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Lattice model for the kinetics of rupture of fluid bilayer membranes
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We have constructed a model for the kinetics of rupture of membranes under tension, applying physical
principles relevant to lipid bilayers held together by hydrophobic interactions. The membrane is characterized
by the bulk compressibilityfor expansion K, the thickness B, of the hydrophobic part of the bilayer, the
hydrophobicityo, and a parametey characterizing the tail rigidity of the lipids. The model is a lattice model
which incorporates strain relaxation, and considers the nucleation of pores at constant area, constant tempera-
ture, and constant particle number. The particle number is conserved by allowing multiple occupancy of the
sites. An equilibrium “phase diagram” is constructed as a function of temperature and strain with the total pore
surface and distribution as the order parameters. A first-order rupture line is found with increasing tension, and
a continuous increase in protopore concentration with rising temperature till instability. The model explains
current results on saturated and unsaturated phosphatidylcholine lipid bilayers and thicker artificial bilayers
made of diblock copolymers. Pore size distributions are presented for various values of area expansion and
temperature, and the fractal dimension of the pore edge is evaluated.
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[. INTRODUCTION a critical tension, a large stable pore opens, relaxing almost
entirely the membrane. This is rupture. Pore sizes can range
Fluid bilayer membranes made of lipids separate the confrom nanometer to micrometer in radius. In electroporation
tents of cells from their surroundings. The stability of thoseexperiments, pores can last several microsec¢2d$,21.
membranes under external perturbations is consequently afsing mechanical means, namely, micropipette extrusion on
vital importance. In particular, if ruptured the functions of vesicles, pores can be kept open for several seconds before
the cell will be disabled. Naturally, a red cell bilayer mem- resealing 22,23.
brane may rupture to free hemoglobin, protein responsible Several models of membrane rupture have been devel-
for oxygen transportation in blood. This particular rupture,oped over the years. Most of them derive from a model sug-
called blood cell hemolysis is achieved through thermalgested by Litster a quarter of a century d@d]. It explains
swelling of red cell§1]. Rupture or lysis can be achieved in the stability in terms of a surface energy and a pore edge
a number of ways. Most experiments involved application ofenergy. The model defines a critical pore size and an energy
electric fields that produce compressive forces through thearrier for the creation of an irreversibly growing pore. It has
capacitor effeci2—7]. More recently a number of other ways been extended and applied by other groups, in particular, to
have been used: mechanically, by suction through a pipettelectric breakdown situatior[$,25,26. Shillcock and Boal
[8] or extrusion through pord®]; and by osmotic swelling investigated the effect of temperature on membrane stability
of the cell[10—12. With the rapid progress in microscopic [27]. Temperature increases the entropy of the pore lowering
manipulation techniques, pore formation can also serve is free energy. They show that even at zero tension, edge
positive purpose in drug delivery and gene thergl8~15. energy is required for stability. Netz and Schick have also
The number of experimental studies of the mechanical propdeveloped a mean-field theory of the fluid bilayers as stacks
erties of the cell is rapidly increasing and we only quoted &of diblock copolymerg28].
few examples of recent worKL6]. In our work, we derive the energy of a finite size mem-
For the fluid bilayers, there is a significant degree of con-brane under lateral expansion. We then consider pore cre-
sensus on the order of magnitude of the quantities involvedtion as a thermally activated procd&9]. There is an im-
in membrane rupture. For phosphatidylchol(R€) bilayers,  portant entropic element implied in a nucleation process. The
area expansion seems to be only 2%—-4% before rupture. Theodel is for a bilayer whose relevant physical quantities
corresponding external tension is of the order ofhave their origin in the hydrophobicity of the lipid tails
10"3-10 2 N/m [4,8,17-19. It also seems that in liquid [31,32. These quantities are the area compressibility
membranes, rupture occurs via the nucleation of holes. Thosexpansion K, which results from the increased exposure of
observations are consistent with what is expected from strughe hydrophobic tails as the membrane is stretched, the edge
tural considerations. Solid membranes as they go from brittiégension\ (or edge energy per unit lengtiwhich is the result
to ductile, experience rupture kinetics that evolve from pro-of the exposure of these tails to water along the edge of the
cesses dominated by crack formation to hole formaf20].  pore, and the rigidityy of the tails.
More precisely, as the surface tension increases, the mem- In the model, the bilayer is characterized by an energy per
brane will first be weakened by the apparition of small un-site, essentially one molecule in size. It incorporates stress
stable pores with lifetimes as short as a few nanoseconds. A¢laxation as a pore is created and grows. Pore-pore interac-
tions are automatically taken into account. An equilibrium
phase diagram is constructed as a function of the temperature
*Electronic address: bjoos@uottawa.ca and the area expansion of the membrane. The critical tem-
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peratures scale with the strength of the hydrophobic interac- Aa Aa, a,

