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high concentration into the oil core.” It is also reported that the solubilized drugs in
emulsions behave differently from free drugs after administration.” For example, the
entrapped drugs in the emu ion core remain longer in the circulation than free drugs
after the injection. The tissue distribution of drugs is also different, because that of the
entrapped drugs depends on the fate of the emulsion droplets. Therefore, emuls  1s
are regarded as convenient drug carriers for the controlled release or the targeting of
drugs.

Liposomcs,(’ which can be defined as vesicles composed of lipids, have been the
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most attractive drug carriers”" because of their casily controllable properties,lj'
toxicity, and ability of incorporating var us kinds of drugs. Figure 3 shows how
drugs can be loaded into liposomes and how liposomes can be functionized. As can
be seen, liposomes can serve as carriers for both hydrophilic and I Irophobic drugs.
Surface modification is usually done to enhance their physical stability, to avoid the
serum protein binding on surfaces which leads to their rapid clearance from the
circulation,” and to deliver liposomes to the desired site. Liposomes, like emulsions,
can ¢ ;0 alter the ftate of drugs in vivo. The administration route studied most has
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been the injection, while other routes such as the transdermal, oral, and

oct =" routes have also been tried actively. Although the usage of liposomes as
drug carriers has a long history of more than 20 years, new ideas continue to be put
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forth, such as applications for photodynamic therapy,™* vaccination,'"" and gene

transfer, "

However, some problems stand in the way of the development of liposomal
products.”" For example, the characteristics of liposomes prepared on a laboratory
scale cannot always be reproduced in large-scale production. Such a problem arises
because liposomes are not in the equilibrium state. Therefore, usage of the
equilibrium structure, such as microemulsions™ including cubic phase,”™ as drug
carriers has been increasing. Although micelles are the most widely-known type of
aggregate in the equilibrium state, they arc hardly utilized as drug ca ers due to the

low soli ilization capacity ot drugs. To overcome this problem, aj ar solvents are

introduced into the hydrophobic core of micelles. These “swollen micelles™ are called
as oil-in-water microemulsions. The inverted structure is also known as water-in-oil
microemulsions. These aggregates have a very similar morphology to the emulsions
introduced above. However, they can exist as equilibrium structures due to the

extremely low interfacial energy.
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When molecular assemblies are contained as drug carriers in the formulations, their
designs are very complicated. This thesis focuses on how to design and characterize
such carrier-containing formulations. Chapters 1 through 3 examine liposomes and
Chapter 4 discusses the use of water-in-oil microemulsions from the viewpo t of
utilizing them as drug carriers for the transdermal drug delivery.

The tormulation for the transdermal drug delivery has some distinctive features.
The first is the relatively large amount of drug usually needed in the formulation
because of the high barrier efficiency of the skin. Another reason for this is that a
large part of the formulation may be removed before the drug can penetrate into the
skin. Such large amounts are needed even when molecular assemblies are used as
drug carricrs. However, it is frequently difficult to disperse drugs etficiently on the
carriers while maintaining the morphology of the aggregates. This problem will be
considered in Chapters 1 and 2, which discuss a new method for investigating the
compositional homogeneity of liposomal membranes and the mechanism of
destroying the liposomal structure with an excess amount of oil-soluble drugs.
Another feature to keep in mind in the de: :n of t¢ ical formulations is that they
should have a high viscosity to prevent their being washed away easily. This can be
prevented by adding a hydrophilic polymers. What needs to be considered here is the
fact that  ophilic polymers are often used without considering their effect on the
m¢ ccular assemblies, although they may affect their structure and dispersity. The
effect of adding hvdrophilic p  ymers on liposome dispersions will be discussed in
Chaj r 3. Chapters 1 and 2 also present new various methodologies for studying
liposomes. These methods are applicable for fundamental studies on liposomes as
well as f  the study of topical f mulations.

In the case of equilibrium structures such as microemulsions employed as drug
carriers, the drug incorporation process into the carriers must be studied in detail. This
is beca e it may alter the morphology or even the existence of microemulsion
droplets as mentioned carlier. This issue will be treated in Chapter 4. These

discussions are offered with the hope that they can lead to important information for

(ep]

designing new topical formulations containing molecular assemblics as drug carriers.
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“hapter 1
Capillary Electrophoresis for Analysis of Liposome Dispersions

! 1. Mobility of Liposomes Evaluated by Capillary Electrophoresis

Introduction

Capillary electrophoresis (CE)' is a newly developed method which enables
separation of small solutes by their size and amount of charge. CE has some
advantages, compared with the conventional liquid chromatography technique. For
example, CE separation can be completed on the taster time scale. require only g
small amount of injection volume, and can be performed under aqueous conditions in
MOost cases.

