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ABSTRACT The glucose permeability of bilayers formed from phosphatidylcholine, Brij30, and sodium octadecyl sulfate has
been determined via an enzymatic reaction. Glucose is encapsulated in either uni- or multilamellar vesicles (MLV) and its con-
centration in the dispersion medium is monitored by spectrophotometry analysis through the rate of glucose oxidase-catalyzed
reaction of glucose oxidation. A kinetic model of leakage, taking explicitly into account one, two, or n,,-walls (n,, » 1) for the vesicles
and assuming an enzymatic Michaelis-Menten behavior, is proposed and used to fit the experimental data. The two-wall model
was chosen to fit experimental data obtained on MLV since an average value of 1.7 bilayers was estimated for MLV by cryo-TEM
imaging. A permeability value of 5.8 + 4.4 10~° cm/s was found. The proposed model is validated by the measurement of the
bilayer permeability deduced from the modeling of glucose leakage from unilamellar vesicles with the same composition. In this
latter case, a value of 8.3 + 0.7 10~° cm/s is found for the permeability, which is within the error bar of the value found with MLV.

INTRODUCTION

For more than 30 years, the estimation of bilayer permeability
to different types of solutes has been of great interest for
biophysicists, especially for phospholipid-based membranes.
One of the reasons for such an interest is that phospholipid
vesicles or liposomes (uni- or multilamellar) are regarded as
potential drug delivery systems, e.g., vectors for gene transfer
(1,2), in the diagnostic imaging of tumors (3), or as cosmetic
agents for the delivery of moisturizers and antiinflammatory
agents to the skin (4).

Most of the time, membrane permeabilities of liposomes
are not calculated but discussed from the comparison of the
time-dependent release of a solute which can easily be traced
or from the comparison of the percent efflux of the solute
measured at a given time. Such comparative studies have been
performed to assess the effect of temperature (5,6), sterols
(5-9), liposome coatings (10), phospholipid type (11), addi-
tion of amphiphilic compounds (12), or proteins (13,14) on
bilayer permeability to a given molecule. If this solute is a
dye (carboxyfluorescein (8,10), calcein (12,14)), its release is
determined by monitoring the increase of fluorescence inten-
sity accompanying the dilution of self-quenched fluoro-
phores into the surrounding medium. In the case of enzyme
substrate such as glucose, its loss is followed spectrophoto-
metrically by an enzyme assay, usually hexokinase and
glucose-6-phosphate dehydrogenase (5-7,11,13,15,16).
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More recently, a method based on the measurement of the
time-dependence of the second harmonic field produced by
light irradiation of a liposome suspension in the presence of
malachite green was developed. The fitting of the decay of the
second harmonic field leads to the determination of time
constants, which are discussed in term of liposome perme-
ability (17,18). This technique may be adapted to many sys-
tems (polymer beads, emulsions, etc.) (17), but it is specific
to one solute, namely the malachite green.

The first calculation of permeability dates back from 1969
when Johnson and Bangham (19) proposed a method to
measure permeability coefficients for a single-walled system,
i.e., unilamellar vesicles. A radioactive tracer (e.g., KMy is
encapsulated in unilamellar liposomes placed in dialysis bags,
with the bags themselves placed in tubes containing isotope-
free solutions. The counts escaping from the liposomes have
to pass through the bag into the external solution where the
radioactivity counting is then performed at known times. A
mathematical model is presented which allows the calcula-
tion of the permeability coefficient of liposomes knowing the
bags permeability and volume, the liposome volume, and the
number of counts in the external solution. This method has
been largely used for determination of the permeability co-
efficient to alkali metal cations (K*, Na™ (20-22), C1~ (21),
and Cs* (22)) and '*C glucose (21,23-25), but is not straight-
forward and requires labeled solutes.

Radioactivity measurements have also proved to be effi-
cient in the case of black lipid membranes. Wood et al. (26)
showed that the permeability value of a planar film could be
deduced from the counts of labeled material that passes
through the black lipid films. The permeability to '*C glu-
cose was found, e.g., for lipid extract of blood cells (26,27)
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and phosphatidylcholine-containing films (28,29). One of
the major drawbacks of this technique is that preparation
of the bimolecular lipid membranes results from the brushing
of a solution containing organic solvents in which lipids are
dissolved: the exact composition of the membranes is thus
not known, and additional organic molecules are present to
some extent in the black films.

