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Abstract. The increase of pressure inside a cell determtinesstretch of its membrane. In
such conditions either the cellular membrane mayuptured and the cell dyes, or one pore may
appear through its lipid matrix and the membraneobres unstretched. It was found that only one
pore can appear in a lipid vesicle at one time,absticcession of pores can form in the same vesicle
The membrane recovery happens only if a part ofirltracellular material comes out of the cell
through these transmembrane pores. In this papbawe analyzed the pore formation in a streatched
vesicle after application of an osmotic stressvdfsee the successive pores appearance as a periodi
process, then the time interval between the appearaf two successive pores is a characteristic of
the cyclic process, and, as usually, is named gefiothe case analyzed here it is the sum of the
swelling time of the vesicle and the lifetime oktpore formed on the vesicle. If the solvent (as
water) has a low viscosity, the pore life is vehos, the period is equal to swelling time. The
swelling time between any two successive poresvasicle was calculated. At the beginning of the
process the swelling time decreases with the cyaknk, but later it reaches a constant value. For
this reason the liposome may be regarded as acimieoller of drug administration at the ill place
were the liposomes had been placed.
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INTRODUCTION

The transport of molecules through transmembramespis widely used by
cells. In the last time the interest, both expentakand theoretical, for pores is
continuously growing because of their use in biotetogical applications. A large
number of papers appeared in the last decade, wWisich referred both to pores
formed by proteins, and to lipidic pores formedtle lipid matrix of the cell
membrane. Here we will focus our attention onlytlo® pores, which appear in the
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lipid bilayer with their wall formed by lipid moletes. Some pores can appear due
to structural and dynamic properties of lipid béay [42—45]. Usually these pores
are named stochastic pores. Particularly, the poesef thickness fluctuations in
hydrophobic BLM was demonstrated both by theory, I8 and experiment [3].
For BLMs composed by a mixture of lipids, a seleztiassociation between
phospholipids takes place, thus generating phogpti@lomains and local changes
in hydrophobic thickness [46, 47]. The thicknesstt@ phospholipid domain is
dependent on the length of the hydrocarbon chaiphofkpholipids [31-35, 41].
The thickness fluctuations caused by thermal madiolipid molecules superpose
on local variations of the bilayer thickness, whadheady exist, due to selective
association of phospholipids [37, 48].

A stochastic transbilayer pore can form and grosiowing random and
biased thermal fluctuations of the bilayer thicl)es superficial density [14, 15,
16, 25, 27, 36, 42, 53].

The appearance of stochastic pores in BLMs, due tdkrleiss fluctuations,
was first proposed by Popeset al. [42]. The height of the energy barrier for
membrane perforation following such a mechanistarge (~ 91 KT [42], where
ks andT are the Boltzmann constant and absolute tempetatespectively). In
this case, the geometrical profile of the poreaguerpendicular plane to BLM, is
of elliptical toroydal form [43, 45]. It was alstn@wn that sucta transmembrane
pore could evolve to a stable state [37]. The tesabitained with this model were
pretty surprising, because of the shtime of resealing of the stochastic pores
formed in membranes. Two years later, Zhelev anddNam [60] created large
and quasi-stable pores in lipid bilayer vesicléaist keeping with the previous
model prediction [42, 43, 44]. The membrane resit#ato rupture [40, 52],
expressed in terms of line tension for a large pon@med in a bilayer vesicle, was
calculated by Moroz and Nelson [28, 29, 30]. Notalthey suggested a new
procedure for an accurate estimate of the lineiganstarting from Zhelev and
Needham’s experiment.

Recently, in vesicles stretched by optical induttsion, a single pore only
(of several micrometers in size) was observed dim& in a given vesicle.
However, in the same vesicle, 30 — 40 pores carapguccessively [20]. In this
paper we show that a successive formation of parasvesicle has an interesting
biotechnological application.

There are two very interesting biotechnological l@pgions, which request
the increase of membrane permeability: gene themapytargeted drug delivery. In
the first one, the transport of DNA fragments tlyloucellular and nuclear
membranes is requested [58]. The second applicatises drug molecules
encapsulated in vesicles, which have to be tratespdo a target place [23, 24, 58,
59]. There, the vesicle has to release the drugeentds, in a well-controlled
fashion. The appearance of transhilayer pores neagtimulated using chemical
and physical methods [1, 2, 4, 17, 49]. The chahtgethods are based on the
addition of a suitable agent [7-11]. Using physicalethods, such as
electroporation [60], osmotic shock [12], temperagump, adhesion on porous or
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decorated substrate and intense illumination ome m@duce a stretch of the
vesicle membrane, which relaxes forming transiemep. These pores may reach
diameters up to 10 pm [51].