Recently, various applications of CE have been developed. As for large molecules
and particles, such as hydrophilic polymers™ and polystyrene nanoparticles,” they are
separated successfully by CE. However, as for the liposomes,” their behavior in
capillary columns is not well understood, even though the CE application to
liposomes are also under development. In this section, we discuss the behavior of

liposomes in the CE analysis as the preparation of Chapters 1-2 and 1-3.

Prir ~*ple of CE analysis

CE enables the separation of small solutes by their size and amount of charge as
mentioned in Introduction. The experimental sctup and the principle of the separation
are illustrated in Figure 1-1. Each end of a capillary column is immersed in a running
butfer vial. The buffer vial into which the sample-injection end of the column is
inserted is maintained at positive high voltage, and the vial at the other side is held at
ground. The sample injection is done by replacing the buffer vial with a sample vial
and applying pressure to the sample vial to force a small aliquot of sample into the
capillary. After the injection, the sample vial is returned to its original place and

replaced with e buffer vial and the separation is started. The electrophoretic
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phospholipids.i

Experimental Section

Materials. Dip¢ nitoylphosphatidylcholine (DPPC) and distearoyl-
phosphatidylglycerol (DSPG) were purchased from Nippon Fine Chemicals. All
chemicals were at least of reagent grade an - used as supplied.

Preparation of Liposome. Liposome dispersions were prepared by freeze-dry
metho  as shown in Figure 1-2. First, weighed lipid powder was dissolved in tert-
butyl alcohol at 63°C. which is above the phase transition temperature of
phospholipids. The alcohol solution was freeze-dried, and the powder obtained was
dispersed in a 10 mM phosphate buffer of pH 8.0, also at 65°C. The size of the
liposomal particles was controlled with a high pressure emulsifier, Extruder™ (Lipex
Biomembranes) with polycarbonate membranes. Size distributions were determined
by the laser light scattering method (Coulter N4 1s).

Caj ary Electorphresis. The CE analysis was performed by Hewlett Packard 3D
CE system, u 1g a fused silica capillary column (50 um id <X 56 cm). The running
buffer was the same as the solution butfer. Before each run, 20 minutes flushing with
buffer at 60°C, 2 minutes with 1 thanol at 35°C, and 2 minutes with 0.1 M NaOH at
35°C are performed. These steps were conducted to prevent the clogging in the
colur 1, ¢« hough it did not often occur. The injection was done from cathode side by
pressuring the dispersion up to 5 mbar for 10 seconds unless otherwise mentioned,
followed by injection of the buffer for 100 scconds at the same pressure. The voltage
and temperaturc were sct to be 30 kV and 25°C, unless otherwise mentioned. The
voltage, current, and temperature were monitored during the measurement to confirm

that they all remained to be constant.
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Figure 1-2. Schematic presentation of the preparation process of liposome.
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homogeneity of liposomal membranes, which remains a problem in this field. The
concept of this study is as follows. In the case of charged guest molecules distributed
on monodispersed liposomal membranes, the zeta potential of cach particle 1s the
only factor which controls the migration time in the analysis as shown by Equations
1-2 through 1-4. Thercfore, all the particles would be detected as a single peak if the
guest molecules are homogeneously dispersed on the membranes, i.e., the amount of
charge per particle is the same. However, several distinguishable peaks will be
observed if they are dispersed heterogeneously. Even it the guest molecules are non-
charged but have UV or visible light absorption, the signal ratio obtained at two
different wavelengths would enables us to investigate the homogeneity. When they
are dispersed homogencously, the signal ratio obtained at two different wavelengths,
once of which should be chosen to be that at which maximal absorption ot guest
molect s occurs, will show a constant value. However, this would not be the case

for the heterogencous distribution.

Expel 1ent: Sec

M: ‘crials. a-tocopheryl acetate (Toc) was supplied from Shionogi & Co.

imyristoy hosphatidylchc ne (DMPC) and dipalmitoyl-phosphatidylglycerol
. 'PPG) were purchased from Nippon Fine Chemicals. Other lipids were the same as
stated in the previous section. All chemicals were at least of reagent grade and used
as supplied.