All the above reported techniques for permeability co-
efficient measurements require labeled molecules, are dis-
crete methods, and rely on mathematical models developed
for uni-lamellar vesicles. In this article, we report a real-time,
one-step method to calculate the permeability coefficient
to isotope-free solutes across bilayers based on the time-
dependence of the external solute concentration. Mathematical
models for solute release from two-wall and multiwall sys-
tems are proposed that allow the determination of membrane
permeability. The two-wall model is applied to the release of
glucose through multilamellar vesicles. In our case, the ex-
travesicular glucose concentration was indirectly followed
by the measurement of the time-dependence of the rate of
glucose oxidation through an enzymatic assay. Cryo-TEM
imaging shows that glucose-containing vesicles are two-
walled vesicles and the corresponding model leads to a value
of the glucose permeability, which is compared to the value
obtained from unilamellar vesicles of the same composition.
The latter value is deduced from a one-wall model based on
the work of Sato et al. (30). Both values are found to be com-
parable, which confirms the validity of the proposed model.

MATERIALS AND METHODS
Chemicals and solutions

A mixture of phosphatidylcholine from fat-free soybean lecithin consisting
mainly of linoleic phosphatidylcholine (Lipoid S100) was provided by
Lipoid (Ludwigshafen, Germany). A mixture of dodecyl-polyoxyethylene-
glycols Cy,E, in which n ~ 4 (Brij30), and sodium octadecyl sulfate (SOS),
were purchased from Aldrich (Milwaukee, WI).

The glucose oxidase (GOx) from Aspergillus niger (E.C.1.1.3.4, type
VII-S) was obtained from Sigma (St. Louis, MO). Peroxidase from horse-
radish (Grade II) as well as 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS) was from Boehringer Mannheim (Mannheim, Germany).
D-(+)-glucose was purchased from Sigma. A potassium phosphate buffer
(0.1 M, pH = 7) was obtained by adjusting the pH of a solution of K,HPO,,
3H,0 (2.28 g/100 mL water) to 7.0 by adding a solution of KH,PO, (1.36 g/
100 mL water). D-(+)-glucose (1.1 mM) and peroxidase (POD, 1.58 U/mL)
were dissolved in water, whereas ABTS (1.6 mM) and GOx were dissolved
in phosphate buffer. The D-(+)-glucose solution was left to mutarotate at
room temperature for at least 24 h before use.

The molecular weight of glucose oxidase is 150 kDa. In all experiments,
unless otherwise specified, 1 g of GOx contains 185,000 U. One unit (U) is
the amount of enzyme required to oxidize 1 umol of B-D-glucose per minute
at 35°C and pH = 5.1 (Sigma definition).

Preparation of vesicle dispersions

Preparation of surfactant mixtures

SOS and S100 powders were first separately lyophilized to remove all water
traces. Each surfactant was weighed in the right proportion—Brij30 (5 wt %
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of total surfactants), SOS (20 wt %), and S100 (75 wt %)—to give a total
amount of 50 mg and then dissolved in chloroform/methanol (4/1 v/v). All
the fractions were mixed together and the organic solvents were removed
under vacuum using a rotavapor. Then, water and organic solvent traces were
removed by overnight lyophilization.

Preparation of multilamellar vesicles (MLV)

Multilamellar vesicles (MLV) were obtained from a lamellar phase prepared
by mixing surfactants and a D-(+)-glucose solution in equal amounts. Fifty
milligrams of a 0.275 M glucose solution was added to hydrate 50 mg of the
yellowish surfactant mixture. The sample was then manually sheared at room
temperature for ~10 min and left without stirring for 10 additional minutes.
This step was repeated until the paste looked homogeneous. A compact
phase of multilamellar vesicles is then obtained. Twenty milligrams of MLV
were then dispersed into an O,-saturated ABTS solution (2.215 mL) under
agitation using a vortex stirrer (600 rpm) for ~10 min. This step was per-
formed just before spectrophotometric measurements.

Preparation of unilamellar vesicles (UV)

Thirty milligrams of lyophilized surfactants—Brij30 (5 wt % of total
surfactants), SOS (20 wt %), and S100 (75 wt %)—are dissolved in 2 mL
chloroform. The organic solvent is removed by rotary evaporation for 2 h,
leaving a thin film on the 25 mL round-bottomed flask wall. The dried film is
then rehydrated with 1.470 mL of ABTS solution in phosphate buffer (pH =
7) and 30 uL of a 0.275 M D-(+)-glucose solution. The milky solution
obtained after flask-stirring is then poured into a vial and sonicated at 30%
power in a Branson Sonifier 250 Ultrasonic Model (duty cycle 80%) for
20 min (Branson Ultrasonics, Danbury, CT). The sample was sealed during
sonication, and immersed in an icy water bath to avoid any heating of the
solution. Sonication was performed just before spectrophotometric mea-
surements. The absence of any MLV in the sonicated solution was checked
by phase contrast microscopy analysis.

Vesicle radius measurement

The size distribution of the multilamellar vesicles was determined by static
light scattering using a Malvern Autosizer model S (Malvern Instruments,
Malvern, Worcestershire, United Kingdom).