The appearance of pores through the cellular membraaused by
mechanical tension is a possibility for the intthdar material to be transported
outside the cell.

In this paper, we have focused our attention onsthecessively formed
transient pores induced in a vesicle by osmotiesstrand on the time interval
between two successive pore formations. In the fiest of this paper we will
describe the transient pore dynamics. Then, thetesaoncentration inside the
vesicle, depending on the time elapsed, is caledlathe time period between two
successive pores was also calculated. An integestpplication in medicine is
discussed: transient pores in liposomes could bed Usr compensation of
neurotransmitter deficiency in the synaptic cleft.

THEORY OF PORE DYNAMICS

The surface of a closed membrane can be in a caghgthte, characterized
by negative surface tensiog)( dynamic undulations due to thermal fluctuations
and a positive excess area. The excess area i$ teqtlee difference between

projected {y) and real areat() [6], or mathematicalyAA= A — A,.

In common circumstances the membrane tension aifilancellar vesicle is
equal to zero. Using one of the methods named alibeevesicle may reach a
stretched state, characterized by surface tensidnseall or non-existent shape
fluctuations.

The most important states of the vesicle dynamiegeen in the Figure 1.

0<0, 0A<0  O=0, AA<O 0>0, MA=0 00, AA=0 0<0, AA=0

s |

i, RO

¥ §
b) c) d) e)

Fig. 1. The most important states of a vesicleténdynamic cycle. a) The crumpled vesicle
characterized by negative surface tension and sxae=sa ¢ < 0; AA < 0); b) The spherical
vesicle 0 = 0; AA < 0); c) the perfect smooth vesicle & 0; AA = 0); d) The stage just
before the opening of the pore, named the initadjes, characterized by surface tensigrs 0);
R.is the vesicle mean radius just before the porenimg. e) The vesicle wearing an open
evolving pore. The surface tensiorois ay.

a)
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LIPIDIC MASS CONSERVATION

The stretched closed membrane can relax by openpaye. Considering a
spherical vesicle, which evolves according to theecfrom Fig. 1 and supposing
that the vesicle does not lose lipid molecules arewrite the following equalities:

A =R/ (1)

A=47R’ :m2(1+"—éj: 4@2( ﬁ%jmrpz: 4R2+rr2 (2

where R, is the vesicle mean radius in the state b) of1F(g. = 0); r. is the
maximal radius of the pore. The pore can take aimmxradiusr,, when the
liposome is completely relaxed and no leakage teftiral liquid occurs. This is the
case of a viscous internal liquid. If the closetesfral membrane is stretched by a
surface tensiow, its radius changes as:

R(o)= Rm/1+% €)

E is the elastic modulus for surface stretching,compression, and is equal
to:E=48§_Ka [5, 6]. In this formula K is the Helfrich bending constant and is
RkT

the thermal energy.
In the second part of the dynamic cycle, aftergbee formation, an equality
of areas appears:

A=47rR2=47rR02(1+%j+7rr2 (@)

wherer is the pore radius when the membrane has theceutdasioro.
It is useful to define the critical radius pore as:

47tR2 —47rR)2 =7trc2 (5)

The critical pore exists when the vesicle is conghjerelaxed ¢ = 0) and
assuming zero leakage. The last supposition sggihatR = R. The relation (5)
is obtained from relation (4) & = 0.

Writing areas relations, we suppose that the vedggihamics is perfectly
described by median vesicles, drawn with dasheel iimFig. 1. They have a
surface tension equal to the bilayer tension.
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ENERGETICAL CONDITIONS

Most of the models describing pore formation in rbesnes are based on a
simple hypothesis proposed three decades ago &t R4, 56, 57]. According to
this hypothesis, the membrane free energy changeadpore appearance is given
by Litster relation:

—_ 2
AE, =2m y-m o ©)

A stochastic pore may tend to open or close, depgrah the forces acting
on its boundary (Fig. 2). The appearance of a @rcpore of radius, in a
membrane with surface tension coefficienis determined by the presence of two
competing energetic terms: a reduction in free gnary a surface tension
component (7o), and an increase in free energy by a line tenswmponent
(+2rry).

