
#P3644, minimum 30% phosphatidyl
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choline) was obtained from Sigma-Aldrich
(St. Louis, MO, USA). These fractions
have been comprehensively character-
ized in earlier publications [26–29],
and contained similar overall levels of
phospholipids (72–74% polar lipids), low
levels of nitrogen (1.1–2.4%) and negligi-
ble amounts of triglycerides or cholesterol.
The primary difference between the frac-
tions was the distribution of phospholipid
classes, with the MFGM-derived fraction
containing approximately equal amounts
of phosphatidyl choline, phosphatidyl
ethanolamine and sphingomyelin; while
the soya fraction contained twice the
amount of phosphatidyl choline and had
no sphingomyelin. The fatty acids in
the MFGM-derived phospholipids were
also more highly saturated than those
of soya origin. All chemicals used were
of analytical grade and obtained from
Sigma-Aldrich.

2.2. Determination of liposome
formation and structure

Previous publications confirmed the for-
mation of liposomes from the same mi-
crofluidisation technique and phospholipid
fractions used here. The techniques used
included particle size analysis (as out-
lined below) and various forms of mi-
croscopy to provide images of the li-
posomes (negative staining transmission
electron microscopy, thin section transmis-
sion electron microscopy, cryo-field emis-
sion scanning electron microscopy and
atomic force microscopy [28, 29]).

Negative staining transmission electron
microscopy was carried out on samples
of liposome dispersions with entrapped
β-carotene and potassium chromate across
the range of concentrations used. The li-
posome dispersions were diluted approxi-
mately 1:10 with distilled water. One drop
of the diluted sample was combined with a
drop of 2% ammonium molybdate and left

for 3 min. The solution was then placed
on a copper mesh for 5 min before the
excess liquid was drawn off with filter
paper. The mesh was examined using a
Philips 201C transmission electron micro-
scope (Eindhoven, The Netherlands).

2.3. Determination of size
of liposomes

The average hydrodynamic diameter of
the liposome dispersions was measured on
a Zetasizer 4 (Malvern Instruments Ltd.,
Worcestershire, UK) using photon corre-
lation spectrometry (PCS) as previously
described [27–29]. Each sample was an-
alyzed 3 times at 25 ◦C with a sampling
time of 99 s and a scattering angle of 90◦.
A medium viscosity of 1.054 cP and a re-
fractive index of 1.34 were used for the
aqueous phase, with a typical liposome re-
fractive index of 1.45.

2.4. Preparation of liposomes
containing β-carotene

A 95% β-carotene powder was ob-
tained from Sigma Aldrich (Sigma cata-
logue #C9750). Because pure β-carotene
is insoluble in water, some form of sol-
vent must be used to combine the carotene
and the phospholipid. In the literature, pure
β-carotene is usually dispersed in chloro-
form and the liposome produced using the
thin-film method. A variation on this tech-
nique was developed as outlined below.
Because chloroform is not suitable for in-
corporation in food systems, experiments
were also conducted using ethanol as a
food-grade alternative.

The β-carotene was added to a beaker
containing the required amount of the
MFGM- or soya-derived phospholipid and
either ethanol or chloroform. This mix-
ture was heated to approximately 60 ◦C
on a hot plate with constant stirring,
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and held until the phospholipid formed
a melt. The solvent was then evaporated
over an 80 ◦C water bath. The aqueous
phase was then added (imidazole buffer
– 20 mmol·L−1 imidazole, 50 mmmol·L−1

sodium chloride, and 0.02% sodium azide
in Milli Q water, adjusted to pH 7, with
1 mol·L−1 hydrochloric acid) and stirred
using a magnetic stirrer until the lipid film
had hydrated. The dispersions were cy-
cled through a M-110Y Microfluidizer�

(Microfluidics International Corp., MA-
Newton, USA) with a 75 μm F12Y-type
interaction chamber 5 times at ∼ 103 MPa
(17 000 psi).