Preparation of Lipc yme. Two types of liposomal dispersions, which were
expected to be homogeneous and heterogeneous  ies, were prepared by two different
methods. For the homogeneous one, weighed lipid powder with or without Toc was
dissolved in tert-butyl alcohol at 65°C. The alcohol solution was freeze-dried, and the
powder obtained was dispersed in 10 mM phosphate buffer at pH 8.0, also at the

same temperature. The size of the liposomal particles was controlled with Extruder™
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(Lipex Biomembranes) using polycarbonate membranes. except that small liposomes
of 20 nm in diameter were produced using Nanomizer ™ (Sayama Trading).
Heterogeneous one were prepared by dispersing all components in buffer solution
with heating, followed by the same process of sizing treatment. The size distribution
was determined by dynamic light scattering method (Coulter N4 plus).

Capillary Electrophoresis. The CE analysis of the liposomes was pertormed as

described in the previous section.

Results and Discussion

Dispersity of Charged Components. When charged components are loaded as the
guest molecules on liposomal membranes, we shot 1 be able to detect the
homogeneity of the membrane from the shape of peaks as mentioned above. Figure 1-
6 presents electropherograms for the samples with the same composition but prepared
by different methods. The signals were detected at 220 nm. These dispersions were
composed of DMPC/DPPG=16/3 in molar ratio, and the diameter was controlled to
be 20 nm because smaller liposomes showed sharper peaks. As expected, the freeze-
dried sample showed a single peak, while the directly-dispersed sample had several
broad peaks. Since the diameter of both samples was confirmed to be monoc  perse,
this difference must be due to the difference of the compositional homogeneity, i.c.,
the difference of the charge density of individual particles.

As another interpretation of the peak-splitting, e fusion of liposome particles can
also be assumed. It is well-known that e compositional heterogeneity of
membranes often leads to the fusion of liposomes. Therefore, it may be another
reason for the peak-splitting, although it also reflects the heterogeneity of the

membranes.






§% was calculated to be 0.082 for the freeze-dried sample and 0.32 for the directly-
dispersed sample. This value was reproducible for the freeze-dried samples although
the shape of the signal ratio was not ¢ vays the same. Generally, S for freeze-dried
samples is smaller than 0.1. When Toc was not loaded, the values were smaller than
0.05. However, directly-dispersed samples gave larger values than 0.3. Therefore, we
concluded that this analysis can also be used for detecting the homogeneity of the
noncharged components. Some extent of the disorder observed for the freeze-dried
sample may be attributed to a certain degree of heterogeneity, and this was
reproducible also for liposomes prepared by the most conventional lipid-film method.

It may be partially due to the fact that all lipids were in the gel state.

Summary

We present a new application of CE as a tool for the detection of compositional
homogencity of liposomal membranes. The homogeneity of the charged components
is evaluated from the peak splitting and that of the noncharged components from the
signal ratio at two wave ngths for monodispersed samples. This technique offers a

powerft means for quality control of liposomal products.
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1-3. Rigidity ~f Liposomal Membranes

Introduction

This section discusses the investigation of the rigidity of liposomal membranes as
another application.  Although the membrane rigidity of liquid films for
microemulsions has been evaluated by means of the measurements of interface
tension~""" and light scaltcring,”":() no cxperimental observation has been done for
lipid bilayers. We found that the CE has a possibility to be a powerful tool for
evaluating the membrane rigidity of various liquid membranes.

The principle of CE separation described in Section 1-1 is based on a theory in
which a balance between the clectrostatic force F, and the friction force Fy is
assumed. However, by taking into account the bending energy of lipid membranes.

we can obtain the following equation:
F,(§)=F (a,8)+AF, (a,K), (1-8)

where a and K represent the shape of liposomes and the bendii  constant,”' ™"
respectively. AFy is expected to be negative because detormable particle can reduce
the friction force. Therefore, the “soft” liposomes would give large 1 values, which
lead to delayed detection, 1.¢., a long migration time.

As described later in the text, when the bilayers were softened by incorporating
cholesterol or short chain lipids, the migration time was delayed. In the experiment to
observe the dependence on ten erature, the relation of the viscosity versus the
migration time showed a discontinuous oint near the phase transition temperature,
which could be elucidated in terms of the change of the membrane rigidity due to the
gel/liquid crystal transition. These observations support the assumption described

above.
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Figure 1-8. Dependence of the migration time of () 100 nm polystyrene standard particles and (b)
DPPC/DSPG liposome (10/1 in molar ratio) on medium viscosity. The medium viscosity was varied by
changing the temperature of the capillary column. All experiments were repeated three times, and

