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Abstract. In this paper we analyse an important event in the life cycle of the pulsatory
liposome: the membrane rupture for pore opening. An unilamellar lipid liposome filled with an
aqueous solution of an impermeant solute was introduced into a hypotonic aqueous medium. Due to
transbilayer osmotic imbalance, water flows inside the liposome and swells it up to a critical size,
when the upper elasticity limit of the bilayer is reached. In this state the membrane suddenly ruptures
and a transbilayer pore appears. A part of the intracellular material leaks out through this pore and the
liposome membrane relaxes and, finally, recovers. The pore appearance in spherical bilayers is a
more intricate process compared to plane lipid bilayers. Here we have studied the influence of
membrane stretching on the pore appearance. We have also calculated the energetic barrier for a pore
opening and closing. The stability of the liposome with a pore on it was analyzed.
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INTRODUCTION

The passage of small molecules or nucleic acids encoding genetic
information through a cellular membrane is a clue problem in drug delivery.
Transbilayer pore formation is a way to increase the permeability of lipid bilayers.
Pores can appear due to structural and dynamic properties of lipid bilayers [4—6].
These pores are commonly named stochastic pores [4, 6]. Thickness fluctuations
caused by thermal motion of lipid molecules superpose on local variations in
bilayer thickness which already exist due to selective association of phospholipids,
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[3, 7] creating favourable conditions for pore appearance [9]. The fluctuations in
polar head groups density on the bilayer surface following thermal motion produce
local superficial defects. The neighbouring lipid molecules rotate their polar heads
such as to cover the low density regions to avoid the contact between hydrophobic
chains and water. There are a lot of theoretical papers regarding pore formation,
especially in plane lipid bilayers [4—6, 9-14].

The theoretical approach of stochastic transbilayer pore formation in lipid
vesicles is more difficult because of their shape fluctuations. Pores may be formed
as a result of membrane expansion. In this case, membrane tension changes with
vesicle expansion, which is not the case for black lipid membranes, where
membrane tension is constant due to the Langmuir-Blodgett plateau, providing a
reservoir of lipid molecules.

On the other hand, there are many experimental methods to increase
membrane permeability by favouring pore appearance: a) raising the osmotic
pressure inside a vesicle; b) electroporation due to a voltage drop across the
bilayer; c) irradiation of a vesicle; d) temperature jumps; ¢) plating on porous or
patterned surfaces [1, 2, 14].

In this paper we performed a theoretical study on pore formation across a
vesicle membrane which is tensed by the osmotic pressure. We should not forget
that opening of a pore is an important event in the duty cycle of a pulsatory
liposome.

MATERIALS AND METHODS

At high pressure, the thermal undulations of lipid membrane can be ignored,
and the membrane energy is due to elastic stretching.

Let us take into account a vesicle in the unstretched state. This is an
equilibrium state, characterized by ¢ = 0.

According to Hooke’s law, the membrane elastic energy is:

(AS)°
W= (1)
0

where E is the two-dimensional stretching modulus and AS = 471:(R2 - R, ) . Ry is

the radius of the vesicle in the equilibrium state.
If the vesicle bilayer is stretched beyond its elastic limit, a pore is nucleated.
The pore appearance will lower the expansion surface AS, and consequently
will decrease the elastic membrane energy, but it will contribute an additional
energy due to the monolayers bending such that the lipid molecules head groups to
cover the edge of the pore.
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We consider a pore of area 4 is formed in a membrane initially expanded by
AS. The elastic energy of such a membrane with a pore is:

[4n(R2 —Rg)—rcrzT

AS - A)’
W%Rﬁsz( ) +2ndy=E

R — +2nry  (2)
25, 8nR;
where 7 is the pore radius and vy is the pore line tension.
The membrane surface tension is:
o= a—W (3)
o(AS)

According to formula (3), and having in mind formula (1), the membrane
tension for a stretched membrane without a pore is:

2 p2
G(R):ERR—zRO (4)
0

W10 (1)

Fig. 1. The elastic energy of a vesicle of initial radius Ry =20 pm as a function of pore radius, for

different stretching degrees. The curves correspond, from bottom to top (considering the part of each

curve near the vertical axis), to: R/Ry=1; R/Ry=1.002; R/Ry=1.004; R/Ry=1.006. The two-

dimensional stretching modulus was set to £=0.2 N/m [1]. The linear tension of the pore edge was

set to y = 8.1x107'> N [2]. One observes that the greater the membrane expansion, the deeper the
minimum on the energy curve.
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Similarly, using formula (3) and taking into account formula (2) for a stretched
membrane with a pore, we can compute the membrane tension:

R: _ R2 2
G(R,r) :E{TRO— 4;5 } (5)

The result of the competition between the two terms of equation (2)
determines two different behaviours of the vesicle which depend on the value of
the membrane expansion, AS.