2.5. Separation of unentrapped
β-carotene

The hydrophobic nature of the
β-carotene caused the unentrapped
material to form aggregates of varying
sizes. To remove these aggregates, 3 mL
aliquots of the liposome dispersions
were added to 6 mL of buffer solution
and centrifuged at 4000× g for 4 h in
a CentraMP4R centrifuge (International
Equipment Company, MA, USA). The
supernatant was removed, and the cen-
trifugation step repeated once more.
Centrifugation at this speed removed large
β-carotene aggregates, but did not cause
significant sedimentation of the liposomes
(as measured by determining the phospho-
lipid concentration of the pellet) or of the
very small β-carotene aggregates. As an
additional precaution to check for the loss
of liposomes, the particle size distribution
of liposome dispersions without any en-
trapped β-carotene was compared before
and after this centrifugation process, and
did not show any changes. To remove
the smaller β-carotene particulates, the
supernatant was then passed through a
Millex GS 0.45 μm filter unit (Millipore,
MA, USA). A reddish colour indicating
the presence of β-carotene could be seen

on the upstream side of the filter. While
very large liposomes may not pass through
the filter, the vast majority of vesicles were
smaller than 450 nm and it is unlikely that
the exclusion of such a small number of
liposome would significantly affect the
result.

2.6. β-Carotene analysis

The presence of β-carotene can be de-
termined qualitatively by eye, however
quantitative measurements were required
to ensure valid comparisons between sys-
tems. The concentration of β-carotene in a
sample was measured quantitatively using
a Waters 2690 HPLC Separations Module
and an Alltech Prevail C18 Column (150×
4.6 mm, 5 μm).

Samples were prepared for HPLC by
adding 1 mL chloroform to between 0.1–
1 mL of the liposome dispersion, then
making up to 5 mL with methanol. This
solubilized both the β-carotene and the
phospholipids, producing a clear solution
which was passed through 0.22 μm filters
before filling into HPLC vials. The mo-
bile phase was 90:10 methanol: chloro-
form, and absorbance measured at 436 nm.
The primary β-carotene peak eluted at be-
tween 8.6–8.8 min, although there was a
small peak at ∼ 6 min. Control samples
containing liposome with no β-carotene
present did not produce any peaks un-
der these conditions, and it is likely that
the small peak was either due to degrada-
tion products of the β-carotene or to other
compounds present in the 95% β-carotene
powder.

2.7. Preparation of liposomes
containing potassium chromate

To mimic liposomes with entrapped
hydrophilic compounds, the phospholipid
material was dispersed in imidazole buffer
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containing 28 mg·mL−1 potassium chro-
mate (adjusted to pH 7). Dispersions con-
taining 1, 5, or 10% phospholipid (wt/wt)
were prepared in this buffer and mixed
thoroughly using an Ultra-Turrax (JKA,
Staufen, Germany). These were then cy-
cled 5 times through a 75-μm F12Y-type
interaction chamber (M-110Y Microflu-
idizer, Microfluidics International Corp.,
Newton, MA, USA) at 103 MPa.

To allow comparison between the lipo-
somes containing entrapped material and
empty liposomes, liposome dispersions
were also prepared using the same tech-
nique and phospholipid concentrations in
imidazole buffer without any potassium
chromate.

2.8. Separation of unentrapped
potassium chromate

The unentrapped potassium chromate
was separated from liposomes containing
the entrapped molecules using gel perme-
ation chromatography. Two mL aliquots of
the phospholipid liposome dispersions or
potassium chromate solutions were passed
through a 10 × 150 mm column of Bio Gel
P-6 DG desalting gel (BioRad, catalogue
150-0738), using gravity feed and imida-
zole buffer as the mobile phase. A com-
bination of spectrometry and particle size
analysis was used to identify the fractions
containing liposomes and those contain-
ing unentrapped potassium chromate. It
took approximately 6 min for the elution
of the liposomes (both empty liposomes
and those containing entrapped potassium
chromate) and 27 min for the free or
unentrapped potassium chromate. Sam-
ples containing potassium chromate and
no phospholipids, potassium chromate and
phospholipids not made into liposomes,
and potassium chromate with empty lipo-
somes were compared across a range of
concentrations, and the potassium chro-
mate peak was the same size and eluted at

the same time in all samples of a particular
concentration, confirming no interaction
between the potassium chromate and the
phospholipids. There was a consistent gap
of at least 15 min between the elution of
the liposomes and the unentrapped mate-
rial. The fractions eluting from the column
were collected manually using consecutive
2-min intervals for 36 min.

