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SUMMARY

I. For the purpose of quantifying the transport of drugs across phospholipid
membranes in complex aqueous liposome dispersions, solute release experiments were
conducted with different initial boundary conditions so that sensitive tests of appro-
priate physical models could be made.

2. Simple physical models which assume monosize or multisize single membrane
controlled solute transport failed to provide a reasonable agreement between the
experimental data and the theory.

3. A systematic evaluation of all the parameters which could introduce
uncertainties then revealed that the monosize-multiconcentric models are generally
in satisfactory agreement with the experimental transport data. These findings
suggest that these models may be used in the reliable determinations of effective
bulk permeability coefficients. Calculations using the multisize-multiconcentric
models and comparisons between the monosize and multisize-multiconcentric models
showed that the assumption in which the particle size distribution is neglected is a
good one.

INTRODUCTION

Detailed knowledge of the various components and their organization in the
cell membranes would be very important in the understanding of the many factors
involved in the movement of molecules and ions across biological membranes.
However, the uncertainty of what constitutes a cell membrane, the lack of knowledge
about the various components of these membranes and the large number of different
components thought to be present in a cell membrane, all introduce an enormous
degree of complexity into the problem. Notwithstanding the many difficulties, fruitful
progress has been made in recent years by the development of several model mem-
brane systems based on the Danielli-Davson! bimolecular leaflet model and its latter
modification into the unit membrane hypothesis by Robertson?. These model sys-
tems have been used to correlate one or another property of the natural membrane
with the behavior of pure membrane lipids, since such lipids have been found to be an
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invariant component of all cell membranes examined thus far, accounting for at
least 25 % of the total dry weight3.

One of these model systems has been used quite extensively for solute transport
studies by several workers since its original development by Bangham et al.4 and
utilizes liposome dispersions. This model system is based on the evidence derived
from electron microscopy®:$, X-ray diffraction’® and optical birefringencel?, which
indicates that when naturally occurring phospholipids are equilibrated with aqueous
solutions, they form liquid crystals of smectic-mesophase type composed of bimolecular
lamella separated by aqueous compartments. The degree of swelling, size, shape and
general configuration of the resulting liquid crystals depend on the particular phospho-
lipid used, as well as on the ionic strength, the valency of the ionic species present
and the pH of the medium?!.

Combination of the differences in the self diffusion rates of anions and cations
and the accompanying osmotic sensitivity has suggested similarities in the behavior
of liposome dispersions and the biological membranes. There is little doubt that the
liposome dispersion model membrane system is of considerable interest and that it
can be used as Bangham and several other workers have shown in the investigations
that are relevant to the actions of polyene antibiotics2-1%, jon discriminating anti-
biotics, valinomycin!®.1?, gramicidin'?, steroids'®.!%, narcotics?, anaesthetics?!, local
anaesthetics?2, surfactants? 2, Ca?+ (refs 17, 22, 25) and Mg?* (ref. 25) on biological
membranes.

However, most of these studies have been of qualitative nature due to the
complexity of the dispersion system, and realizing the limitations of such studies,
Johnson and Bangham!® made an attempt to develop a quantitative method for
determining the permeability coefficients of a single bilayer. By prolonged sonication
of a dispersion system, these investigators attempted to produce a dispersion which
consisted mainly of single bilayer liposomes. The K+ release data obtained with this
system were analyzed by means of a first order mathematical relationship which was
expected to be applicable to a monodispersed, single bilayer dispersion system.
When attempts were made to analyze the experimental data by the equation,
significant deviations were always observed and this precluded the meaningful
determination of permeability coefficients. The marked deviations from theory
were partly attributed to the size distribution of the bilayer dispersion and the multi-
concentric layer nature of some of the liposomes in the system.

The present study deals with the development and evaluation of a method
which would allow the reliable determination of permeability coefficients in the lipo-
some dispersion model membrane system. The experimental procedure is relatively
straightforward and should be applicable to the study of the transport behavior of a
variety of solutes in these systems.

EXPERIMENTAL

General considerations

The requirements to fulfill the objectives of the present study may be outlined
in the following:

(i) The preparation of nonaggregating spherical liposomes.
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(ii) The control of size and shape of the liposomes during the preparation
procedure and not by mechanical shaking or sonication after the formation.

(iii) A reliable method for the determination of particle size distribution.

(iv) Good sensitivity of the method to permeability coefficients.

(v) Reliability and precision in the transport rate data.

(vi) Availability of rigorous theoretical procedures for the analysis of the
experimental data including the selection of the best physical mode] and the deter-
mination of the physical chemical parameters.

Several methods of preparing a liposome dispersion were considered. Since egg
yolk lecithin swells spontaneously when brought in contact with aqueous solution,
the method of adding an aqueous solution to a thin coating of lecithin on glass surface
produced aggregates and shape problems. All attempts to deaggregate the particles
and improve the shape problems by mechanical shaking or sonication proved un-
successful. The method of making liposome dispersions by mixing the aqueous and
chloroform solution was then tried. First, a dispersion of lecithin in a chloroform-
aqueous solution mixture was formed under vacuum of a water aspirator. Then, the
chloroform was removed slowly. This method produced spherical liposomes which
were free from aggregates.

It was decided to conduct solute release experiments with different initial
boundary conditions so that sensitive tests of appropriate models could be made.
Three initial boundary conditions were selected for this purpose. The first {“‘direct-
release’” experiment) was solute release from the dispersion in which the solute was
fully equilibrated between the spherule interior and the external aqueous phase.
In the second situation (‘‘dilution-release” experiment) the dispersion was diluted
by about a factor of ten just prior to the beginning of the release run. In the third
case, (“‘uptake-release’” experiment) the dispersion was first prepared without the
radioactive solute. Then the spherules were allowed to absorb the radioactive solute
for a predetermined period of time just before the release run. As will be seen these
three procedures, in conjunction with the theoretical analysis help significantly in
both the selection of the best model and the determination of the best set of values
for the parameters.