tion which to first order is linked to the length of the tails of 2 A o (©)

the lipids. This hydrophobic interaction is obtained from pa- 0 m m

rameters appropriate for pure F8,19]. Our model applies

to low strain rates since the model assumes that the menwherea, is the area of the pore antia, is the total expan-

brane remains in mechanical equilibrium as it is stretchedsion of the membrane. But the edge of the new pore will now

We predict the rupture scenario for normal membranesbe exposed to water. As the tails are hydrophobic, this will

membranes made of unsaturated lipids, and very thick mentesult in an increase of the energy proportional to the perim-

branes. eter of the pore. For simplicity, we will assume the pore to be
The following two sections develop the model. We first circular. In the presence of a pore, the energy of a stretched

lay its physical foundations, and then present our Ising-likemembrane then becomes

model, which is solved using Monte Carlo simulations. We

continue with the results and finish with a discussion of the

possible extensions of the model. Em(ap) =2\ Vmay

1/2 1 Aa 2
+ —Kam a—
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a‘m
II. MODEL FOR MEMBRANE RUPTURE ] ]

) ] ) ) The parametel represents the edge tensi¢the effective

Upon area increase, stress will buildup in the membranesdge energy per unit lengthThe first term in Eq(4) is the
As mentioned earlier, being a liquid the most likely stressiotal edge energy, which represents the loss of energy on the
release mechanism will be the formation of holes or poresperimeter of the circular hole. The second term, the surface
Let us imagine that a hole has appeared through thermalnergy, is the loss in energy resulting from the relaxation of

induced stress fluctuations. The queStion will be whether thg’]e membrane induced by the ho|e’ which augments the den-

gain in energy occasioned by the relaxation of the surfactantisity of particles in the rest of the membrane. For the edge
will counterbalance the energy loss through exposure of thgansion, it can be rewritten as