Passing a liposome dispersion through
the column separated it into fractions of
varying particle sizes, but combining all
the fractions containing liposomes resulted
in a single sample that had the same aver-
age diameter as the original dispersion.

2.9. Analysis of potassium chromate
and liposomes

The absorbance of the original disper-
sions and of the fractions eluted from the
column was measured at 504 nm. This
wavelength corresponds to the peak ab-
sorbance for potassium chromate, and a
calibration curve for free potassium chro-
mate in imidiazole buffer at the concen-
trations used during these experiments had
an R2-value of 0.998. Liposome disper-
sions also have a linear relationship be-
tween concentration and absorbance at this
wavelength, permitting the absorbance of
all samples to be measured at 504 nm to
allow direct comparison and manipulation
of the results.

3. RESULTS AND DISCUSSION

3.1. Determination of liposome
formation, structure and size

The liposomes formed in the presence
of either β-carotene or potassium chlo-
ride looked identical to empty liposomes
in terms of structure, bilayer number and
arrangement, and relative size distribution
in the negative staining transmission elec-
tron microscopy images, confirming that
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Table I. Effect of phospholipid concentration on the mean diameter (Zave) of liposomes produced
from the MFGM- and soya-derived phospholipids via microfluidization.

Phospholipid MFGM-derived phospholipids Soya-derived phospholipids
concentration (% w/w) Zave (nm) Zave (nm)
1 97 ± 6 80 ± 5
5 99 ± 3 85 ± 4
10 110 ± 5 98 ± 4

Added ββ-carotene (μg/g phospholipid)
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Figure 1. Entrapment of added β-carotene in liposome membranes using chloroform to disperse
the β-carotene and phospholipid prior to microfluidization. MFGM liposome dispersions �, soya
liposome dispersions �.

the addition of the hydrophobic or hy-
drophilic material had not significantly al-
tered the overall structure of the liposomes.

The liposomes containing entrapped
potassium chloride had similar particle size
distributions to liposomes prepared solely
from the phospholipid fractions (Tab. I).
While the liposomes containing β-carotene
were approximately 10% larger than those
without the added hydrophobic molecules,
neither the particle size nor the lamellar-
ity of liposomes affects their entrapment
efficiency [30, 31].

3.2. β-Carotene entrapment

Figure 1 shows the total amount of
β-carotene entrapped per gram of phos-
pholipid (using chloroform) as a func-
tion of the added β-carotene per gram
of phospholipid. As expected, the amount
of β-carotene entrapped increased al-
most linearly with increasing β-carotene
addition up to ∼ 6 μg per gram of
phospholipid. However, upon addition of
> 6 μg β-carotene per gram of phospho-
lipid the amount of entrapped β-carotene
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Figure 2. Entrapment efficiency for added β-carotene in liposome membranes using chloroform to
disperse the β-carotene and phospholipid prior to microfluidization. MFGM liposome dispersions �,
soya liposome dispersions �.

increased more slowly and then lev-
elled off. This plateau value differed be-
tween the liposome dispersions, being
∼ 6 μg β-carotene per gram of phospho-
lipid for the MFGM-derived phospholipid
and ∼ 3.5 μg β-carotene per gram of phos-
pholipid for the soya-derived phospholipid.
ANOVA analysis found that there were
significant differences between the entrap-
ment values at 95%.