Materials

The egg yolk lecithin was prepared by the method? which is based on the
procedure developed by Rhodes and Lea? was stored under N, at —20 °C. The alumina
suitable for chromatography (obtained from Matheson Coleman and Bell, Norwood,
Ohio, U.S.A.) was activated by drying at 110 °C overnight. Silicic acid especially
prepared by the method of Hirsh and Arhens® (obtained from Bio-Rad Laboratories,
Richmond, Calif., U.S.A.) was used. Purity checks were made by thin-layer chroma-
tography on Eastman Chromatogram sheets, 6060 Silica Gel (Eastman Kodak
Company, Rochester, N.Y., U.S.A.). Lecithin samples in chloroform solution were
applied to the chromatogram sheets and the sheets were developed by the solvent
system chloroform-methanol-water (65:25:4, by vol.) in a saturated chamber?.
Chromatographs for the detection of nonphosphorous containing compound were
developed by the solvent system, light petroleum-diethyl ether (go:10, by vol.)%
also in a saturated chamber. Iodine vapors were used for non specific detection of
chromatographed materials®!. Ninhydrin and Dragendorff reagents were used for
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the confirmation of amine and choline compounds respectively. Dicetyl phosphate
(obtained from Sigma Chemical Company, Mo., U.S.A.) was used without further
purification. Anhydrous D-glucose (obtained from J. T. Baker Chemical Co., Phillips-
burg, N.J., U.S.A.) was reagent grade and p-[1-*C]glucose was obtained from New
England Nuclear, Boston, Mass., U.S.A. in crystalline solid form at specific activity
of 7.08 mCi/mmole.

Apparatus

Fig. 1 shows a schematic diagram of the apparatus used for the solute transport
studies. The set-up consisted of a water jacketed beaker and a dialysis bag holder
stirring assembly. The temperature of the system was controlled by circulating water
at 25 °C. A 150 rev./min synchronous motor and the dialysis bag holder are mounted
on a polyethylene cover plate. The dialysis bag holder consisted of two 1/16 inch
gauge stainless steel wire which formed a square framework for the dialysis bag.
The stirrer was made from plexiglass. Two holes were drilled in the polyethylene
coverplate, one for the stirrer and the other for holding the thread which tied the
dialysis bag (obtained from Union Carbide Corporation, Chicago, Ill. U.S.A.) at the
lower end. The beaker contained 100 ml of sink solution which was stirred by a
3/16inch X 7/8 inch long teflon magnetic stirring bar by means of another synchronous
motor at 150 rev./min placed at the bottom of the beaker.

f

L |

Fig. 1. Apparatus used for solute transport release studies. a, synchronous motor; b, polyethylene
cover; ¢, water outlet; d, jacketed beaker; e, dialysis bag holding framework; f, dialysis bag;
g, stirrer; h, sink; i, dispersion; j, stirring bar; k, water inlet.

In the design of this apparatus the following points were considered important:

(i) The higher the surface area to volume ratio of the bag exposed to the sink,
the more sensitive would be the system to the determination of permeability co-
efficient.

(ii) Moderate stirring inside the bag and in the sink solution would minimize
diffusion layer build up around the bag.
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(i) Complete replacement of the sink solution at each sampling time would
provide semi-infinite sink conditions and would allow a better precision in the deter-
mination of transport rates.

Procedures

The following procedure was used for the preparation of the dispersions used
in the release transport studies. An appropriate volume of a 15 %, chloroform solution
of lecithin with added dicetyl phosphate was added to a 250 ml round bottomed
flask. Then a required volume of 5.14% glucose solution containing radioactive
glucose was added. A 3/8 inch X 1/2 inch long/teflon magnetic stirring bar was
dropped into the flask and the flask attached to a flash evaporator. The aqueous and
the nonaqueous solutions were allowed to mix under magnetic stirring and rotary
motion of the flask for one hour under low vacuum obtained by using a water aspirator
at room temperature. At the end of this period, the stirring and the rotary motion
was reduced and the chloroform removed slowly by increasing vacuum with a con-
trolled leak to prevent frothing. The size distribution of the lecithin spherules was
controlled by the amount of stirring used at this stage; for example, low speed
stirring produced a wider distribution and much larger size spherules and moderate
speed stirring produced a narrow size distribution. After complete removal of the
chloroform, the dispersion was checked under the microscope and, if the procedure
was followed carefully, the microscopic examination did indicate that the dispersion
system indeed consisted of nonaggregated spherical liposomes. The dispersion was
then allowed to equilibrate for 3 h under magnetic stirring at 150 rev./min before the
start of the release experiment.

For the uptake-release transport experiments, the dispersions were prepared
using the same procedure as outlined above with the difference being that the glucose
solution added at the time of preparation contained no radioactive glucose. The radio-
active solute was then added to the external phase after the preparation of dispersion
and the release experiment was started after a predetermined period of radioactive
solute uptake by the spherules.

In the direct-release, dilution-release and in the uptake-release experiments,
5 ml of the dispersion was added to the dialysis bag and at zero time the dialysis
bag stirring assembly placed in a water-jacketed beaker containing 100 ml sink
solution and the stirrer started. At the end of each sampling time the dialysis bag
stirring assembly was transferred to another water-jacketed beaker containing
100 ml of fresh sink solution. 1-ml samples were withdrawn from the sink solution
and added to the liquid scintillation vial. To the latter, 10 ml of a liquid-scintillation
cocktail was added. (For Liquid-Scintillation Cocktail composition see ref. 32)
Radioactive counts were measured by Beckman liquid scintillation system (Beckman
Instruments, Inc., Fullerton, Calif., U.S.A.).