Unilamellar vesicles radius was measured using dynamic light scattering.
Measurements were made at a scattering angle of 90° and the sample was
maintained at 20 = 1°C. The laser wavelength was 6471 A.

Glucose oxidase activity measurement

Glucose oxidase (GOx) activity, i.e., the reaction rate of the glucose oxidase-
catalyzed reaction, was assayed using a spectrometric procedure provided by
Boehringer Mannheim. This method is a modification of a previously de-
scribed method where O-dianisine was used as the leuco-dye instead of
ABTS (DH,) (31,32). The assays are based on the redox reactions

D( + )Glucose + O, g D-glucono-1, 5-lactone + H,0,
POD
H,O, + DH, <= 2H,0 + D,

where D, the oxidized form of ABTS (DH,), is a dye (A,,s = 405 nm).
The reaction rate of the glucose oxidase-catalyzed reaction is therefore
determined by measuring the increase in absorbency at 405 nm resulting
from ABTS oxidation through a peroxidase (POD)-coupled system as a
function of time. All the experiments were performed using a Perkin-Elmer
UV-visible spectrophotometer (Perkin-Elmer, Boston, MA). The temperature
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of the spectrophotometer cell (25°C) was kept constant using flowing water.
For MLV measurements, the 0.1 cm light-path cell was filled with ABTS
(1.6 mM in the cell), POD (1.58 UmL ™" in the cell), GOx (50 mU mL ™" in
the cell), and glucose-containing multilamellar vesicles (20 mg in 2.5 mL,
i.e., a glucose concentration of 1.1 mM in the cell). Oxygen was provided by
the solution of ABTS, which was oxygen-saturated before each measure-
ment. Experiments were carried out at pH = 7.

For experiments performed on unilamellar vesicles, 1-cm light-path cells
were preferred. Concentrations in POD and GOX in the cell are similar to
those used for MLV experiments, while ABTS concentration is slightly
lower, but still in excess (1.3 mM in the cell). Five-hundred microliters of the
SUV dispersions in ABTS (see Preparation of Unilamellar Vesicles) were
put into the cell filled with ABTS, POD, and GOx, so that a glucose
concentration of 1.1 mM is also reached in the spectrophotometer cell.

THE MODEL

Kinetic model of leakage: concentration of
glucose in the outer phase

One-wall (unilamellar) vesicles

A model for solute permeability through one single bilayer,
appropriate for unilamellar vesicles, has been proposed by
Sato et al. (30). Here, we simply recall the main concepts and
equations, as they will prove useful for the proposed gener-
alizations in the following.

Let us consider a compound simultaneously present inside
and outside an unilamellar vesicle. Let us call ¢;,(f) and cy,(?) its
concentrations, respectively, which are inside and outside the
single-walled vesicle, and V,,, the volume of outer phase. By
definition of the membrane permeability P, the variation 8¢ ,(f)
of ¢,y (?) during the delay ot is given by the equation (19,22)

Vaean(®) =5 lenlt) — crOlr, (D
where S denotes the sum of the outer and inner surface area
of the liposomal membrane.

Taking into account mass balance (i.e., expressing that the
total number of solute molecules, either inside the vesicle or
in the outer medium, is a constant), the two concentrations
are related by

Vout Cout (l) + Vin Cin (t) - Vtot Ciot 9 (2)

with (in the limit where the volume encapsulated by the
vesicle is much smaller than the volume of the outer medium,
that is to say, Vi, « Vou),

Vou
Cin (t) = - [Ctm

y o™ Coul(1)]- ()

Written as a differential equation, Eq. 1 then takes the
form

d[coul(t)/clol] _ S_P _ Cout(t)

Ciot

The solution of Eq. 4 is easily expressed as a single-
exponential relaxation, and written as

Cnut(t) - Clot + [Cout(o) - Ctol]exp[_Z/T]v (5)
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with the characteristic time for leakage out of the vesicle
being given by
2V,
==, 6
TSP ©)
Besides, note that Eq. 5 implies that cou( ) = cop = Crot,
a relation to be used below, in Results.
In the case of a spherical vesicle of outer-radius R and
wall-thickness &, the geometrical factor in Eq. 6 is given by
Vi 1 [R-8] o
S 3R +[R-8"
which leads, in the limit where 8 « R, to a characteristic time
of leakage expressed for unilamellar vesicles as

R

T=2p ®)