Fig. 2. A cross section through a bilayer with agpdts evolution is determined by the balancenaf t
opposing forces. The opening of the pore is driwgethe force,; based on the membrane tension
and the closure is driven Iy based on the line tension.

The height of the energy barrier is equal Ag;__ = ;TK and is realized for
o

a pore radiusy =7 .
o

The line tensiony, is caused by the hydrophobic property of phosplus,
and contributes to the energy barrier which hingene formation. The surface
tension coefficientg, reduces the barrier height for pore formation.

The free energy change due to the bilayer defoomdtllowing the pore
appearance is lost due to the internal viscosityhef lipid bilayer. The energy
change due to internal viscosity of the bilayer is:

or
AE =21trn._d— 7
E, N 3 (7
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Equating the two energy changes for the lipid lEtayone obtains a
differential equation for the pore radius:

mio-2my = 277r/7mda—r
ot
ro-2y=2n,d or
ot (8)

LEAK OUT THROUGHT THE PORE

After pore appearance the internal liquid comesamuk the vesicle decreases
its size.

The flow of expelled liquid in time unit iKY = x r’v, wherer is the pore
radius ands is the mean leak-out velocity of internal liquiche flow on time unit
has to be equal to the decrease rate of the vasiklme:

avvez

= 9
Q 3R (9)
The internal liquid is pushed out through the pmyré aplace pressutdP:
ap=22 (10)
R
The pushing out force is:
— 2
F, =APLOw (11)

This force may be equal to the shear viscositydanwolved in the outward
flow:

F, =3m,rv (12)

Taking into account the above relations (10)—(h2) dutward flow velocity
of the internal liquid is:

_ 20r
3R,

Introducing the formula (13) in the relation (9)eoabtains an equation for
the vesicle radius:

(13)

2ror? =4TIR26—R

14
3Rn, ot (14)
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DYNAMICS OF CLOSED MEMBRANES UNDER OSMOTIC STRESS

Let us analyze a vesicle, which incorporates atigoiwf concentratiorC .
The solvent is water, and the solute may be a dhlgcule. It is more useful here,
to define the concentration as:
number of molecules of a solu
solution volume

C=

VARIATION OF INTERNAL SUBSTANCES AFTER THE N-TH DYNAMIC CLE OF A
VESICLE

Before the beginning of the first cycle, the solatecentratiorCy, and the
solvent (water) concentratiof,, are considered in a vesicle of volume equal to
Vy =47R3 /3.

Each dynamic cycle has two parts. In the first faet vesicle swells due to
the osmotic flow. Its internal radius increasesnfr®, (vesicle is smooth and
o0 = 0) toR.. R is the internal vesicle radius just before theegformation. In the
second part of the cycle, the vesicle size decsebseause of the leakage out of
internal solution. Its radius decreases fi@gto Ry. The index I denote “inside”.

The number of water moleculds;, that enters inside the vesicle during the
swelling stage is:

VoY _4(R-R) _ang (1_ R

v = = EJ =N(1-f) (15)

C

In the above formula we have introduced the follyunotations:

V=L is the volume of a water molecule in the liquidtstand in the

PN,
working condition. M is Avogadro’s number, U is the molar masss the water
density.

3
N :& :4—7TB°
v 3v
stretched vesicle just before the pore appeardmedyi water would be present.
f :ﬁ :E
Ve R

relaxed state and in the stretched state just &giore formation.

is the number of water molecules which would file

is the ratio between the vesicle volumes in thenglete
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Thefirst cycle
a) Swelling stage.
Initially, in a complete relaxation state the véssicontains:
N,, = C,V, solute molecules anbl , =C,,V, molecules of water.
At the end of the sweeling stage, just before thee ppening, the same
number of solute molecules is present in the vesiolt this contains a larger
number of water moleculdg,;

Nwl = NWO+ N+ = QNO\/O+ N(l_ f) (16)
The new concentrations are:
sl :% = CSOVO = szO
Ve Ve (17)
C V. +N(1- f -
CW1:NWl: w0 Y0 ( ):fCW0+1_f
Ve Ve Vv

b) Relaxation stage.