The data shown in Figure 1 has been
used to calculate entrapment efficiencies
for β-carotene (Fig. 2). The differences in
efficiency of β-carotene entrapment were
obvious. When very small amounts of
β-carotene were dissolved in chloroform
along with the MFGM material, almost
all of the β-carotene became incorporated
into the liposome membrane. As more
β-carotene was added, the proportion en-
trapped decreased. The entrapment effi-
ciency of the soya liposome dispersion
was considerably lower than the MFGM
liposome dispersion, with efficiency not

exceeding 0.5 even at very low β-carotene
concentrations. The entrapment efficiency
of the soya liposome dispersion was com-
paratively less affected by the increasing
level of β-carotene addition.

The steeper slope of the linear portion
of the MFGM liposome curve shown in
Figure 1 is reflected in the higher entrap-
ment efficiency below 10 mg β-carotene
per gram of phospholipid.

Figure 3 shows the total amount of
β-carotene entrapped per gram of phos-
pholipid using ethanol as the dispersion
medium instead of chloroform. It is clear
that the use of ethanol significantly re-
duced the amount of β-carotene incorpo-
rated in the liposome membrane for all
samples (compare the y-axis on Figs. 1
and 2). The highest amount of β-carotene
added was much lower than for the sys-
tems using chloroform as the dispersion
medium. This was because during sam-
ple preparation there were obviously sub-
stantial amounts of aggregated β-carotene,
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Figure 3. Entrapment of added β-carotene in liposome membranes using ethanol to disperse the
β-carotene and phospholipid prior to microfluidization. MFGM liposome dispersions �, soya lipo-
some dispersions �.

and the removal of all of the aggregates
was blocking the filters and contaminat-
ing the gel column. The general shape of
the plot shown in Figure 3 is very similar
to the portion of Figure 1 between 0–6 μg
β-carotene per gram of phospholipid. This
suggests that had higher concentrations of
β-carotene been added, the increase in the
amount of β-carotene entrapped using the
ethanol as the dispersion medium would
be likely to slow down and reach a plateau
in the same manner observed when using
chloroform.

The entrapment efficiencies for lipo-
some dispersions produced using ethanol
are shown in Figure 4. Once again there
were similarities with the comparative data
obtained using chloroform as the disper-
sion medium (Fig. 2). The entrapment ef-
ficiency was reduced as the amount of
β-carotene added increased, but even at
very low levels of β-carotene the efficiency

did not exceed 0.5 for any of the lipo-
some dispersions. While this is signifi-
cantly lower than the 70–90% entrapment
shown using chloroform, it is encourag-
ing that between 40–50% of the added
β-carotene can be incorporated in the li-
posome membrane using a food-safe sol-
vent. However, due to previously men-
tioned problems regarding the removal of
aggregated β-carotene, the concentrations
of β-carotene used in these experiments
are very low compared with those seen in
the literature [2, 6, 10, 11, 18, 22, 24, 25] or
those that would be required for most food
applications.

Irrespective of the solvent used, the in-
corporation of β-carotene into the phos-
pholipid membrane initially occurs propor-
tionally to the total amount of β-carotene
present in the system, with total β-carotene
entrapped increasing in a linear fashion.
Once a certain β-carotene:phospholipid
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Figure 4. Entrapment efficiency for added β-carotene in liposome membranes using ethanol to
disperse the β-carotene and phospholipid prior to microfluidization. MFGM liposome dispersions �,
soya liposome dispersions �.

ratio is obtained within the membrane,
it appears that the membrane becomes
saturated and there is only limited in-
crease in entrapped β-carotene upon fur-
ther addition of β-carotene to the sys-
tem. The MFGM-phospholipid liposome
dispersions appeared to reach this point
at β-carotene concentrations of between
6–7 μg per gram of phospholipid, while
the soya liposome membranes seemed to
become saturated at ∼ 4 μg per gram of
phospholipid.

The efficiency of entrapment was high-
est for very low levels of β-carotene,
and reduced linearly as more β-carotene
was added to the system. For liposome
dispersions produced using chloroform,
there appeared to be a linear relation-
ship between entrapment efficiency and
added β-carotene up to 18 μg per gram
of phospholipid. The plateau in entrap-
ment efficiency may suggest a partitioning

of the β-carotene between the solvent
phase (chloroform or ethanol) and the
phospholipid.