Multiwall vesicles

The kinetic equation for one-wall vesicles, Eq. 1, is easily
generalized to the case of multiwall vesicles, with n,, inner
compartments and, therefore, n,,+ 1 concentration variables.
Indeed, the total number of solute molecules contained in the
i compartment, with a volume V;, varies because matter
transfers occur with the two adjacent compartments i+ 1 and
i—1, through permeation across the two bilayer walls of mean
areas S; and S;_ 1, respectively (refer to the schematic drawing
in Fig. 1; note also that, as compared to the conventions used
in writing Eq. 1, we have dropped here a factor 2). Assuming
that the permeability coefficient P does not depend on the
wall rank 7, such a mechanism leads to

dCi(t)
dt

Vi = P[Sii[cii (1) = ai(0)] = Silei(r) = cicn (D], 9)
since a more concentrated compartment will always leak into
a less concentrated one. Consider, however, that Eq. 9 is
valid only for 1 <i < n,, +1, and should be replaced for the
outer and innermost compartments by, respectively,

VarZ ) _ b, e (1) — conl)] (10)
dt
and
dC] (t)
VST = PSile(n) - (1), (11)

It is also important to realize that, owing to mass bal-
ance, Egs. 9-11 are not independent. The overall number
of solute molecules, either entrapped inside the multiwall
vesicle or freely distributed in the outer medium, should be a
constant:

Z Vici(t) + Voutcout(t) = V[olclol' (12)
i=1
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[Glu]ou (t)

Glulin(t)

FIGURE 1 Schematic representation of a multilamellar vesicle in the
assay medium.

The solution of the kinetic equations is not easily obtained in
the most general case and we shall now consider, for illustration
purposes, two relevant limiting situations—namely, a very
large and homogeneous multiwall vesicle, as well as a two-wall
vesicle with an inner compartment of arbitrary volume.

Large multiwall vesicles

For simplicity, we assume below that the bilayer thickness & is
much smaller than other characteristic lengths of the multi-
wall vesicle. Describing the i compartment of the vesicle as a
spherical shell with inner and outer radii, respectively, r;_;
and r;, Eq. 9 may then be written as

dey(1) _p [ { z3;{
dt r—r

—7

Lm(r)—cmm A e (0-e(0)].

13)

1
3
i—

i 1 i i—1

For a large number of bilayers (n,, » 1), the concentration
variation from compartment to compartment will be very
gradual, meaning that a continuous rather than discrete descrip-
tion should be adequate. Replacing c;(f) by its continuous
counterpart c(r.f) (refer to the Appendix for technical details),
the following form of Eq. 13 is then obtained as

dc(r, 1) 29c(r, 1) N oe(t,r)

o pd r Or ot |

(14)

where d is the period of the bilayer stack in the multiwall
vesicle. As a matter of fact, Eq. 14 is classically used to
describe a spherically symmetric diffusion process through a
continuous body, and one might have then begun with Eq.
14, appealing to a continuum description at the outset. The
identification of Pd as the three-dimensional diffusion
coefficient is physically evident, in that a diffusive current
PdV ¢ is the continuum limit of J = P (c¢;+—c;). Moreover,
the characteristic time, defined by
2
Ty = % = 3n,T, (15)
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appears as the natural timescale for the leakage process, where
R (identical to r, in the discrete limit) is the outer radius of the
multiwall vesicle and n,, is the number of bilayers, such that
ny d = R. Indeed, as detailed in the Appendix, the solution of
Eq. 14 for an initially uniform distribution of the solute within
the multiwall vesicle is found to be given by

o]
exp|l—q ™ —|,

Tw

N od ,+18in(q7r/R)
c(i,t)—A—FBq;(—l) TR

(16)

where A and B are constant parameters, to be determined by
the boundary conditions.

Mass balance of the solute, Eq. 12, together with the
inequality Vo, » Vip, leads to a relation essentially identical
to Eq. 3, obtained with a single-wall vesicle, namely,

Vi

—Cin(1). 17

Cout([) = Cot — V
out

In terms of the total, ¢, and mean solute concentration
¢in(?) within the multiwall vesicle, the latter is now given by
the integral,

B fcm(r,t)477r2dr
 4mR’)3

gt
Cin(t) :| .

|
—A+ —— —
A+ 3B q; g exp [ -
(18)
The two integration constants A and B then obtain from the
second part of Eq. 18, since ¢j,(0) =A and ¢;,(t=0)=A +
B/2, which, taking into account Eq. 17, finally leads to the
required solute concentration outside the multiwall vesicle:

gt

oo o« o 1
COU((t) = Cou[ - 6[C0ut - COU[(O)] z 2
q=1 q T

2exp[— } 19)

Note that, at contrast with the single-exponential relaxa-
tion, Eq. 5, obtained with one-wall vesicles, the leakage of
the solute through a multiwall vesicle is described, in the
continuous limit, by an infinite series of exponential modes.
The slowest mode has a relaxation time given by 7/m?, or
3ny7/7?, and is, as expected physically, much longer than 7
for an object of the same outer dimensions in the limit of a
large number of bilayer walls, n,, » 1.