After the pore opening, the pore radius increapet® @ maximal value, then
it decreases and finally the pore closes. Durirggpbre evolution an amount of
internal liquid leaks out. At the end of the fisicle and the beginning of the
second, the vesicle is in a complete relaxatiote sitad containdls; molecules of

solute and\,,; molecules of water.
Nsl :VOCsl: fVOCSO

V,(1-f 18
NWI:VOCW1= fVOQNO+ 0(_ ) ( )
\Y

The second cycle

a) Swelling stage.
Due to the osmotic flow the vesicles swells aggnathe state in which a
new pore may formN" water molecules flow inside the vesicle. Before pore

opens, we have inside the vesicle:
st = Nsl
V,(1- f (19)
Nwz = Nw1+ N" = f\/oqNo-"M-" '\(1_ f)
v
The new concentrations at the end of the swelliagesare:

— NSZ — f\/OCsO_ 2
2TV T v, e (20)

C :M: fVOCwO+V0(1_f)+N(1_ f):

MEAVA Ve Vev Ve
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b) Relaxation stage
At the end of the complete relaxation stage, trecle has the radius equal
to Ry ands = 0. The number of solute and water molecules is:

NS3 = VOCSZ = fVOCSO

v, (1- 7) (21)
Nw3 =V0Cw2 = fz\/oq/vo"'—
\

Then™cycle

At the end of the hcycle, the inside of the liposome is characterizgd

NS(”‘J) — F"V,Cyg

C, = = f"C,,
Ve Ve
N fry e Vo(l- 7)) N(1- ) 1-fn
C = winy) 0~wo 4 0 = + =f"C,, +——
wn Ve Ve VeV AV "o \' (22)
Nsn :Vocsn = anOCsO
v, (1- )

an :VOQNH = ano QNO+OT

CALCULATION OF THE SWELLING TIME OF THE VESICLE

Suppose that the inside of the vesicle is occupied mixture of water and
pharmacological molecules. Additionally, we supptheg the vesicle charged with
drug molecules has reached a closed region ardwndl t'‘place”, which is filled
with water. Due to the tonicity difference betwedre two adjacent media
separated by the membrane, water will diffuse thhothe lipid bilayer into the
vesicles, which are swelling up to a critical diaene The size increase of the
vesicle in adt time interval is determined by the water molecwlddch entered.
So:

dV = J, AV vd (23)

whereV; is the internal volume of the vesicl&, is the water flow through the
internal surface of the lipid bilayed;, Vis the volume of a water molecule anis
the transport velocity of water molecules throubk tipid bilayer. The relation
(23) may be written:

4TR?dR, = J,, 4TIR*Vdt (24)

dR = J, vdt (25)
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Integrating fromR, (when the lipid bilayer is not stretcheg, = 0) to R
(when the liposome is just before pore forming)akéain:

R-R=JdW (26)
We noted witht the swelling time of the liposome which is the ¢imeeded
by the liposome to reach its critical state stgrtinom the initial completely
relaxed state. We introduce a mean concentrationadér molecules in the lipid
bilayer as:
—  K(C,.*+C,
CW - ( we WI) (27)
2
where C,. and C,; are the water concentration outside and insidevdscle,
respectively. The constartis the partition coefficient of water in the lipidgion
of the vesicle.
The water flow across the lipid bilayer is equal to

J, =CuV (28)
From (26), (27) and (28) the swelling time is gi\®n
VK (G, + G,)

Taking C,, andC,; asC,, andC,, in formula (29), introducing the index

n at Tt and using the formula (22) for the internal coricaion of water one
obtains:

- 2(R-R) _ 2(R- R) (30)

n vVK{Cwe+CWOf“+1_fn} VK[VCwleT/QNO fn+(1_ fn)}

Y

LIMITING CONDITION FOR THE NUMBER OF SWELING CYCLES

The osmotic pressure is permanently equal to Lepgtaessure due to elastic
tension. So:

0( 1,1 j=DT(C;”—C§”t) (31)
R-h R+ h
20R __pgren (32)

R* - K
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The formula (32) was obtained from (31) f6f"'= 0, whereR is the radius

of the sphere between the two monolayers of thestime bilayer,o is the
monolayer surface tension, ath is the hydrophobic core thicknesk]is the
universal gas constant, is the absolute temperature. The inward transmanebr
diffusion of solvent will produce the pore appea&rnly if Cy, is greater than
C;“ determined from formula (32). With other words, thember of succesive

pores, and consequently the time of drug delivenlimited by both liposomes
elastic and geometrical properties.