The particle size distribution of the dispersion was determined by the Coulter
Counter (Model A, Coulter Electronics, Hialeah, Fla., U.S.A.) on aliquots taken after
the start of the transport experiments. From the particle size distribution, mean
surface, mean volume radius and total volume of the dispersed phase were calculated.
Microscopic determinations of the particle sizes were always found to be in good
agreement with the Coulter Counter results.
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RESULTS

The three different initial boundary conditions; the direct-release, the dilution-
release and the uptake-release situations were investigated. In order to check the
reproducibility of the method, experiments were repeated using the same batch or
different batches of purified egg yolk lecithin. Experiments were also repeated using
commercial L-z-Lecithin {egg) (chromatographically pure) (obtained from General
Biochemicals, Laboratory Park, Chagrin Falls, Ohio, U.S.A.). The first initial boundary
conditions represented a typical direct-release experiment, in which the transport of
isotopic p-glucose into the sink was studied as a function of time. The experimental
results of the direct-release experiment are given in Fig. 2. The results of the dilution-
release experiment and the uptake-release experiments are given in Fig. 3 and 4

AMOUNT IN THE SINK

ke n n N " L n

1 2 3 3 5 3 b4
TIME IN SECONDS X164

Fig. 2. Data showing release of D-glucose as a function of time from a 59%, lecithin—o0.59%, dicetyl
phosphate dispersion system. Symbols represent experimental data; triangles, dispersion system 1,
prepared from lecithin batch 1; hexagonals, dispersion system 2, prepared from lecithin batch 1;
squares, dispersion system 3, prepared from lecithin batch 2; circles, dispersion system 4, prepared
from commercial lecithin; curve represents calculations using Eqns 11, 16 to 18 and the parameter
values given in Table I1. Ordinate represents 4, normalized amount of solute in the sink.
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Fig. 3. Results from the dilution-release experiments showing the release of p-glucose as a function
of time from a lecithin—dicetyl phosphate dispersion system. Symbols represent experimental data.
Triangles, dispersion system prepared from lecithin batch 1; squares, dispersion system prepared
from lecithin batch 2; circles, dispersion system 3, prepared from commercial lecithin; hexagonals,
dispersion system 4, prepared from commercial lecithin; curve represents theoretical calculations
using Eqn 11, and Eqns 16 to 18; the parameter values given in Table II.
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respectively. In the latter experiments uptake periods of o, 2, 10, and 24 h preceded
the release run.

AMOUNT IN THE SINK

—_ — " n

1 2 3 4

TIME IN SECONDS X10*

Iig. 4. Results from the uptake-release experiments showing release of p-glucose as a function
of time from lecithin—dicetyl phosphate dispersion system. Symbols represent experimental data;
after o-h solute uptake: circles with line, dispersion system 1, prepared from lecithin batch r;
closed circles, dispersion system 2, prepared from lecithin batch 2; open circles, dispersion sys-
tem 3, prepared from commercial lecithin; after 2-h solute uptake: triangles with line, dispersion
system 1, prepared from lecithin batch 1; closed triangles, dispersion system 2, prepared from
lecithin batch 2; open triangles, dispersion system 3, prepared from commercial lecithin; after
10-h solute uptake: squares with line, dispersion system 1, prepared from lecithin batch i; closed
squares, dispersion system 2, prepared from lecithin batch 2; open squares, dispersion system 3,
prepared from commercial lecithin; after 24-h solute uptake: hexagonals with line, dispersion
system 1, prepared from lecithin batch 1; closed hexagonals, dispersion system 2, prepared from
lecithin batch 2; open hexagonals, dispersion system 3, prepared from commercial lecithin.
Curves a, b, c and d represent theoretical calculations using Eqns 11 and 16 to 18 and the
parameter values given in Table II, after o-, 2-, 10- and 24-h solute uptake, respectively.

In all experiments the reproducibility of the results using the same batch of
chromatographically pure egg yolk lecithin was extremely good. However, some batch
to batch variation may be noted.

Typical Coulter Counter particle size distribution data are given in Table I.
Some variations in the particle size distribution for different batches was found.
This was expected due to the complex nature of the dispersion system. In spite of
these variations, the calculated volume, mean surface and mean volume radii of the
dispersed phase showed good batch to batch reproducibility.

THEORETICAL ANALYSIS OF THE RESULTS

Due to the complexity of the liposome dispersion model membrane system
most of the previous studies pertaining to the solute transport were qualitative.
Johnson and Bangham?® recently reported a method which permitted them to deter-
mine permeability coefficients of K+ in highly sonified dispersions of 4 % phosphatidic
acid-phosphatidyl choline. It was believed that the liposomes consisted of single
bilayers separating aqueous compartments. In the treatment of the data, the amount
of solute released from inside of the liposomes during sephadex column treatment
and before the start of the transport release run were neglected. Also, the permeability
of solute through the bag was considered extremely fast compared to the permeability
through the liposomes and was therefore neglected. The comparison of experimental
data with theory revealed marked deviations after initial times. These findings indi-
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TABLE I