averaged values are shown here. Error bars represent standard deviations.
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shows the dependence ot the migration time of the polystyrene standard particles and
the DPPC/DSPG liposome on the medium viscosity, which was varied by changing
the temperature. The main transition point obtained from DSC measurement is also
indicated. As can be seen, a proportional relationship was observed for polystyrene
particles, suggesting that rigid spheres behaved ideally. However, when liposomes
were used, a discontinuous point was observed al temperature slightly above the
transition point. Taking into account the carlicr conclusion derived from Table 1-1,
this discontinuity point seems to be wherce all the constituent lipids alter their physical
state into liquid crystal with subsequent softening ot the membrane. To check this
hypothesis, 20 mol% of DPPC was replaced with cholesterol, whose addition is
known to reduce the transition temperature. and the obtained result is shown in
Figure 1-9. The discontinuity point shifted in the direction of higher viscosity, that is.
lower temperature, as expected. In addition, it also appeared at the temperature
slightly above the transition point. As shown in the same figure, this was also the
case tor the DMPC/DPPG liposomes, which has a much lower transition temperature,
although the clarity of the discontinuity was reduced.

As introduced above, the membrane rigidity was found to be one of the important
factors controlling the migration time of liposomes. Futher progress in this work may

enable us to estimate the bending constants of various liquid membranes.

Summary

Capillary electrophoresis was demonstrated as a new powerful tool for observing
the membrane rigidity of lipid bilayers. When the bilayers were softened by
incorporating cholesterol or short chain lipids, the migration time was delayed. In the
experiment of the temperature dependence, the relation of viscosity versus migration
time showed a discontinuous point near the phase transition temperature, which could
be clucidated in  ms of the change in the membrane rigidity due to e gel/liquid
crystal transition. It is likely that the membrane rigidity significantly affects the

clectrophoretic mobility of liposome particles.
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Chapter 2

Characterization of Liposome Dispersions for Topical Applications

2-1. A New Method for Determining the Entrapped Volume

Introduction

The entrapped volume, which depends on their size. composition and lamellarity,
is one of the most significant properties in studies of liposomes.' Although various
methods for evaluating the entrapped volume have been developed,'” simpler ones
are still required. Most of the methods utilize the tluorescent probe such as caleein or
carboxytluorescein. The popular method has been the method in which liposomes are
separated from the free fluorescent probes by gel permeation chromatography.
However, it apparently requires a very complicated procedure. An alternative method
is to utilize the quenching phenomena caused at high probe concentration or the
addition of cations such as cobalt or copper. However, we are not certain that the
probe-containing liposomes are really the same as those free from probes when ¢
probe concentration is very high, and the amount of cations to add and the conditions
for solubilizing liposomes arc also sometimes difficult to be decided. One possible
solution is the use of ESR,” but the instrument is not popularly used . As one solution,
we developed a very simple method to usc fluorescent probes at very low

concentration.

Principle

Although our method also requires tluorescent probes, their concentration is much
lower than that of the traditional methods. The princ le of our method is illustrated
in Figure 2-1. First, liposome dispersions are prepared using an aqueous solution of a
fluorescent probe. We define the total volume of the dispersion, the total entrapped
volume of liposomes, and the concentration of the fluorescent probes as V, v, and Ci,,

respectively. When the dispersion is diluted d times by the probe-free buffer solution,
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laser light scattering (Coulter N4 plus). The scattering angle was 90 ° and the data
was analyzed by the cumulant method to vield the mean intensity-weighted diameter.
Measurements were performed in the presence of fluorescent probes and repeated 3
times.

Quenching Method. As the widely accepted method to quantity the cntrapped
volume of liposomes, we emp Hyed the quenching method. The liposome dispersions
were prepared using the phosphate buffer containing ca. 50 mM CF, of which the pH
was pre-adjusted to be 7.0 using sodium hydroxide. pK, value ot CF is ca. 6.4, At this
concentration, the tluorescence from CF was contirmed to be quenched completely.
The dispersions were diluted 50000 times and subjected to fluorescent measurements.
The excitatic  and the emission wavelength were 494 nm and 517 nm, respectively.
The intensity, denoted as Iy, was attributed to that {from the CF molecules in the
continuum phase. As a next step, 10 wt % Triton X-100 a 1eous solution of the one
tenth volume was added to the dispersions, and the mixtures were incubated at 65°C
for 30 minutes. After this heat treatment, the mixtures were cooled to the room
temperature and the tluorescent measurements were carried out. The obtained
intensity, denoted as f;, was interpreted as that from the CF molecules both in the
continuum phase and the entrapped phase. The entrapped volumes to liposomes

could be calet ited from the following equation:

The measurements for the same dispersion were repeated 3 times and the mcan
values and standard deviations were calculated.