The dependence of the membrane energy for different values of AS is
presented in Fig. 1.

Analysing Fig. 1, one observes that the increase of the membrane expansion
determines the minimum of the energy curve to become deeper.

Depending on the size of expansion AS, we face two cases. If AS is:

-small, the membrane energy increases monotonically with the pore radius, and
pore formation is unfavorable (curve 1);

-greater than a critical value, a minimum appears on the energy curve; this means
the formation of a pore in membrane is possible (curves 2—4).

If a vesicle has the initial expansion AS when a pore is nucleated, the vesicle
bilayer chooses its final state such as to minimize its energy.

From the condition of energy minimization as a function of pore radius given
by relation (2), one finds:

47'cR§ Y

Er

AS =mr* + (6)
In Fig. 2 we have plotted the dependence of AS on pore radius (» > 0), at the
point where the vesicle energy reaches a minimum.
On this graph we can see that there is a critical value of AS, marked with
AS , where the energy has the lowest value. This critical value of vesicle

expansion, AS corresponds to a transmembrane pore with the smallest radius,
denoted by 7.

Starting from the function AS(r), we can easily find the critical values of both
vesicle expansion and pore radius:

(7

) 2
AS =3m 3 [2YR° ] 8)
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Between the lowest value of membrane expansion for which transmembrane
pore formation is possible and the area of this pore there is a surprisingly simple
relation:

AS =34 9)
or an equivalent relation between their radii:
P =§(§ _Rg) (10)

We must retain from relation (7) that the critical pore radius depends on the
initial size, Ry, of the lipid vesicle.

In order for a pore to appear on a membrane stretched with AS, the membrane
must overcome an energy barrier. We define the energy barrier for pore formation
and denote it by W, , as the difference between the maximum energy W of the
membrane bearing a pore and the membrane energy at point » = 0, when the pore is
absent.

The energy barrier for pore opening is equal to:

Wi (r RRy) = (Ror) =17 (R0) = [ =87 (R = B} ) [+ 2 (1)
0

The initial energy barrier for pore formation corresponding to the membrane
critical expansion, AS , is equal to:

W, =W(§,F)—W(E,O)=%E/¥ (12)

Also, we define the energy barrier for pore closure as the difference between
the maximum and minimum values of energy function.

We denote the energy barrier for pore closure by AW, . It is equal to:
Wy, =max W (R,r>0)—min W (R,r>0) (13)

Thus, in order to determine the energy barrier for pore closure, we must
calculate the minimum and maximum values of the energy function W(R.,r). In
other words we must solve the equation:

r3—a r+b=0 (14)

The right member of equation (14) is the first derivative of W(R,r) as a
function of pore radius, 7.
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The coefficients a and b are:

f*-1)8
a:4(f2_1)Rg=Q=A_S (15)
T T
4R}
h=—2 16
Z (16)
We have denoted the surface expansion coefficient by f. Thus:
S R
fe==== (17)
Sy R

We can easily see that if the following condition:
a>% J2b2 (18)

is accomplished, equation (14) has three real solutions. We denote by | and r, the
positive solutions of equation (14) for which the energy function has a maximum
and a minimum value, respectively.

The two solutions accomplish the conditions:

b
0<r1<i/; (19)

b
I”2>35 (20)

With these notations, the energy barrier for pore closure is:
AW =W (1) =W () 1)

After extensive and difficult calculations one obtains:

2
AW, :@a ZECOS[E-Fg) 32\/5—005(2—&] (22)
6 R (6 3)|2aVa 303
cosocz—zé\/E (23)
2a\Va

where:
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RESULTS AND DISCUSSION

The theoretical results obtained above were applied for a unilamellar vesicle
having a radius Ry= 20 um. Its elastic properties are described by two-dimensional
stretching modulus £ = 0.2 N/m [1]. The linear tension of the pore edge is
y=8.1x10"2 N [2].