tails of the molecule to the solvent. If this is the case, the
hole will continue to grow into a large pore that will permit
the system to relax almost entirely. For now, we assume the
process to be purely planar. Whether fluctuations in the third
dimension are important is an open question. At first thoughivhere 2, is the hydrophobic thickness of the bilayer, and
they do not seem predominant. Assuming an elastic regimghereforeh, is the length of the lipid tails. And-, the hydro-
for small expansions of the membrane on a lattice of totaphobicity, is the hydrophobic energy of the lipid tails per unit
relaxed area,, and molecular area,, the energy cost as- area. With the usually quoted hydrophobicity of about 40
sociated with the stretching of the membrane is given by mN/m [31,32, the edge tensiom is of the order of
107" mN [22,32. The experimentally measured values
(1) range from 1 to €10 mN [22].
' In the limit of large systems, the energy barrier to rupture
is given by\?m/K(Aay,/ay,) ~t and occurs for a pore area
whereK is the compressibilityfor expansion and Aa=a apz()\am\/F/K)m. Whena, exceeds that critical value, the
—ag the excess area per molecule. For small expansion, theore will grow till the membrane reaches the minimum en-
compressibility can be found experimentally from variousergy configuration neas,=Aa,. This argument predicts a
techniques described previously. The apparent compressibibarrier height of the order of #RgT,oom (KsTroom=4.14
ity is the measure of the slope of the stress-strain curve of & 10~® mJ) for experimentally observed stretches, such as
membrane under a small tension, that is, the slope of thaa, /a,,=4% and a membrane of total areguIn?, typical
curve for PC membranes. Even if the entropic components were
very significant as mentioned above, it is not sufficient to
@ decrease significantly this large barrier. Moreover, according
' to these arguments, rupture should only happen at stretches
aroundAa,,/a,=50%.
where 7 is the surface tension. However, since those mem- In our opinion, the problem lies in an overestimation of
branes are fluid, thermal transverse undulations are usuallpe line energy due to two factors. First, when membranes
present. For small stretches, a fraction of the tension does nexpand, the tails get exposed to waterhgds not a constant
induce any strain, but rather brings back the membrane in itéespecially not at 50%) . It decreases with increased stretch-
plane[33]. The real compressibility is obtained by the slopeing of the membrane. Second lipid bilayers are permeable
of the stress-strain curve, but only in the regime where th@nd this permeability may be affected by the expansion of
undulations have been ironed out. For many lipids, this comthe membrane. So the hydrophobicityused in the compu-
pressibility is about 243 mN/Mil9]. tation of the line energy will be smaller than the ideal value
When a single pore is inserted, some of this stress will b&uoted above. We calt anapparenthydrophobicity and the
relieved. The relative change in the area per molecule bes given above theure hydrophobicityoe. o will be an
comes adjustable parameter.

)\=2hta', (5)
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contrast, a high rigidity represents very stiff chains, such that
a small stretch can lead to a full exposure of the tails to
water. With the geometry shown in Fig. 1, the lengthof

the tails exposed to water can be written as

1/2

, (6)

Aa

he=yr
e'}’ao

wherer = \/a/ = is the radius of the lipids. The nonexposed
lengthh,.=h;—h, should be used in Eq5) to calculate the
line energy when a pore is nucleated at a certain stretch.
Fixing the rigidity y for a certain type of lipid determinds,
andh, as a function of the effective stretch.
If we combine both the attractive and the repulsive parts
FIG. 1. (Color online only Schematic representation of the total Of the potential, we get a general expression for the energy
height of the lipid tails exposed to water at a given expansion. Thd?€l molecular site of the membrane:
rigidity v is the ratio of surface of the sides of the cones to the base.
T%e tgtz;/l surface exposed to water is expected to be larger than the U(a)=2ay(a—ao)+D(a 1) +Uo. @)
surface expansion.

Y

The factor of 2 in the first term comes from the fact that we
Compressibility, hydrophobicity, and tail rigidity are dealing with a bilayer. The requiremeuhU/da|aO=O
leads to the reIationshiDzZayaS. It must be emphasized
that o here represents the interaction of the lipids when
e Presentin the membrane, and therefore refers tagiparent
over, the rigidity of the acyl tails controls the amount of Nydrophobicity, in opposition to the pure hydrophobicity
water that penetrates the membrane at a given stretch. Thefeure discussed earlier in this section. By comparing the cur-
is therefore a very close relationship between surface energy@ture of this potential around the minimum with the surface
compressibility and tail rigidity. We will closely follow here €nergy of Eq(1), we obtain

some of the arguments of Wortis and Eva828] (themselves K=40 )
based partly on Israelachvili’s bo§81]) for what pertains to Y-

the compressibility but adding the concept of the rigidity of Thys there is a close relationship between the compressibil-
the tails. ity K, the hydrophobicityr, and the rigidityy. In our simu-

To estimateK, we must understand the balance of forcesiations, we use the experimentally known values of com-
that sets the area of the lipids The repulsive force between pressibility K, and set the rigidityy to obtain rupture near