327

THE PARTICLE SIZE DISTRIBUTION OF LECITHIN-DICETYL PHOSPHATE DISPERSION SYSTEM AND ITS

CALCULATED PARAMETERS

Element Radius Batch 1 Batch 2
() Total No. Total volume Total No. Total volume
X 10710 (um?) X 10-10 X ro-10 (um3) X 10-10
1 0.52080 5.4288 3.2124 4.8008 2.8396
2 0.65617 4.9948 5.93228 6.0148 7.1188
3 0.77797 1.0124 1.99704 1.0960 1.3728
4 0.87031 0.3856 1.00488 0.4464 1.2328
5 0.94636 0.2372 0.84220 0.4432 1.5736
6 1.0118 0.2476 1.17448 0.3240 1.4000
7 1.1464 0.2792 1.76240 0.3144 1.9844
8 1.303 0.0784 0.77324 0.0964 1.9508
19 1.4882 0.0404 0.53784 0.0252 0.348
10 1.6183 0.0256 0.45448 0.0092 0.1632
11 1.7302 0.01800 0.390560 0.0080 0.1696
12 1.8293 0.01280 0.32824 0.0052 0.1332
13 1.9186 0.0088 0.26038 0.0084 0.2484
14 2.0004 0.0004 0.26827 0.0048 0.1608
15 0.0759 0.0040 0.23987 0.0024 0.0980
16 2.1464 0.0044 0.16569 0.008 0.0328
17 2.2125 0.0040 0.19963 0.008 0.0364
18 2.2748 0.0040 0.19724 0.008 0.0424
29 2.3339 0.0028 0.21504 0.004 0.0228
20 2.3902 0.0020 0.16016
21 2.4439 0.0020 0.12228
22 2.4954 0.0012 0.130188
23 2.5448 0.0012 0.08284
24 2.5924 0.0008 0.08760
25 2.6383 0.0008 0.06116
26 2.6826 0.0008 0.06472
27 2.7256 0.0008 0.06744
28 2.7672 0.0008 0.07100
29 2.8076 0.0004 0.03718
30 2.8468 0.0004 0.03864
Batch 1 Batch 2
Mean surface radius (um) 0.68504 0.68602
Mean volume radius (@m) 0.72048 0.71373
Volumej (ml) . 1.05 1.03

cate serious limitations of the method of Johnson and Bangham?!®in the determina-

tion of permeability coefficients.

It is feasible to solve the rate equations using numerical methods without
making many of the approximations. Therefore, it was decided to construct several
physical models starting from the simplest. A systematic analysis of these models was
then expected to permit the selection of the most suitable model for reliable deter-

minations of permeability coefficients.

The determination of experimental bag constant
In the experimental arrangement, the overall transport of solute into the sink
involves both the movement of solute out of spherules and the transfer of the solute
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across the dialysis bag. Therefore, it is important to consider the solute transport
through the bag in the analysis of the data. The rate at which solute leaves the bag
is given by Eqn 1.

dc,

G

=8Py Cy 0y
Here, Vy, Cy and Sy are the volume of the solution or volume of the dispersion in the
dialysis bag, the concentration of solute in the bag, the surface area of the bag,
and py is the effective permeability coefficient of the bag.

Integration of Eqn 1 from initial time 4, when initial solute concentration is
C, to an assigned time £, when the solute concentration is C, would lead to Eqn 2

c_ S
ln—c—o— V—bpbt (2)

The relationship of concentrations in terms of amounts is given by Eqn 3.

_ (Ap)=:
©=7
_ (4p)=
Co = ——l;,b——o 3

Here Ay is the normalized amount of solute in the dialysis bag. Substituting Eqn 3
in Eqn 2z would give Eqn 4.

(Ap)=, Sp* Py
In = - ‘t
(Ap)=o0 Vo

If the amount of solute in the pores of the bag is neglected, the total amount of
solute is given by Eqn 5.

(Ab)t=0 = (Ab)t=t + (As)l=l (5)

Here, A; is the normalized amount of solute in the sink.
Substituting (Ap)t=¢ from Eqn 5 in Eqn 4, Eqn 6 is obtained.

In (Ap)i=0 — (A= - _ Sb'l’b.2
(Ap)=o Ve

A plot of the log term in Eqn 6 vs time is shown in Fig. 5. A straight line was drawn
through a set of four experimental points. The slope of the straight line represented
Sb*pv/Vb, from which the experimental bag constant was obtained. The latter was
defined as the product of the permeability coefficient and surface area of the bag.

4

(6

Monosize single membrane model
The spherules are assumed to be of the same size. Furthermore, the model
assumes that the solute instantaneously partitions between the aqueous and the
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lipid phases within Compartment I, which represents spherules and that the only
barrier to solute transport is located at the external lipid-aqueous interface.

1.0
0.9
08-

0.7--4

0.6

0.5

0.2..

0. —

W 206 30 40 _,s'.o
TIME, SECONDSX10

Fig. 5. First order plots used for the determination of bag constant of p-glucose through dialysis
bag. Different symbols represent data from four experiments.

The relationship between the aqueous concentration and the total concentration
in Compartment I is given by Eqn 7.

Vv, + k1)
L=y Cua V)
l(va + v[)
Here, C1,¢, C1,4 are the average and aqueous solute concentrations in Compartment I,
respectively; vy and v, are the aqueous and lipid volume fractions of Compartment I,

respectively; & is the lipid—aqueous partition coefficient.
The transport rate at which solute leaves Compartment I is given by Eqn 8.

dc,,
- Vl'd—;' = SI'P(Cl.a - Cn) (8)

Substituting Cj,4 for Cr1,¢ from Eqn 7 in Eqn 8 and rearranging gives Eqn 9.