Dilution Method. At first, the liposome dispersions were prepared using the
phosphate buffer containing the CF of an arbitrary concentration. The obtained
dispersion was diluted with the phosphate butfer d times, which was checked by

weight carcfully. When the concentration of the membrane-constituent components 1s
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high, d should be corrected by subtracting the weight of the components. In our
experiment, we carried out this correction for all measurements. £ was calculated by
the equation,

where Fi,, Fou, and F,.,; are the fluorcscont intensity trom the entrapped phase., the
continuum phase, and the whole solution when we suppose there are no entrapped
volumes, respectively. £y, could be measurea by alluting the CF phosphate bufter
solution. £, could be calculated trom F, and d. F,,, was measured by filtering the
dispersions using syringe filters composed ot the polyvinylidene fluoride membranes
and the glass microfiber prefilters to climinate the large components - namely,
liposome particles (Whatman GD/X, pore size .45 um). Prefilters are essential for
this analysis to reduce the back pressure, which may cause the deformation of
liposomes or leakage of CF from the entrapped phase, during the filtering process.
Quantification of HSL. Quantification of HSL was performed by HPLC, which
was a slight modification of the method of Hurst et al.” The column used was o 1=
Bondasphere 5C18-100A 150 x 3.9 mm 1.D. (Waters) and the detection was at 210
nm. Acctonitrile/methanol/water = 65/21/14 (v/v) was used as the mobile phase with
the flow rate at 0.8 ml/min. The injection volume was 30 wl. Each sample was

dissolved and diluted in isopropyl alcohol of HPLC grade to yield an adequate final

concentration before the analysis.
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other hand, the values from HSL/cholesterol liposome showed the reverse tendency.
This must be due to the incomplete solubilization of liposomes by Triton X-100" in
the quenching method. Therefore, we concluded that our method has adequate or
superior ability to replace the traditional methods. However, we must keep in mind
that the ecxperiment must be performed below  the transition temperature of
constituent lipids to prevent liposome particles from passing through the syringe filter.
When liposomes are composed of saturated lipids. our method can be very useful and

convenient due to its very simple procedure and high reproducibility.

Table 2-1. Comparison of the calculated entrapped volume by two different methods

Liposomes Entrapped volumes (%)
Dilution method  Quenching mct;(J—(i Diameter (um)*
HSL 18.4 £0.57 21.4+1.74 2.20+0.15
HSL/DPPG=10/1" 229+ 1.11 27.0 £3.48 1.05 £0.04
HSL/ JDAC=10/1" 6.6 +0.56 7.3 +0.83 391 +0.50
DPPC/DSPG=10/1" 17.0 £0.48 18.2+1.79 1.25 £ 0.00
HSL/cholesterol=10/1" 5.0+ 1.12 2.6 £1.62 6.24 + (.85

; . b
‘mean + standard de* tions; ‘molarr. 0

42
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We have established a novel method for evaluating the entrapped volume of
liposomes. The entrapped volume obtained by our method agreed very well with the

result of the conventional method. In addition, our method offers the great advantages

in the procedure and reproducibility.

43









where Fo, Fows and F are the fluorescent intensity {rom the entrapped phase, the
continuum phase, and the whole dispersion when we suppose there are no entrapped
volumes, respectively. Fi, could be measured by diluting the CF phosphate butfer
solution which was used to prepare liposome dispersions, since the probe
concentration inside liposomes could be regarded as unchanged in the dilution
process. Fr could be calculated from F;, and d. F,,, was measured by filtering the
dispersions using syringe filters composed of the polyvinylidene fluoride membranes
and the glass microfiber prefilters to eliminate the large components (liposome
particles) (Whatman GD/X, pore size 0.45 pm).

NMR Measuremer . *'P-NMR spectra were obtained on a Varian Unity Inova
500 spectrometer operating at 202.34 MHz. 300 ul of liposome (or emulsion)
dispersion was introduced into a NMR tube manufactured by Shigemi (Tokyo, Japan),
which could successively « minate the effect of condensation of lipid aggregates at
the top or b Hm of the tube iring measurements. The sample was allowed to
equilibrate for  minutes at 60 °C, and subsequently, 512 free induction decays with
a duration of 1 second were accumul ed employing a 45° pulse with a recycle delay
of 3secon .M Cly was added to the dispersion to a final concentration of 20 mM,
to eliminate signals originating from phosphate groups that are freely accessible by
the paramagne :! 1™ ions. The difference in the peak area of the spectra recorded
with and without Mn™ was used to es nate the fraction of phospholipids at the

- ) 30,36,37
surface of the liposomes. 0o

The entrapped volume of liposomes was also roughly

cvaluated by comparing the peak area from phosphate ion with and without Mn**.
Freeze-Fracture EI ron Mic jscoy . Freeze-fracture electron microscopy was

performed by JEOL Hightech Co. (Tokyo, Japan). Platinum/carbon replic  of each

sample were examined on a JEM-1010 transmission electron microscope.