In general, the overall trends were com-
parable between liposome dispersions pro-
duced using chloroform and those pro-
duced using ethanol, but the entrapment
efficiencies were significantly lower in
the ethanol-based systems. This was pre-
sumably because of the low solubil-
ity of β-carotene in ethanol, less than
0.01 g·mL−1 compared with 3 g·mL−1

for chloroform [7]. For the β-carotene
molecules to become incorporated in the
phospholipid membrane, they must be sol-
ubilised and brought into contact with the
phospholipid molecules. If the β-carotene
molecules form aggregates they will not
become part of the membrane structure.
Shibata et al. [22] found that β-carotene
has a relatively low miscibility in phos-
pholipid membranes, and is inclined to
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form aggregates rather than always becom-
ing incorporated into phospholipid mem-
branes. While the use of chloroform ap-
pears to have overcome any miscibility
issues in this study, if β-carotene was
poorly soluble in ethanol as well as having
low miscibility in the phospholipid mem-
branes there would be strong tendency to
form aggregates rather than becoming in-
corporated into the membrane.

It must be noted that there was some
difficulty in dissolving the SigP3644 phos-
pholipid fraction in the solvents. However,
increasing the amount of solvent, temper-
ature or length of dispersion time did not
have a significant effect on the level of
β-carotene entrapment for this fraction.

The differences in β-carotene entrap-
ment between the two liposome dis-
persions are most likely to be due to
differences in the composition of the phos-
pholipid fractions. The partitioning of the
β-carotene between the liposome mem-
brane and the solvent phase will be influ-
enced by the hydrophobicity of the mem-
brane interior, which is determined by the
fatty acid composition and presence of
other hydrophobic molecules. The pres-
ence of amphiphilic molecules, including
proteins, within the membrane may also af-
fect membrane hydrophobicity.

3.3. Potassium chromate entrapment

The absorbance of the eluted fractions
for a 5% phospholipid liposome dispersion
with and without entrapped potassium
chromate and a solution of free potassium
chromate is shown in Figure 5. Similar
plots were obtained for all of the phospho-
lipid concentrations for both the MFGM-
derived and soya-derived liposomes.

The elution profile of the empty lipo-
some dispersion showed a single broad
peak starting after ∼ 5 min (Fig. 5, peak B)
and the solution of free potassium chro-
mate solution had a single small peak

after ∼ 27 min (Fig. 5, peak C). These two
peaks were used as references to analyze
the third dispersion which contained the
same concentration of phospholipids as in
peak B and the same potassium chromate
concentration as in peak C. This dispersion
showed two successive absorption peaks,
the first overlapping the peak correspond-
ing to the empty liposomes and the second
overlapping the peak from the free potas-
sium chromate.

Peak A was noticeably larger than
peak B. As the phospholipid concentra-
tion, liposome size and injected volume for
these two dispersions was the same, this
difference can not be due to an increase in
the number or size of liposomes present in
the eluted fractions. The most likely rea-
son for the larger peak is the absorbance of
entrapped potassium chromate molecules.
This hypothesis is further supported by the
reduced size of the peak corresponding to
the potassium chromate for this dispersion
compared to the peak for the same concen-
tration of free potassium chromate.

Based on these observations, we quan-
tified the amount of potassium chromate
entrapped by the liposome dispersions.
Using a calibration curve for absorbance
at known potassium chromate concen-
trations, if A represents the area under
the curve for the first peak for the li-
posome dispersion containing potassium
chromate and B the area under the curve
for the empty liposome dispersion, then the
amount of potassium chromate entrapped
(ΔKCre) can be calculated from:

ΔKCre = A− B.
This can then be used to calculate entrap-
ment efficiencies (EE) for the potassium
chromate. The EE were calculated as:

EE (%) =
ΔKCre

ΔKCre + KCrun

where KCrun is the unentrapped potassium
chromate which is given by D, the area
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Figure 5. Absorbance of eluted fractions collected over 35 min for a 5% MFGM-derived phospho-
lipid dispersion. The plots for three different samples are overlaid: liposome dispersion prepared
with entrapped potassium chromate (�), empty liposome dispersion (no potassium chromate) (Δ)
and free potassium chromate (no liposomes) (�). Each data point is the average of two or more
replicates and is shown ± the standard deviation.

under the second peak for the liposome dis-
persion containing potassium chromate

The EE calculated for different phos-
pholipid concentrations for both MFGM-
derived and soya-derived phospholipids
are shown in Figure 6. As expected,
increasing the phospholipids concentra-
tion increased the hydrophilic entrapment
efficiency.

Higher entrapment efficiencies have
been obtained with the MFGM-derived
phospholipid dispersions than with the
soya dispersions. This is not surprising
given that the liposomes formed from the
MFGM phospholipids were larger than
those produced from the soya phospho-
lipids (Tab. I). The mean diameters were
slightly larger for the 10% phospholipid
liposome dispersions than for the 1 or

5% dispersions, suggesting that the higher
concentration was less sensitive to the
shear and turbulence produced during mi-
crofluidization. As the EE is usually pro-
portional to the entrapped volume, and the
entrapped volume is proportional to the ra-
dius to the 3rd power, small differences
in diameter can result in significant differ-
ences in EE.

Table II compares the ratios of mean di-
ameter and EE for the MFGM and soya
liposome dispersions at different phospho-
lipid concentrations. Using the 10% phos-
pholipid dispersion as an example, it shows
that a sphere with a diameter of 98 nm will
only have 77% the volume of a sphere with
a diameter of 110 nm. The differences in
measured EE at phospholipid concentra-
tions of 5 and 10% appear to be at least
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Figure 6. Effect of phospholipid concentration and phospholipid type on the entrapment efficiency
for potassium chromate. The types of phospholipid used were derived from MFGM (�) and soya
(�) sources. Each data point is the average of five replicates and is shown ± the standard deviation.

Table II. Effect of phospholipid concentration on the relative volume and entrapment efficiencies
of liposomes produced from the MFGM- and soya-derived phospholipids via microfluidization.

Phospholipid
concentration

(% w/w)

Ratio of volume of spheres with
diameters corresponding to average
diameter of liposome population
soya liposome/MFGM liposome

Ratio of measured entrapment
efficiencies (EE)

soya liposome/MFGM liposome
1 0.56 ± 0.22 0.23 ± 0.05
5 0.63 ± 0.13 0.64 ± 0.09
10 0.77 ± 0.15 0.79 ± 0.12

partly due to differences in the mean diam-
eter of the liposomes. The measured EE at
1% phospholipid is smaller than would be
expected given the size of the liposomes,
but there is large variation in the measured
mean diameters for the liposome disper-
sions at the lower phospholipid concentra-
tion. Comparing the lower end of the con-
fidence interval for the ratio of volume of
spheres (0.56−0.22 = 0.34) with the upper
end of the ratio of EE values (0.23+0.05 =
0.28) shows that the difference between
these values is not large, and may be due

to a slight under-estimation of the varia-
tion of the population mean. Overall, the
figures are in agreement with those previ-
ously reported for liposomes produced via
microfluidization [12].

4. CONCLUSIONS

These results suggest that liposomes
formed from the MFGM-derived phospho-
lipid are able to entrap a higher percentage
of the hydrophobic molecule β-carotene
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than those from soya phospholipid, us-
ing either chloroform or ethanol as the
dispersion medium. This observation may
be due to a more favourable partition-
ing of the molecule between the aqueous
phase and the MFGM-phospholipid mem-
brane. It also seems that the MFGM lipo-
somes entrap a higher percentage of the
hydrophilic molecule potassium chromate,
but these differences appear to reflect the
slightly larger diameter of the liposomes
produced from the MFGM material as op-
posed to be a product of differences in
membrane composition.

These results suggest a potential
advantage in using MFGM-derived phos-
pholipids, particularly for the production
of liposomes for entrapping hydrophobic
actives.
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