_ dC,,, - Si' HCra — Cu) )
dt Vi(v, + k-v,)
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Here, S; and p are the surface area and permeability coefficient of the spherules,
respectively. The rate expression for solute concentration in Compartment II,
the aqueous external phase of the liposome dispersion is given by

dC
VH'T" =S;"P(Cia — Cy) = Po Sy Cyi (10)

The rate of appearance of the solute in the sink is given by Eqn 11.

dA,

T=pb'sb'cll (11)
These equations may be solved by numerical methods. The calculations were carried
out using the IBM 360 digital computer. The computer flow diagram for the calculation
of concentration and amount distribution is shown in Fig. 6.

[INPUI DATA: TAMT VOL2 NOP RAPID BC PERM  XKLI XKL2 AYIME,N]

_R-STYDY * U-R_STUDY

\SW/
INITIAL CONDITION FOR RELEASE STUDY INITIAL CONDITION FOR UPTAKE-RELEASE STUDY
T20 Ci gl N2 T=0 < izl - ... N+2

SUBROUTINE YARU

CALCULATION OF A GROUP OF DERIVATIVES
izl .- N+2

NUMERICAL INTEGRATION BY MEANS OF
HAMMING METHOD (INCLUDING R-K METHOD
FOR THE FIRST THREE STEPS) CALL YARU

TSUBROUTINE DASU)

,OUTPUT OF '
ICALCULATED '

YRESULTS AT | JCONDITIONS AT T = ATIME 1S TRASFERRED
:!VERY ! TO NEW INITIAL CONDITION

1ASSIGNED TIME !

TAMT : TOTAL AMOUNT OF THE SOLUTE IN THE ENTIRE SYSTEM

VOL2 : VOLUME OF THE DISPERSED PHASE

NOP :NUMBER OF PARTICLES

RAPID: RADIUS OF PARTICLES

BC :8AG CONSTANT

PERM: PERMEABILITY COEFFICIENT OF EACH SEGMENT

XKL1 : PARTITION COEFFICIENT OF i=2.-..... n SEGMENTS

XKL2 : PARTITION CORFFICIENT BETWEEN OUTERMOST LIPID PHASE AND COMPARTMENT I
ATIME: ASSIGNED TIME

N I NUMBER OF SEGMENTS

Fig. 6. Flow diagram used for the computations of concentration and amount distributions in
the physical models for three different initial boundary conditions.
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As would be seen later, the initial slope of the solute transport would be mainly
a function of the partition coefficient. So, the partition coefficient was determined
by trying different values to fit the initial experimental points. Different permeability
coefficients were then tried in an attempt to fit the theory with the experiment. The
results of these computations for the release experiments are shown in Fig. 7 and
compared to the experimental data. It is apparent that a reasonable fit of the experi-
mental data with the theory cannot be obtained by trying different permeability
coefficients.

AMOUNT IN THE SINK

TIME IN SECONDS X16*

Fig. 7. Comparison of experimental data and results of computations using monosize-single mem-
brane model. Symbols represent experimental data; curves represent results of computations:
p = 2.666- 10710 for Curve a, p = 1.2-10-® for Curve b, p = 4-107® for Curve ¢, p = 1.2°1078
for Curve d.

Multisize single membrane model

In this physical model the assumption of monosize spherules is not made and
the particle size distribution determined with the Coulter Counter is incorporated
into the analysis. The other assumptions remain unchanged.

Considering all elements of the particle size distribution for the average solute
concentration in the spherules Eqn 12 is obtained.

Vj. l(va + vl'k)
Cj.l,t - _m j.La (12)

Here V1 and Cj 1,sare the total volume and the aqueous solute concentration of
the spherules in jth element of particle size distribution which is comprised of j = 1
to j = m size elements.

The rate at which solute is released from the spherules in the jth element of the
particle size distribution is given by Eqn 13.

dc;
= Vi, + U;'k)'#l'a =S P(Cj1.— Cw) (13)
The total flux from Compartment I is then given by Eqn 14.

G =

]

sj,l'P(Cj,l,a - Cn) (14)

i=1
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The expression for solute concentration in Compartment II is given by Eqn 15.

dCy -
l/[l'7=|tji'lsj,l'p(cj,l,a - Cu):]—sb'l’b‘cu (15)
The rate of appearance of the solute in the sink is then given by Eqn 11 as before.

These equations were solved as outlined earlier adjusting first the partition
coefficient to the initial rate data and then varying the permeability coefficient over
a range of values. The results of these computations for the release experiments are
given in Fig. 8. The comparisons between theory and experimental show that a
reasonable agreement cannot be obtained simply by adjustment of the permeability
coefficient.

The above analysis of monosize and multisize single membrane models strongly
indicates that such release data cannot be handled by physical models which assume
only a single membrane controlled process. In view of this, it was believed that
physical models considering multiconcentric layers separating aqueous compartments
should be investigated.

AMOUNT IN THE SINK

1 2 3 4 H 6 7 8

TIME IN SECONDS X16*

Fig. 8. Comparison of release experimental data and results of computation using the multisize
single membrane model. Symbols represent experimental data; curves represent theoretical calcu-
lations; p = 2-10-® for Curve a, p = 4 107? for Curve b.

Monostze-multiconcentric layer model 1

As a first approximation, it is assumed here that all the spherules are of the
same size. Fig. ga gives a schematic diagram of this model. A schematic cross section
showing the division of Compartment I into segments is shown in Fig. gb. In each
spherule 7 = 1...n number of concentric layers (segments) of equal thickness are
considered. Segment I is defined as the innermost agueous phase. Segments 2...%
contain an aqueous phase and a lipid phase. The externalmost lipid phase is con-
sidered as part of Compartment II. The main barrier to solute transport is assumed
to be the inner aqueous lipid interface. It is assumed that there is good mixing in
both phases, so that there is no concentration gradient in each segment, neither
in the lipid phase, nor in the aqueous phase. The partition coefficient, #,, applies to
the lipid in the 7 — 2...n segments and the partition coefficient, k,, refers to the
outermost lipid phase and Compartment II.
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COMPARTMENT I COWPARTMENT K DIALYSIS 4G
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bt

Fig. 9. (a) Schematic representation of monosize-multiconcentric layer model. (b) Schematic cross
section of multiconcentric layer model showing the division of Compartment I into i = 1....%
segments and the differences between Model 1 and Model 2.