RESULTS

Let us consider a vesicle in a closed chamber, whantains water. The
chamber may contain also other solute molecules wibich the bilayer is
impermeable. The radius of the relaxed liposoni& s 19.7um. The value of the
critical radius isR. = 20.6um. The giant vesicles obtained experimentally in re
[20] have such a value of critical radius.

The volume of a water moleculés equal to 29.89 A The transport velocity
through the lipid bilayer is = 10 A/s [50]. The partition coefficient of water in
the lipid bilayer is taken equal to 1, because awfklof data. In fack must
represent the partition coefficient of water in tgdrophobic core of the lipid
bilayer.

We will consider that a quarter of the internalumk of the vesicle is

occupied by water. SQ/C,, = 0.25. For simplicity, we consider the chambdedil
only with water. SovC,,= 1

Introducing these data in formula (30) one obtdiesswelling time €,)) in
then-th cycle:

_ 18
" 200-75f"
For the selected vesicles 0,9536
Some values df,, are calculated in Table 1.

The dependence of, on the pore order appearance for the described
liposome is given in Fig. 3.

(33)

Tabel 1

Some value of,, calculated using the function (33) for 0.9536

n 1 2 3 4 5 10 15 20 00
1,(ms)| 140,32| 136,97] 133,92 131,12 128,66 118,01 111,366,310 90
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Fig. 3. Dependence of the swelling time on the nadehe swelling cycle, if the ratio: radius ofth
vesicle in the relaxed state / radius in the dtiedcstate just before pore formatiori #0.9536.

COMPENSATION OF NEUROTRANSMITTER DEFICIENCY

It is known that the process leading to depressforthe depletion of
neurotransmitters in the synaptic cleft. This isigeated as thbiogenic amine
theory of depresson. There are four ways to prevent the neurotransmitt
depletion by drug action: a) to increase the r@eaafsneurotransmitters from the
presynaptic terminal; b) to prolong the interactitbme with the postsynaptic
receptors; c¢) to inhibit the enzymes which inadBvaor destroy the
neurotransmitters; d) to delay the reuptake of oteansmitters in the presynaptic
neurons. The tricyclic amines (desipramine, imigreanand amitriptyline), which
block the reuptake of noradrenaline and serotamtio the presynaptic neuron are
powerful antidepressants. However, the depletionnetirotransmitter in the
synaptic space may be compensated regardlessaafuite, by the existence in this
space of some liposomes filled with the neurotratismmolecules which are in
deficit. It is possible to introduce liposomes ddl with different types of
neurotransmitters. The liposomes may deliver cdistto quantities of
neurotransmitter, periodically. The liposomes cantain drug molecules, such as
tricyclic amines, to block the reuptake procesthepresynaptic membrane.
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a)

b) @ &/
L
3

)

Fig. 4. The biocontroller liposome introduced isymaptic cleft. a) The presynaptic neuron. b) The

glial cell. ¢) The postsynaptic neuron. 1. The ratuesicles which incapsulate the neurotransmitter

synthetised by the neuron. 2. The delivery of retneurotransmitter by exocytose in the synaptic

space. 3. The action on metabotropic receptorsGipdoteins, as second messenger. 4. The direct
action on ionic channels. 5. The neurotransmitbss Idue to reuptake in the presynaptic neuron.
6. Two liposomes are represented. Each of thenageteonly one type of neurotransmitter. 7. The

leakage of neurotransmitters by transmembranesiiiffuin the glial cells.

DISCUSSION

The use of liposomes as vehicle for drug transfmowell defined places in
the organism is a very ambitious aim of biotechggldHere, we have endowed
these liposome-vehicles with a supplementary ptgpéne liposome can deliver
some quantity of drug, or neurotransmitters in case, from time to time. It acts
as an automatic device. In the patent registere@3tM we named it as “The
biocontroller device for drug delivery”.

The length of the swelling timg, is dependent on the composition of both
internal and external media of the liposome, itscobity, and the partition
coefficient of the solvent in the hydrophobic coi®ome additives such as
cholesterol or detergent, modifies the bilayer prtps [13, 21, 22, 38, 39, 54, 55].
We have chosen for the coefficiexta very unrealistic valuex = 1. A more
realistic value ix = 0.001, which gives, values in the range of minutes.
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