Two-wall vesicles

The continuous limit obviously fails in describing multiwall
vesicles with a few walls. It is also inappropriate for heteroge-
neous vesicles, for instance when the innermost compartment is
large compared to compartments sandwiched in-between two
bilayers. This is the reason why we consider again the kinetic
problem described by Eq. 9 and following in the two-wall
limit, n,, = 2. Eliminating the variable c,,(¢) in Eq. 10 with the
help of mass balance, and as before considering V,,,, much
larger than the total volume encapsulated by the vesicle, we
arrive at
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de,(t PS
0 e - 0]
dCz(t) PS] P[S] +Sz] PSz
= L Py ) e P 2
i v, i (1) A 0] y, Co (20)

There are thus exactly two modes in the relaxation behav-
ior of any of the three concentration variables ¢ (), ¢,(¢), or
cout(®), With characteristic frequencies given by the eigen-
values of the kinetic matrix K defined by

PS, [ 1 —1
K—l|:_v_, V][1+S2/S1]:|. 21
Vi Vs V)

Introducing 75 as V/(PS;) and the volume and area ratios
as vio = V/V, and s = S,/S,, the two relaxation times are
thus explicitly given by

272
T+ —
1+vp,[l+s]+ \/1 +2vp[1 — 5]+ v, [1 + 5
272
T =
1+vp[l+s]— \/1 +2vp[1 — 5]+ v, [1 + 5

(22)

It is then somewhat tedious but straightforward to express
the solution of Eq. 20, in the case of an initially homoge-
neous distribution of solute inside the two-wall vesicle, as

w  Co— Cou(0) T
(1) = co - : —1
Cou(t) = Cou T —T_ {T+ {(1 +vi)Ty

exp(—t/7, ) + 1. [1 - mlﬂ eXp(—t/T_)}.
(23)

Enzymatic reaction rate

For a Michaelis-Menten enzyme such as glucose oxidase
(33-35), the enzyme-catalyzed reaction rate can be ex-
pressed as a function of the substrate concentration, i.e.,
D-(+)- glucose concentration, as (36)

() — elG ()

= Ko + [Glul,, (1) @9

In this equation, [Glu],.(#) denotes the outside concen-
tration in glucose, vy, is the maximal reaction rate for a given
enzyme concentration, i.e., the reaction rate at large substrate
concentration, and K,,,, the so-called Michaelis constant, is
the substrate concentration that results in half-maximal rate.

When [Glu],,, « K, as in our conditions, Eq. 24 can be
simplified as

_ valGlul,, (1)

V(D) =" (25)

We can now simply express the time-dependent rate of the
GOx-catalyzed reaction of glucose oxidation for one-, two-,

and multiwall vesicles, from Egs. 5, 23, and 19, respectively.
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One-wall vesicles

The reaction rate is described by the following, single-mode
relaxation equation:

W) = Iv{i Glu]

m

+ ([Glu)°, — [Glu,,)exp (—m . (26)

tot

Two-wall vesicles

Two modes should be observed in the reaction rate,

V() = {[Glu]“ . (Gl — [Glu],,,

K. out T, — T

X

. {ﬁ - l]exp(—t/T)

Jee-am) ] e

+71 (1 2
P
(1 + Vlz)T_

with a quasi-single-mode behavior recovered in the long
time limit when the short-lived mode, with relaxation time
T4, has eventually decayed to negligible values.

Multiwall vesicles

There are an infinite number of modes in the continuous
limit, as expressed by

—6(Glu]%, — [Glul’,)] Y.

out out

[[Glu]”

out

Wr) =

m

exp <—q2772:> ] , (28)

with, as previously with two-wall vesicles, a quasi-single-
mode behavior recovered in the long-time limit when all
modes, except the one with rank ¢ = 1, have decayed to
negligible values.

RESULTS
Model validity

The models developed in the previous section for one-, two-,
or multiwalled systems are valid as long as

1. The time-dependence of [Glu],.(f) is only due to the
glucose leakage kinetics and not to the enzymatic
reaction, which consumes glucose with time. To check
that assumption, the reaction rate of a ML V-free solution
containing 1.1 mM glucose, was measured. This value is
the maximum glucose concentration when all encapsu-
lated glucose molecules have leaked from MLV. The
time-dependent absorbency (open symbols), as well as its
time derivative (solid symbols), i.e., the reaction rate for
this concentration, are plotted in Fig. 2 for a solution
containing GOx (50 U/L). One sees that the reaction rate
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FIGURE 2 Spectrophotometric response of a solution of glucose (1.1
mM) in phosphate buffer containing glucose oxidase (50 U L™"), peroxidase
(1.58 U mL™Y), and ABTS (1.6 mM). (Open circles) Absorbency of the
solution measured at A = 405 nm as a function of time. (Solid circles)
Glucose oxidase-catalyzed reaction rate as a function of time.

remains constant over ~3500 s, which means that the
concentration of glucose can thus be considered as constant
on the experimental timescale, as assumed in the previous
section.