Qu: icatic of Toc and HSL. 1antification of Toc and HSL was performed
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by HPLC. For Toc quantitication. the column used was o Develosil ODS-3 150 x 4.6
mm [.D. (Nomura Chemicals, Aichi. Japan) and the detection was done by g [GAY
detector at 285 nm. Methanol was used as the mobile phase with the flow rate at 1.5
ml/min. The injection volume was 30 ul. For HSL quantification, the method of
Hurst et al.” was slightly modificd. The column was a u-Bondasphere SC18-100A
150 3.9 mm LD. (Waters, MAL USA) and the ansorbance was detected ot 210 nm.
Acctonitrile/methanol/water = 03 21 14 (v v was used s the mobile phuse with the
tlow rate at 0.8 ml/min. The injection volume s 30w Fach sample was dissolved
and diluted in isopropyl alcohol of HPLC oride 1o vield un adequate inal

concentration.

Results

Whole Entrapped Volume of Dispersion. The measurement of the entrapped
volume is one of the most direct methods to prove the existence of liposomes. It ¢
proportion of liposome decreases due to the destruction by Toc, it is natural to think
that the entrapped volume becomes small. Figure 2-5 shows the calculated whole
entrapped volume in the dispersion as a function of the Toc/HSL ratio. As can be
seen, the decrease in the entrapped volume was observed as expected with the
increase of Toc/HSL ratio.

NMR Measurements. The entrapped volume of liposomes is affected by the
diameter, composition, and lamellarity of liposomes. Therefore, the lamellar number
of liposomes should be evaluated to relate quantitatively the change in the entrapped
volume to the destruction of liposomes. Figure 2-6 shows the *'P-NMR spectra with
or without the presence of paramagnetic Mn~" jons, which cause the disappearance of
signals originating from | _.osphate groups that are freely accessible. As can be scen,
the signals of both phosphate ions (left) and phospholipids (right) diminished on the

addition of Mn** to the HSL liposome dispersion. The change in the signal intensity
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Figure 2-5. Entrapped volumes of HSL lipost wes as a function of the total Toc/HSL ratio. Each

measurement was repeated at least three times and the error bars show the standard deviation.

of phosphate ion enabled us to calculate approximately the entrapped volume of
liposomes, and the obtained value agreed with that from the fluorescent measurement,
although the sensitivity was not very high. On the other hand, the information on the
lame ¢ty of the liposome could be obtained from the change in the signal intensity
of phospholipid, because the proportion of the phospholipid belonging to the most
outer layer cot | be converted to the lamellar number.*™” Figure 2-7 shows the
model calculation for the proportion of phospholipids on the most outer layer. From
our M R mecasurements, we found that the proportion was estimated as ca. 30 %
regardless of the Toc/HSL ratio below 0.6, suggesting that the lamellar number could
be estimated to be ca. 2 on an average. Therefore, we concluded that the change in
the entrapped volume was not affected by the change in the lamellarity, since the

lamellar number did not depend on the Toc/HSL ratio and was itself very small.
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(b)

Figure 2-6. *'P-NMR spectra of HSL liposome with (a) or without (b) the presence of 20 mM Mn**

ions. The concentration of HSL was 50 mg/ml.
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Figure 2-7. Calculated proportion of phospholipids belonging to the most outer layer of liposomes as a
function of diameter and lamellar numbers. Layer numbers: 1 layer (unilamellar’  ——), 2 layers (- -
-, 3 layers ( ------- ), and 4 layers (— - —). Membrane thickness and lamellar interval were assumed
tobe42nm: 2.7 nm, rcspcclivcly.38 The effect of Toc on the lamellar interval was neglected due to

the low lamellar numbers.

s also measure the *'P-NMR spectra of phase 1 and phase 4 with or without
! 1% ions, and found that the spectra of both phases were very similar to that of HSL
liposome. The proportion of phospholipids belonging to the most outer layer was
evaluated as ca. 40-50 % for phase 1 and 3 % for phase 4, respectively. The
reduction of the phosphate ion peak on addition of Mn™* provided information on the
existence of the entrapped volume, although the quantification did not @ :m to be

possible. This observation revealed that phase 1, as well as phase 4, contains
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significant amounts of entrapped volume, although it was much smaller (ca. 14) than
that of phase 4.