Eqn 16 relates the average solution concentration to the aqueous and lipid
contributions for the ¢ == 2 to the «+ = nth segment

(Vl 0, + V3 0)Ch, = (Viovpky + V2 0,)C,,
(V;l— 1 .v[ + Vn' vn)cn.t = (Vn— 1 'Uz' kl + Vn' va)cn,a (16)
Voo, + VDC e = (V0,0 k, + WGy

The rates at which solute leaves Segment 1 and Segments ¢ = 2...n are given by the
set of Eqn 17.

G 5 p(Ca - Cr)

BRC T

dcC,,
(Vl 'vt'kl + V; v,) dtz, =8, pMCya— Cz,.) - Sz'P(Cz,a - C3,n) an

* dc,,
(Vn—l 'vz'kl + Vn'va) _dt, = Sn—l 'p(cn—l.a - Cn.a) - Sn'p(cn,a - Cll,n)
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The rate of appearance of the solute in Compartment II is given by Eqn 18,

dcll.a
dt
The rate expression for the amount of solute in the sink is again given by Eqn 11,

Eqn 11 and Eqns 16-18 were solved as outlined earlier (see Fig. 6) utilizing a
“best”” set of parameter values which will be discussed below. Figs 2—4 give the

(Vn'vz'kz + V) =8, P(Cra— Cua) = So'Po Cua (18)

[
asof »
x [3
2 200}
- []
X ¢
= asof
z
-
Z 100}
°
3
< oso]
050
A . — R A . R R
2 4 s 0 6 I L S I IR L I

TIME IN SECONDS X16°

Fig. 10. Determination of partition coefficients, &, and k,, from the initial transport rate for the
release experiments using Eqn 11 and Eqns 16 to 18. Symbols represent experimental data,
curves represent different partition coefficient values used in the computations: #, = k, = I5
for Curve a; k, = k, = 19 for Curve b; k, = k3 = 23 for Curve c; %k, = #; = 25 for Curve d;
ky = k, = 27 for Curve e; other parameters were taken from Table II.

I ° o o
N o PS »

AMOUNT IN THE SINK

o

" N i " n n " i i

4 I3 s 10 12 14 16 [0
TIME IN SECONDS X10

Fig. 11. Comparisons of the experimental initial release rate data, obtained from the second and
the third initial boundary condition cases with the computation results using the monosize-
multiconcentric layer Model 1 using the parameter values given in Table II. Curve a represents
theory for the o-h uptake case, circles are the experimental o-h uptake case; Curve b represents
theory for the 2-h uptake case, triangles are the experimental 2-h uptake case; Curve c represents
theory for the 10-h uptake case, squares are the 10-h uptake experimental points for dispersion
systems prepared from batch 1, batch 2z and commercial batch of lecithin, respectively; Curve d
represents theory for 24-h uptake case, hexagonals represent experimental points for dispersion
systems prepared from batch 1, batch 2, and commercial batch of lecithin respectively; Curve e
represents theory for the dilution-release experimental case and the corresponding symbols (stars)
arc the experimental data for this situation.
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comparison between these theoretical computations and the three different types of
experiments. In Fig. 2 the direct-release results are compared, and in Figs 3 and 4
the dilution-release and the uptake-release results are compared with the theoretical
computations. Figs 10 and 11 give some of the early time results compared to theory
on an expanded scale.

The generally good agreement found between all of the experiments and this
model employing a single set of parameters suggests that this model may be a reason-
ably good one for quantitatively characterizing the transport behavior in the liposome
dispersion systems.

Convergence of theoretical velease curves. For the multiconcentric layer model,
the choice of the value for the permeability coefficient, p, depends upon both the
radius, 7, of the spherules and the number #, of segments used in the calculations
according to the relationship:

p= - (19)
Here, P could be regarded as the effective bulk permeability coefficient, when the
spherule is treated as a homogeneous sphere. Fig. 12 shows the convergence behavior
of the theoretical curves as # is increased at constant P. The dotted line represents
the extrapolated release curve when # is approaching infinity. Note that when
n = 45, which was the value used in the calculations given in Fig. 2, the curve is about
2 % higher than that for n— o case. The relationship defined in Eqn 19 points out
that in the absence of precise information about the actual number of concentric
layers in the lecithin spherules, the effective bulk permeability coefficients, P, could
be a very useful parameter for quantitating the permeability behavior of the lipo-
somes. It is therefore proposed that the best P values be determined in such cases
at sufficiently large » values.

Convergence of theoretical uptake-release curves. For uptake-release experiments
Eqn 19 could also be used to study the convergence of release curves by trying
different n values, keeping P constant. The results of the theoretical calculations for

AMOUNT IN THE SINK

I i i

; 2 3 ry g [) 7 3

TIME IN SECONDS X15*
Fig. 12. Calculations using the monosize multiconcentric Model 1 showing the convergence of
theoretical release curves for sufficiently large » (Eqn 19). Curve a, # = 5; Curve b, n = 15;
Curve ¢, n = 30; Curve d, » = 45. The dotted Curve e, corresponds to the case when # is extra-

polated to infinity. p/n = (2.666-10719) for all calculations, and other parameters taken from
Table II.,
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the 2-h uptake case is given in Fig. 13. As can be seen, the curves appear to be con-
verged by n = 45.