2. The extravesicular concentration of glucose remains low
enough for the reaction rate to be glucose-dependent, i.e.,
the reaction rate must differ from the constant value v,,,
which occurs when [Glu],, » K, (see Eq. 24). This is
confirmed by Fig. 3 b where the reaction rate obtained
when glucose is encapsulated (solid symbols) is plotted
as a function of time. This plot results from the derivation
of the spectrophotometric data given in Fig. 3 a. The
continuous increase of the enzymatic reaction rate v(¢),
obtained when glucose is initially encapsulated, shows
the leakage of this compound through the vesicles.

3. The size polydispersity is not too large. Obviously, the
kinetic equations refer to a single vesicle, whereas the
experiments always involve a population of vesicles, with
the subsequent serious limitation that the size distribution
will smear out the values for the fitting parameters. Size poly-
dispersity remains small in the present study for unilamellar
vesicles. However, it should be kept in mind that, in our
experiments with two-wall vesicles, the geometrical param-
eters are somewhat more broadly distributed.

Unilamellar vesicles: modeling and
permeability measurement

Fig. 4 displays the fitting of the experimental reaction rate
(open circles) with Eq. 26. In this fit, [‘(—“ value was fixed to
the theoretical value 1.10~* AAbs/mM/s (37), while [Glu] 0
[Glu], and 7 are adjustable parameters. From this fit, a
value of 1.15 = 0.01 mM can be extracted for [Glu],;, which

is very close to the experimental value, namely 1.1 mM.
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FIGURE 3 (a) Spectrophotometric response (A = 405 nm) of a dispersion
of glucose-containing MLV (20 mg/2.5 mL) in phosphate buffer containing
glucose oxidase (50 U LY, peroxidase (1.58 U mL™"), and ABTS (1.6
mM). Glucose concentration in the spectrometric cell is 1.1 mM. (b) Glucose
oxidase-catalyzed reaction rates as a function of time when glucose is
encapsulated in MLV (circles) or not (triangles).

Fixing this parameter to such a value would not have
changed the fit quality. Besides, the initial concentration of
glucose outside liposomes—which cannot be precisely known
from the preparation protocol—is found to be 0.23 = 0.01
mM. A characteristic time, 7 of 158 = 5 s, is found. From
Eq. 8, one can deduce the permeability coefficient of a
bilayer knowing the vesicle radius. The radius R was found
to be 39 = 2 nm by dynamic light scattering, which leads to a
value for the permeability P of 8.3 + 0.7 10~° cm/s.

Multiwall vesicles
Cryo-TEM imaging

Fig. 5 shows typical images of MLV in which glucose was
encapsulated observed by transmission electronic micros-
copy. These MLV were dispersed in the assay medium for
imaging. One can notice that the lamellarity of the vesicles is
poor, probably because the osmotic pressure of the glucose
solution tends to disrupt the vesicles. From cryo-TEM
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FIGURE 4 Modeling of the rate of the glucose oxidase catalyzed-reaction
when glucose leaks from unilamellar vesicles, using Eq. 26. The experi-
mental data are symbolized by open circles; the model appears in solid line
representation. Fixed parameter: 22= 0.0001 AAbs mM~' s~'. Adjustable

K
parameters are [Glu)’ = 0.7mM, T = 10005, and [Glu], = 1.1 mM.

out out
images, we estimated that the average number of bilayers
which compose the MLV is 1.7 (175 vesicles were consid-
ered), with the distribution indeed peaked at two bilayers.
Two-wall vesicles are indicated by arrows in Fig. 5. More-
over, an important point is also that the ratio between the inner
volume (V) and the volume of the external compartment (V5),
assuming a spherical shape, is roughly constant. The volume
ratio vy, in Egs. 22 and 23 can then be estimated from these
images to a value 1.05. The surface ratio s, however, has a
much wider distribution because the outer bilayer is some-
times significantly crumpled.

Modeling

Fig. 6 displays the fitting of the experimental reaction rate
(Fig. 3 b) with Eq. 27, i.e., assuming a two-wall vesicle. The
values for v, and K,,, were fixed to the experimental values
measured in previous studies (37), namely 0.0025 AAbs s~
and 25 mM, respectively. All the other parameters, namely
[Glu]gm, [Glu] .., T2, V12, and s, were considered as freely
adjustable ones. From the best fit, 7, was found to be 1160 =
12 s. A value of 0.98 = 0.02 for v;, can also be extracted,
with s equal to 26 = 0.7. This corresponds to short and long
relaxation times (as defined in Eq. 22), 7, =44 sand 7_ =
1205 s, respectively. While the value for vy, is in good
agreement with the experimental value estimated by cryo-
TEM imaging (see previous section), the large value for s
cannot be accounted for without assuming a significant
crumpling of the outer bilayer; it is indeed sometimes ob-
served in cryo-TEM (see Fig. 5). Finally, a value of 0.871 =
0.001 mM for [Glu] ., (respectively, 0.046 + 0.004 mM for
[Glu]?,,) is deduced from the fitting procedure. The [Glu]Z:,
value is a bit lower than the expected one (1.1 mM), and a
definitely worse fit would result from fixing [Glu]_. to such a