Freeze-Fracture Electron Microscopy. To obtain dircct information on (he
morphology of the molecular assemblics. transmission c¢lectron MICTOSCOPY  Was
performed. Figure 2-8 (a) and (b) shows the microstructure, which was found in the
absence of Toc. As can be seen, there were two types of structure in the dispersion:
(a) multilamellar structure and (b) unilamellar structure. The observed trequency was
ca. 20 times higher for unilamellar structure, L.e.. most aggregates were unilamellar
liposomes, which seemed to be consistent with the result of NMR measurement. The
structure found in phase 4 was similar to this.

On the other hand, a different type of structure was found in phase 1 as shown in
Figure 2-8 (¢). Small pools were enclosed in a large structure as pointed out by the
arrows in the picture.

Polarity inside Lipid Membranes Evaluated using Whole Dispersion. As
mentioned in the experimental section, the polarity inside the lipid membranes can be
monitored by the hydrophobic fluorescent probe, pyrene. Table 2-2 shows the 1)/15
values of pyrene in various solvents as well as the literature data. It is clear that the
increase in I/I3 was observed with an increase of the polarity around the pyrenc
molecules. Figure 2-9 shows the dependence of 1j/l; on the Toc [SL. 'i the
increase of Toc/HSL, we observed a gradual decrease of 1y/1; for the whole dispersion
with two breakpoints at Toc/HSL = 0.03 and 0.6. Hereafter, ese characteristic molar
ratios are called as R, and R,, respectively. The reason we regarded 0.6 as a
breakpoint will be discussed later. We can hypothesize two ssible reasons for is
decrease. First, it presents the “averaged” values of liposomes and emulsions, that is,
the change in the proportion of liposomes and emulsions causes the change 1 the
observed I,/15. Second, the liposomal morphology is maintained but the property of
the membranes is altered gradually. Of course, | th may contribute to the decrease in

I/15.






that is, the first hypothesis seemed adequate in this range. The reason why 1,/15 for
phasce 1 became constant above Ra was clucidated in terms of the formation of Toc
core, and that for phase 4 was explained by the constant Toc/HSL ratio in phase 4, as
it will be explained in Discussion.

Distribution of Toc and HSL. After the centrifugation process, the amount of Toc
and HSL contained in ecach phase was measured. Figure 2-10 shows the distribution

coefficient of component i, D;, which is defined as

A’
D, - FEHAJ ,  (i=TocorHSL) (2-7)
Jj=24 i
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Figure 2. 1/1; ratio of pyrene inside lipid membrancs as a function of the total Toc/HSL ratio.

Measurements were done for the whole dispersion (L), phase 1 (@), and phase 4 (

where A/ is the amount of component 7 in phase j. This ligure shows apparently that

there 1s a breakpoint, at which both Toc and HSL in phase T (and 3) start to increase
dramatically. The Toc/HSL ratio of the breakpoint was ca. 0.6,

Figure 2-11 shows the Toc¢/HSL ratio in phase | and phase 4+ as a function of the
total Toc/HSL ratio. This ratio in phase 1 increascd stgnificantly with an increase of
the total Toc/HSL ratio. while that in phase 4 showed o eradual approach to 0.6,
Theretore, we regarded 0.6 as the capacity of Toc in HST membranes, These are why
we employed 0.6 as a value of Rx in Figure 2-9

Dynamic Light Scattering. Figurc 2-12 presents the apparent diameter of the
dispersed particles in phase 1 and phasc 4+ as o function of the total Toc HS]. This
figure shows that the diameter of the particles in phase 4 was independent of
Toc/HSL, while that in phase I increased with the increase of Toc/HSL. In the region

of Toc/HSL > R, the particle size in both phases was nearly identical at ca. 2 pum.

10 /—
e
§ 1 { -
) J o
Q 0.1 ® e o 0
° [ J [ ] m
o g p -
o a
001 = 0—
€ 1 0.1 1 10
Toc/HSL

Figure 2-10. Distribution cocfficient of Toc ) and HSL ((), as a function of the total Toc/HSL

ratio. The calculated line from Equation 2-10 is also shown.
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Figure 2-11. Toc 1ISL. ratio in cach phase as u function of the total Toe/HSL ratio. Symbols represent

phase 1 (@) and phase 4 (" ).
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Figure 2-12. Apparent diameter of particles contained in phase 1(@) and phase 4 (1) as detected by

luser light scattering method. Results are shown as a function of the total Toc/HSL ratio.

Niccussion

Morphology of the Aggregations in Each Phase. The morphology of the
aggregates in each phase can be estimated based on various investigations.