Sensitivity of the method to P. Taking the situation when # is sufficiently large,
calculations were carried out to determine the sensitivity of the method to effective
bulk permeability coefficient, P. The results in which P was the only variable are
presented in Fig. 14.

It is important to note that the initial part of the curves is not sensitive to P.
However, the slopes of the later time portions of the curves are strongly dependent
upon P.

Partition coefficients (k,, k,). The initial slopes (see Fig. 10) of the solute release
rate is mainly a function of the partition coefficients, provided # is sufficiently large.
The results of the computations, when the partition coefficients were the only variables,
are given in Figs 10 and 15. It is noteworthy that, while the partition coefficients alter
the position of the curves relative to each other, the slopes of the later time portions
of the release curves remain relatively constant.

AMOUNT IN THE SINK

I 1 n

1 2 3 4

TIME IN SECONDS X104

Fig. 13. Calculations for the third initial boundary condition case with a 2 h uptake using mono-
size-multiconcentric Model 1. The curves show the convergence of the theoretical release for
sufficiently large » (Eqn 19); Curve a, n = 5; Curve b, n = 15; Curvec, n = 30; Curve d, n = 45,
pin = (2.666-10719) and the other parameter values taken from Table II.

i n i I i L A

T 2 3 4 5 6 7 s
TIME IN SECONDS X164
Fig. 14. Calculations using monosize multiconcentric Model 1 showing the effect of the effective
bulk permeability coefficient on release curve. Curve a, P = 2.4352:1071%; Curve b, P =

2.13108:1071%; Curve ¢, P = 1.82664 10719, Curve d, P = 1.21776-10"1%; Curve e, P =
6.0888- 10-11, Other parameter values taken from Table II.
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Experimental bag constant. Slight variations in bag constant are expected from
experiment to experiment. Computations were, therefore, carried out in which the bag
constant was varied + 10 %. All other parameters were kept constant. The results of
these calculations are given in Fig. 16. It can be seen that such variations in the bag
constant would only affect the initial part of the curve.

AMOUNT IN THE SINK

n A i I A A n A

1 2 3 4 5 [ 7 []
TIME IN SECONDS XIO.‘

Fig. 15. Calculations using monosize-multiconcentric Model 1 showing the effect of the partition
coefficient on the theoretical release behavior. Curve a, &, = k; = 15; Curve b, &, = &, = 19;
Curve c, k; = k, = 25; Curve d, &, = %, = 27.

AMOUNT IN THE SINK

i n I n n 1

1 2 3 4 5 [3 7 []

TIME IN SECONDS X16*

Fig. 16. Calculations using monosize-multiconcentric Model 1 showing the effect of the bag con-
stant on theoretical release rate. Curve a, +10%, deviation; Curve b, —109%, deviation from
experimentally determined bag constant value. Other parameters taken from Table II.

Influence of the spherule volume. The volume of the entrapped aqueous solution
was varied in the calculations, keeping other parameters constant, in order to study
the sensitivity of the calculations to the quantity. Fig. 17 gives the results of these
computations which show that a 20 % spherule volume uncertainty has a relatively
small effect on the calculations.

Mean surface and mean volume radii. The calculated values of the mean surface
and mean volume radii were different for the same particle size distribution (Table I).
Fig. 18 gives the results of the computations using the two different radii values
keeping all other quantities constant. The effect is quite small and on this basis either,
mean surface radius, or mean volume radius could have been used.

Partition coefficient, k. In the monosize-multiconcentric Model 1 two partition
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coefficients were defined. The reason for this was that the external most lipid phase
might be expected to behave differently than the lipid in the inner layers. Also
the entrapped aqueous solution might be expected to behave differently than the bulk
aqueous solution in Compartment IT as far as partitioning of solutes are concerned.

AMOUNT IN THE SINK

4 I I

" " .

1 2 3 4 5 3 7 .
TIME IN SECONDS x16*

Fig. 17. Calculations using monosize-multiconcentric Model 1 showing the effects of uncertaintie

in volume of Compartment I on the theoretical release. Curve a, Vi = 1.15 ml; Curve b, Vi =
0.95 ml.

0.9
o.st 3
0.7} »
o.6f »

0.5
0.4}
03}
o.2]

AMOUNT IN THE SINK

0.1

TIME IN SECONDS X16%

Fig. 18. Calculations using monosize-multiconcentric Model 1 comparing the release results using
the mean surface radius with those obtained using the mean volume radius. Curve a, mean volume
radius; Curve b, mean surface radius.

Fig. 19 shows the results of the computations in which &, was the only variable.
As can be seen the influence of the choice of &, over a reasonable range is quite small
when # is large. The effect of &, becomes more important as # decreases. If an extremely
large value for k, were to be appropriate, significant negative deviations of the experi-
ment from theory (Model 1) should have been observed in the results shown in Fig. 11
for the early time data in the uptake-release studies. However, the deviations were
small and, if anything, were in the opposite direction.

Monosize-multiconcentric layer Model 2
In the preceding discussion it was shown that the choice of %, ~ &, was

reasonable and the fit of the experimental data to theory was relatively insensitive
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to &, (see Fig. 19) when n was large. This essentially means that adsorption or binding
of the solute in the outermost layer is no more important than that in the interior
lipids.

AMOUNT IN THE SINK

A i I i 1 i A A

1 2 3 4 5 6 7 8

TIME IN SECONDS Xx16*

Fig. 19. Calculations using monosize-multiconcentric layer Model 1 showing the effect of %, on
theoretical release curve. Curve a, k, = 2; Curve b, 2y = 23; Curve ¢, k3 = 40. Other parameter
values were taken from Table II.