The energy of a vesicle membrane initially expanded by AS with a pore of
radius 7 opened on it is given by equation (2). The pore formation decreases the
energy corresponding to the elastic membrane tension, as described by the first
term, but increases the energy due to linear tension of the pore edge described by
the second term.

ooz

ASIS,

001

o oo : , 1 | 1
iR,

Fig. 2. The vesicle expansion AS for which the energy for the opening of a pore of radius r

is minimized, as a function of pore radius. The curves have been plotted, from top to bottom,

for vesicles with initial radius: Ry =0.1 um; Ry=0.2 um; Ry =2 pm; Ry =20 pm. The two-dimensional

stretching modulus was setto £=0.2N/m [1]. The linear tension of the pore edge was set to
y=8.1x10"2N[2].

0.3

In Fig. 2 we can see that, for a vesicle of initial radius Ry, the appearance of a
pore is possible only if the vesicle expansion is beyond a critical value, AS .

If AS > AS , the pore radius may have values between a minimum value and a
maximum value. This may be easily seen on each of graphs of Fig. 2.

If AS = AS , the pore radius has a single value. This was named as a critical
value. The critical values, 7 and AS , are given by formulae (7) and (8), respectively.

For the four vesicles used for drawing the curves in Fig. 2, the critical values
are given in Table 1.
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Fig. 3. The energy W, (r,R,R,) necessary to open a pore of radius r in a lipid vesicle of radius

Ro=20 pm, for different degrees of membrane stretching. The vesicle membrane stretching is

described by the ratio R/R;. The graphs, from top to bottom, were plotted for: R/Ry=1;

R/Ry=1.0001; R/Ry=1.0002; R/Ry = 1.0004; R/Ry= 1.0006; R/Ry=1.0008; R/Ry=1.0012. The two-

dimensional stretching modulus was set to £ = 0.2 N/m [1]. The linear tension of the pore edge was
settoy=8.1x10"2 N [2].

Let us consider a lipid vesicle in completely relaxed state (o, = 0) of radius
Ry, characterized by elasting stretching modulus E. The elastic energy gained by a

membrane of initial surface S, :47tR02 following expansion with AS is given by

formula (1). Let us suppose a pore of radius 7 is formed in the membrane initially
expanded by AS. The energy of such a membrane with a pore is calculated using
the formula (2).

Table 1

Critical values of the extended surface, AS , and of the pore radius, 7 , for liposomes of various
initial size

Rox107 (nm) AS x107* (nm?) 7 (nm)
20 63.3290762 317.480
2 2.939491 68.399
0.2 0.136440 14.736
0.1 0.054147 9.269
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Fig. 4. A magnified view of the first part of the curves plotted in Fig. 3, in order to see the existence
of a maximum value of the membrane energy change due to pore appearance.

The energy change of the membrane initially extended with AS due to the
opening of a pore is given by formula (11).

One has to observe that the change in membrane energy due to appearance of
a pore depends not only on the pore size, but also on both the initial size of
untensed membrane (R) and the size of the tensed vesicle just before pore opening.

We have computed the change in membrane energy due to appearance of a
pore for two liposomes of initial untensed size Rp=2 pm. Each liposome was
supposed to exist in seven states of stretching characterized by ratio R/R, at the
moment when the transbilayer pore appeared.

In Fig. 3 we have plotted the dependence of membrane energy change of a
lipid vesicle of initial radius Ry =20 pm on pore radius for all the seven stretched
states. For this lipid vesicle (Ry=20 pm), the membrane energy change has a
minimum value for all stretched states, beginning with the stretched state
characterized by R/R,=1.0004. This is a very important property, because such
vesicles with one pore on them reach a final stable state.

In Fig. 4 we have plotted a magnified view of the beginning part (#/R, < 0.03)
of the curves in Fig. 3. On this graph we can notice that the stretched membrane
energy change due to a pore opening also has a maximum value if R/Ry > 1.0001.
This means that, for pore opening, the system must overcome an energy barrier
even if the membrane is in a tensed state.
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Therefore, we can define an energy barrier for pore opening, as well as an
energy barrier for pore closure. The values of these energy barriers were computed
and were written in Table 2.

Table 2

The energy barriers for opening and closure of a transbilayer pore formed on vesicles of radius
Ry =20 um for different degrees of surface stretching expressed in kg7 units

R/Ry 1.0001 1.0002 1.0004 1.0006 1.0008 1.0012
AE .« 1357.639 631.944 | 291.667 243.069 153.935 125.472
AE,, 1357.639 631.944 | 291.667 243.069 153.935 125.472
AE ;% 107 0.1273 —0.9884 | —6.3900 | -15.7789 | -29.1149 | —46.4061
AE, |, x 107 0.0085 1.0516 6.4192 15.8032 29.1303 46.4186

It is very interesting that a vesicle bearing a pore is more stable as it is more
stretched. This property is very useful for biotechnology applications based on
pulsatory liposomes, because the internal fluid must be leaked out in the external
environment.