Phase 1 contains a very large amount of Toc compared to HSL, and the ratio
depends strongly on the total Toc/HSL as shown in Figure 2-11. The polarity around
pyrene molecules is much lower than that of liposomes and shows a constant value as
can be seen in Figure 2-9. The constant values are likely to be evidence of the
existence of Toc cores. In other words, pyrene molecules in phase | oare preferably
distributed in the Toc cores rather than in the membranes, since the Iy 1s values are
not affected at all by the change in the Toc/HSL ratio in phase 1. These tindings led
us to the assumption that emulsions exist in phase 1. However, NMR measuremer
showed that there were entrapped water pools in phase 1 and half of the
phospholipids were not in direct contact with the continuum phase. This was because
the emulsions in phase 1 were of the multiple type as revealed by TEM observ.  on.

Another TEM measurement revealed that phase 4 contains liposomes, although the
picture was omitted to save space. The effect of the Toc on the morphology of
liposomes was not observed. It is natural that the phase 4 contains only liposomes
because large liposomes are known to precipitate by ultracentrifugation treatment.
From measurements of the entrapped volume, distribution coetficients of Toc and
HSL, and the I,/I5 ratio of pyrene, we found R to be the ratio indicating where the
morphology of liposomes begins to be altered. In other words, the capacity of Toc in
the HSL bilayer membranes can be expressed by Ro. Therefore the Toc/HSL ratio in
phase 4 should not exceed R if this phase contains only liposomes, which was found
to be the case as presented in Figure 2-11.

Model for Predicting e Distr uf n ( cic t of Toc Between L sc 1es
and Emu sions. The distribution of Toc between liposomes and emulsions could be
casily predicted by the mean field approach described below. Although liposomes

and emulsions are generally not in an actual equilibrium state, it is possible to






with an increase of the incorporated Toc. This was most likely to result from the
condensation and ordering effect of Toc. "™ 1t Toc/HSL > 0.6 (Ra), the excess Toc is
repelled from the membranes to produce the hydrophobic Toc core. The repelled Toc
molecules seem to be located in the hydrophobic space between the outer and inner
lcatlets of the bilayers, by which we can explain why multiple emulsions are formed

as described below.

(a)
Toc'HSL < 0.03 f? HSL.

. Toc

O 000
O
o0
coarvs

P €— O~ 0

(b)

E|

0.03 < Toc/HSL < 0.6
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' - (
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O A

Toc/HSL > 0.6
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Figure 2-14. Proposed model of the effect of Toc in HSL membranes. (a) When Toc/HSL < 0.03, no
significant influence on the macroscopic membrane property is exerted. (b) When 0.03 < Toc/HSL <
0.6, polarity in the membrane decreases due to the condensation effect of Toc. (¢) When Toe/HSL >
0.6, Toc molecules are repelled into the hydrophobic space between inner and outer leatlets. There is

coexistence ot the membrane of Toc/HSL = 0.6.

Figure 2-15 shows the proposed formation process of multiple emulsions. If excess
Toc molecules are repelled into the hydrophobic space as shown in Figure 2-14(c),
the swollen bilayer membranes become much thicker than the usual membranes.
Their thickness can be roughly expressed as (2 + 7, )dy, where re and dy are the
Toc/HSL ratio in the emulsion phase and single bilaver thickness, respectively. In the
hydration process, the swollen membranes are enclosed to prevent the hydrophobic
regions from contacting the aqueous phase. However, the inner leaflet of the resulting
vesicle is condensed due to the thickness of the swollen bilaver and the prevention of
{lip-flop by the Toc phase between the leallets as shown as Figure 2-15(b). If we
assume the radius of a droplet as r, the inner leatlets should be r:c{r - (2 + n)d,;}:
times condensed. This causes unfavorable entropic restriction of hvdrophobic chains
of phospholipids. To expand the interfacial area of the inner leatlet, the entrapped
aqueous phase should be divided into sections which satisty the tollowing equations

as presented as Figure 2-15(c).

-3t

{r"<2+r{, )‘13}1 (4]"':): 2(4]”':) (-12)

Here r; is the radius of the divided aqueous phases. Of course, some of the aqueous
phases may be accidentally released into the outer continuum aquecous phase in the
preparation process. Since NMR measurements showed that the proportion of
phospholipids belonging to the most outer layer was higher for emulsions, and the
entrapped volume was signifi  atly higher for liposomes, this was likely to occur.
The formed multiple emulsions are in a dynamic quasi-cquilibrium state with

liposomes of Toc/HSL. = R..
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