out
value. As a tentative explanation for this discrepancy, we
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FIGURE 5 Cryo-TEM images showing glucose-containing multilamellar
vesicles diluted in the assay medium. Arrows indicate MLV with two
bilayers.

suggest that, owing to the much slower final kinetics
obtained with MLV, we lack experimental data for a precise
determination of the long-time limit of the reaction rate.

Permeability calculation

From the definition of 7, that follows Eq. 21, namely 7, =
Vi/(PS;), the bilayer permeability can be calculated. As
inferred from cryo-TEM, the inner compartment is always
close to being a sphere and we thus take V,/S; = 3r;. The
radius ry itself is obtained from the overall size—expressed
as a radius R—of the MLV, measured in static light
scattering, together with the volume ratio v;,, deduced from
either cryo-TEM or the fitting procedure, as r; =

R} 1%12 ~ 0.8R. The overall size was found to be R =

0.25 £ 0.19 um, with the large uncertainty resulting from
the rather broad size distribution. Using the fitted value 7, =
1160 *= 12 s given above, a permeability coefficient P =
5.8 = 4.4 10~ cm/s is eventually found.

DISCUSSION

Permeability coefficient of bilayers composed of phospha-
tidylcholine (75 wt %), sodium octadecyl sulfate (20 wt %)
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FIGURE 6 Modeling of the rate of the glucose oxidase catalyzed-reaction
when glucose leaks from MLV, using Eq. 27. The experimental data are
symbolized by open circles while the model appears in solid line
representation. Fixed parameters are K, = 25 mM and v,, = 0.0025
AAbs s7!. Adjustable parameters are [Glu]’ = 0.06mM, [Glu]

out out —

0.87mM, 7, = 1160 s, v, = 0.98, and s = 25.7.

and Brij30 (5 wt %) to glucose has been measured for one- or
two-wall vesicles, treating in each case the experimental data
with appropriate mathematical models. In addition, a model
relevant for vesicles composed of a great number of bilayers
(ny » 1) has been proposed, but without being experimentally
validated yet. Experiments are underway to address this.

The values found for one- and two-wall vesicles are nicely
consistent: 8.3 = 0.7 10° and 5.8 = 4.4 10"° cm/s were
determined for uni- and multilamellar vesicles mainly con-
sisting of two bilayers, respectively, which we consider as
confirming the validity of the two-wall vesicle model. How-
ever, a large error bar is found for the permeability coeffi-
cient measured with MLV, originating mainly in the rather
large polydispersity of these vesicles.

Both values for P are much larger than those usually
obtained for glucose leakage from unilamellar vesicles: 1.03
10~ cm/s for dipalmitoyl phosphatidylethanolamine lipo-
somes at 25°C (23); 3.36 10~'' cm/s for dipalmitoyl
phosphatidylcholine/phosphatidylinositol (91:9) liposomes
at 25°C (24); 4.13 10~ "' cm/s for phosphatidylserine
liposomes at 36°C (21); and 6.810~'* cm/s for soy bean phos-
phatidylcholine liposomes (25). However, our value is not
far from the reported values for glucose permeability through
black lipid membranes: Wood et al. (26) found a permea-
bility of 5.10~® cm/s for bilayers formed from phospholipids
extracts of human red cells, Ligdard and Jones (28) found
7.5 10~® cm/s when bilayers were prepared from egg phos-
phatidylcholine and cholesterol, and a value of 2.8 10~ cm/s
was proposed by Kaftka (29) for egg phosphatidylcholine
planar membranes. Hence, even though the values measured
on black membranes are different from each other, they are at
least three orders-of-magnitude higher than those calculated
from liposomes.

An important difference in both types of studied systems is
that black lipid membranes are prepared by brushing an
organic solution in which membrane-forming components are
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dissolved. Consequently, the exact composition of black lipid
membranes is not really known and, above all, such mem-
branes contain organic molecules (chloroform, methanol,
a-tocopherol (26), n-dodecane (28,29)), which are known to
increase membrane permeabilities. In our case, vesicles were
prepared from a mixture containing 30 wt % of surfactants:
5 wt % of Brij30 (dodecyl polyoxyethylene glycol C,E,) and
25 wt % of sodium octadecyl sulfate. Surfactants have been
extensively studied for their capacity to alter the structural
organization of the lipids (38,39), which is directly related to
the membrane fluidity and permeability (11). It has been
shown, for instance, that C{,Eg (which is close to the Brij30
chemical structure) can perturb membrane structure at sub-
solubilizing concentration (40). A steep increase in carboxy-
fluorescein efflux from lipid vesicles is observed through
addition of neutral detergents at a concentration where the
morphological integrity of mixed bilayer vesicles is still
preserved (41), and surfactants are known to display antibac-
terial properties by increasing the permeability of bacterial
cell walls (42). Therefore, it is actually not surprising to find a
high permeability value for surfactant-containing vesicles.