CONCLUSIONS

The appearance of a pore in spherical vesicles is different from the
appearance of a pore in plane lipid bilayers. A lipid vesicle bearing an open pore
may be stable. The pore may have a radius different from zero, but less than the
maximum radius which the pore can reach for that vesicle.

We must emphasize that the existence of a stable pore depends on the initial
size of the vesicle. Also, the existence of a stable pore depends on the membrane
stretching at the moment of pore opening. In our case, for a vesicle with a radius of
20 um, it is posible to have a stable pore (and an energy barrier for closure) if the
membrane is stretched, but for a vesicle of 0.2 um in radius the appearance of a
stable pore is impossible.

The possibility of existence of a stable pore in the vesicle membrane is very
important for applications of liposomes in biotechnology as vehicles for targeted
and controlled delivery of special substances (drugs, genetic material, etc.) [8, 11,
12-16].

REFERENCES

1. BROCHARD, F., P. G. DE GENNES, O. SANDRE, Transient pores in stretched vesicles: role
of leak-out, Physica A, 2000, 278, 32-51.

2. KARATEKIN, E., O. SANDRE, H. GUITOUNI, N. BORGHI, P.-H. PUECH, F. BROCHARD-
WYART, Cascade of transient pores in giant vesicles: Line tension and transport, Biophys. J.,
2003, 84, 1734-1749.



11

Pulsatory liposomes: drug delivery devices 181

10.

11.

12.

13.

14.

15.

16.

POPESCU, D., G. VICTOR, Association probabilities between the single-chain amphiphiles into
a binary mixture in plan monolayers (I1), Biochim. Biophys. Acta, 1990, 1030, 238-250.
POPESCU, D., C. RUCAREANU, G. VICTOR, A model for the appearance of statistical pores
in membranes due to selfoscillations, Bioelectrochem. Bioenerg., 1991, 25, 91-103.

POPESCU, D., G. VICTOR, The transversal diffusion coefficient of phospholipid molecules
through black lipid membranes, Bioelectrochem. Bioenerg., 1991, 25, 105-108.

POPESCU, D., C. RUCAREANU, Membrane selfoscillations model for the transbilayer
statistical pores and flip-flop diffusion, Mol. Cryst. Liquid Cryst., 1992, 25, 339-348.
POPESCU, D., Association probabilities between the single-chain amphiphiles into a binary
mixture in plan monolayers (II), Biochim. Biophys. Acta, 1993, 1152, 35-43.

POPESCU, D., L. MOVILEANU, S. ION, M.L. FLONTA, Hydrodynamic effects on the solutes
transport across endothelial pores and hepatocytes membranes, Phys. Med. Biol., 2000, 45,
N157-N165.

POPESCU, D., S. ION, A.I. POPESCU, L. MOVILEANU, Elastic properties of bilayer lipid
membranes and pore formation, in Planar Lipid Bilayers (BLMs) and Their Applications, H. Ti
Tien and A.Ottova, eds., Elsevier Science Publishers, Amsterdam, 2003, pp. 173-204.
POPESCU, D., CN. ZAHARIA, 1. STELIAN, M.L. FLONTA, Compensation of the
neurotransmitters deficiency in the synaptic cleft, Romanian J. Biophys., 2006, 16, 189-204.
POPESCU, D., L. MOVILEANU, A.G. POPESCU, The behaviour of the closed lipidic bilayer,
under osmotic stress, may be used in new biotechnological applications, in Mathematical Biology
Research Trends, L.B. Wilson ed., Nova Science Publishers, New York, 2008, pp. 275-294.
POPESCU, D., A.G. POPESCU, The working of a pulsatory liposome, J. Theoret. Biol., 2008,
254, 515-519.

POPESCU, D., A.G. POPESCU, B. AMUZESCU, Pulsatory liposomes — a possible
biotechnological device for controlled drug delivery. I. The liposome swelling, Romanian J.
Biophys., 2010, 20, 37-46.

SANDRE, O., L. MOREAUX, F. BROCHARD-WYART, Dynamics of transient pores in
stretched vesicles, Proc. Natl. Acad. Sci., 1999, 96, 10591-10596.

VERMA, .M., M. SOMIA, Gene therapy-promises, problems and prospects, Nature (London),
1997, 389, 239-242.

ZASADZINSKI, J.A., Novel approaches to lipid based drug delivery, Curr. Opin. Solid State
Mat. Sci., 1997, 2, 345-349.