AMOUNT IN THE SINK

0.0 . i i n A i 1

=)

1 2 3 4 B [} 7
TIME IN SECONDS Xx16°

Fig. 20. Comparison of experimental data and results of computations using monosize-multi-

concentric layer Model 2 for the release experiment. Symbols represent experimental data, curves

represent results of computations: for Curve a, # = 21; for Curve b, & = 23. Other parameter
values taken from Table IL.

An alternative way of examining this question is to investigate a model in
which the last lipid layer is treated as the same as the other lipid layers in the spherule.
Consequently, Model z requires only a single % value. Fig. gb shows a schematic
cross section of Model 2 and division of Compartment I into segments. In this case,
in contrast to Model 1, the outermost lipid layer is “‘inside’’ the spherule. The location
of the barrier to solute transport is assumed to be at the outer water-lipid interface for
each segment. Other assumptions remain the same as those used in Model 1. Equations
analogous to equations given under Model 1 may be deduced and solved. Fig. 20
presents the best fit results of Model 2 with the experimental data. It can be seen that
the same good fit was obtained using the same parameter values given in Table II
except for the slightly smaller % value was required.
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TABLE II

THE INPUT DATA USED IN THE CALCULATIONS FOR THE MONOSIZE-MULTICONCENTRIC MODEL 1 AND
MONOSIZE-MULTICONCENTRIC MODEL 2

Vi n p X 168 py-Sy X 10® Partition Mean
(mi) (cm-s1)  (emBrs7Y) coefficient surface radius
———— (um)
Ry kB Ry
Monosize-
multiconcentric
layer Model 1 1.05 45 1.2 1.919 23 23 0.685
M sr.osize-
multiconcentric
layer Model 2 1.05 45 1.2 1.919 21 0.685

Multisize-multiconcentric layer models

A major assumption in the two models described above was that the spherules
were all of the same size. Therefore, it is important to show that particle size distribu-
tion effects would be expected, to be negligible or small. An estimate of the particle
size distribution effect was made by taking the first nine elements of Table I, 7.e.

TABLE III

THE INPUT DATA USED IN THE CALCULATIONS FOR THE MULTISIZE-MULTICONCENTRIC MODELS

Mean Total No. No. of P X 10° Partition coefficient

surface radius of particles  segments (em-s—1)

) % 10-10 Model 1 Model 2
ky ky k

0.60835 78.10 15 4.5 23 23 21

0.93336 4.80 23 4.5 23 23 21

1.2229 1.95 30 4.5 23 23 21

AMOUNT IN THE SINK

0.0

1 n 1 A

1 2 3 4 5 3 7 []

TIME IN SECONDS X10*

Fig. 21. Comparison between the calculated release curves using the monosize multiconcentric
layer models and multisize-multiconcentric models. Curve a, monosize-multiconcentric Model 1;
Curve b, multisize-multiconcentric layer Model 1 ; Curve c, multisize-multicon centric layer Model 2
Curve d, monosize-multiconcentric layer Model 2.
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particle size distribution between 0.52 and 1.49 ym radius. The particles in the range
represent about 85 % of the total volume of the spherules. The computations were
further simplified by dividing the nine elements into three sections for which the
mean surface radii were calculated. The number of segments were then estimated
for the three sizes (see Table I1I). The basic equations for this situation would involve
a combination of equations of the type used for the multisize-single membrane model
and the monosize multiconcentric layer Model 1 or Model 2.

Fig. 21 gives the theoretical curves for the multisize-multiconcentric layer
models based upon the input data given in Table III. These are compared to the
monosize-multiconcentric layer models theoretical results. As can be seen the differ-
ences between the monosize and multisize models are very small. Therefore, the
approximation of neglecting the distribution of particle sizes is a good one. These
results further support the use of the monosize-multiconcentric layer Model 1 or
Model 2 for determining effective bulk permeability coefficients in the liposome dis-
persion model membrane systems.

KEY TO THE SYMBOLS USED IN THE TEXT

C, the solute concentration at assigned time

Co, the initial solute concentration (¢ = o)

Cp, the solute concentration in the dialysis bag

Ci1,¢, the average solute concentration in Compartment I

Cr,e, the aqueous solute concentration in Compartment I

Ci1,  the solute concentration in Compartment II

Cj1.a, the aqueous solute concentration in the jth element of the particle size distribution
of the spherule

Cp,s, the aqueous solute concentration of the #th segment

Ci1,a, the aqueous solute concentration in Compartment II

Vy,  the volume of the solution or dispersion inside the dialysis bag

Vi, the volume of Compartment 1

Vi, the volume of Compartment 11

V4,1, the volume of the jth element of particle size distribution of the spherule

Va,  the volume of the nth concentric layer of the spherule

Va, the aqueous volume fraction
vy, the lipid volume fraction
k, the aqueous-lipid partition coefficient

k,, the aqueous-lipid partition coefficient of ¢ = 2 to ¢ = nth segment
kg, the aqueous-lipid partition coefficient of the last lipid layer

¢, time

Ap, the normalized amount of solute in the bag
As, the normalized amount of solute in the sink
Sv, the surface area of the bag

Sy, the surface area of Compartment I

Ss1, the surface area of the jth element of the particle size distribution of the spherule
Ss,  the surface area of the nth concentric layer of the spherule

D, the permeability coefficient of the spherule or of each segment
v,  the effective permeability coefficient of the bag
1, the number of segments
7 the number of elements of particle size distribution of the spherule
P, the effective bulk permeability coefficient of the spherules
7, the radius of the spherule
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