CONCLUSION

We propose a model of molecule leakage from two-walled
systems, inspired by an already published one (30). The
model is validated comparing bilayer permeability from one-
and two-wall liposomes. The reaction rate of the glucose
oxidase-catalyzed oxidation of the glucose that leaks from
vesicles was measured by spectrometric assay. The fitting of
the time-dependence of the reaction rate with the given
model allows the determination of two characteristic times of
leakage and thus, of the membrane permeability. The perme-
ability coefficient value found for two-wall vesicles is close
to that found on unilamellar vesicles and is discussed in
terms of membrane composition.

We also developed a model for vesicles made of a high
number of bilayers (n,, » 1). Working with MLV of high
lamellarity could be advantageous since the rates of solute
transport are often so small that other effects, such as vesicle
fusion followed by release of the vesicular contents, may ob-
scure the signal of interest (22). In addition, the reproduc-
ibility of measured permeability for unilamellar vesicles is
very poor because of the susceptibility of large liposomes to
mechanical rupture (19). MLV are indeed much more stable
than unilamellar vesicles when dispersed in aqueous phase
and no fusion has ever been observed in these systems. This
leads us to propose a one-step method to determine the
permeability of a membrane to any small molecule. It merely
consists in encapsulating this molecule inside multilamellar
vesicles, which results in the slowing down of its leak pro-
portionally to the number of bilayers, to measure, via, e.g., an
enzymatic assay, the concentration of the molecule in the
dispersion medium, and to fit the experimental data with the
proposed model. Such experiments are currently underway.
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APPENDIX

The time-dependence for a compound concentration within the i™ spherical
shell of outer radius r; can be expressed as (refer to Eq. 13)

dei(1) 3 377
0P| (0= e (1) —(1)
Iy =T =T
@
A continuous description is obtained by writing
¢i(t) — i (1) B aci(t,r) an
d or '
together with
2
1lcia(t) —a(t) a() —ca@)) _0alr) am
d d d o’
the distance between two consecutive bilayers being d.
Combining Egs. II and III gives
dait,r aci(t,r
() —a(t) =d° ‘(2’ ) 1 daltr) av)
or or
Moreover, considering a continuous description also leads to
P
rid= / rdr=-—*1 T V)
22
rd= / rdr = +——=L (VD)
2
Introducing Egs. II, III, IV, V, and VI in Eq. I then gives
oc(t,r 20c(t,r)  &clt,r
ot roor or

Eq. VII is identical to Eq. 14. It is easily solved by introducing a Fourier
expansion for the product r-c(t,r) of the form

%

relr, il =rA+ ). Cy(t)sin(mgr/R), (VIID)
q=1
since Eq. VII becomes for the Fourier modes
dC,(t) 7’ q ’
= —Pd Cy(t IX
L e )
with an exponentially decaying solution for a mode of rank ¢
2 21
Cylt) = Cy(O)exp( —m'q" - ). (X)
The characteristic relaxation time 7, is given by
R?
Ty = — = 3n,T. XI
Pd XD

In terms of the outer radius of the multiwall vesicle R, bilayer permeability
P, and smectic period d, recall that n,, = R/d is the total number of bilayers
per multiwall vesicle, and 7 is the characteristic relaxation time for a single-
wall vesicle of radius R (see Eq. 8).

Inserting the Fourier modes, Eq. X, into Eq. VIII yields for the
concentration field

Biophysical Journal 91(12) 4340-4349

Faure et al.

c(r,)=A+ i Q(O)M exp (—qzwz ! ) (XII)

o Ty

Since at time ¢ = 0 the concentration is assumed uniform within the MLV,
namely c(r,t = 0) = ¢o, the mode amplitudes Cy(0) should be such that

R q
. [mqr . (1)
re(r,t = 0)sin| —— |dr = —R cp——
/0 ( ) (R ) 0

mq
-1)* R
— Aty ~C,(0),
mq 2
(XIIT)
with B, therefore, representing the combination 2(co—A),
R _1 q+1
Cy(0) = 37( ) . (XIV)
mq

The present form for the mode amplitude of rank ¢ at time 0, together with
Eq. XII, eventually yields to Eq. 16.
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