!ipids is strong at_ short di_stances, but falls off rapidl)_/aas 4% for the PC-type bilayers. With the use of E8), we shall
increaseg32]. This repulsion is modeled by a potential of jemonstrate in Sec. IV B that the apparent hydrophobieity
the formD/a, whereD is a positive constant. On the other ;g considerably smaller than the pure omg,e, which ig-

hand, the attractive part of the potential is a direct consepres the water already present in the membrane. With,
quence of hydrophoblcny: More water can enter in contacpe |ine energy is overestimated as we saw above.
with the hydrocarbon chains as the lipids are separated from

one another. In an earlier woifl81,32, a linear regime is
assumed for small expansions of the cross section area of a
lipid a, and the energy per molecule is written ag$a What we are trying to simulate is a thermally activated
—ap), Wherea, is the equilibrium area. This assumes thatnucleation process, it is therefore natural to consider a model
the tails are totally flexible and that the area exposed to watesimenable to a Monte Carlo simulation. For ease of compu-
is equal to the increase in area of the membrame ;). tation, we consider a lattice model similar to the well-known
However, as illustrated in Fig. 1, the lipid tails more likely Ising model for binary mixtures, and consider the equilib-
will only be able to partially close up the opening. We intro- rium phase diagram of the system as a function of tempera-
duce a geometrical factop>1, defined so thaty(a—ag) ture and area expansion. This will reveal the expected sce-
represents the actual surface exposed to water per molecutarios of rupture as the membrane is expanded slowly,
under stretching, and heneoey(a—ag) the increased energy quasistatically, so that the membrane remains in thermody-
per molecule. The factoy is related to the rigidity of the namic equilibrium at every step of the way. We will
tails, and therefore from now opwill be referred as the tail limit ourselves to two dimensions, and to represent an iso-
rigidity. To have a geometric picture of, let us imagine that tropic liquid, we will use a hexagonal latticgsix nearest
the stretching\a is represented by a circle, and the effective neighbor$. We begin by presenting the standard binary mix-
exposed surface by a cone of surf&as shown in Fig. 1y  ture model (SBMM) as applied to our problem and then
is then the ratidcS/Aa. A rigidity of one represents tails that describe the modifications and simplifications that we have
are completely flexible since the expanded lateral sudee made to it to incorporate the stress relaxation that occurs
is equal to the increased exposure of the tails to water. Invhen a hole is created. In the SBMM, every site can be in

Under expansion, more water will enter the membrane
augmenting the free energy. The compressibiliipon ex-
pansion K has therefore its origin in hydrophobicity. Mor

Ill. THE CALCULATION
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either of two states, in our casea™ or “ h,” representing, ~ N—n,\?

respectively, sites occupied by a phospholipid or a hole. The =\~ ) M (10
site occupancy variablg , is equal to 1 if the site is and”

site and O if it is an h” site. The indices andj run from 1 \yhere ther;;=|R;—R;| are the initial intermolecular dis-

to N, whereN is the total number of sites. L},(rij), orits  tances. As discussed earlier, the nucleation of holes changes
compact formJ{®, be the interaction between two lipids the density of lipids in the membrane but conserves their
separated by a distancg =|R;— R;|, whereR; is the posi- number. Since we assume uniform relaxation at each step of
tion vector for sitei. In a similar way,J""(r;;) andJ®"(r;;)  the simulation, the relative change in area per lipid, defined
are defined. The microscopic Hamiltoni&hconsists of the  in Eq. (3), can be rewritten as
sum of all interactions:

Aa Aa, a, Aa, n,

a an, an, a, N’

1 (11
H=3 % {98%is;+ 3" (1—s)(1—s) + 2si(1-s))
wherea,, is now the total pore area, and not just the area of
+s(1-s)1}. (99  one pore. The surface energy can be calculated directly using
the compressibility from the relation,
In a conventional canonical binary mixture, one would ex-
pand Eq.(9) and eliminate the constant terms and the single E— 1 K
sums since the number of each type of particle is conserved. sT 9 am
In our binary mixture model, we keep the numiéof par-
ticles (the a site9 and the total area constant. The number of It is clear from this last equation that if the relative num-
holes(the h siteg, however, can vary. Our model is neither ber of holesn,/N completely relaxes the imposed stretch on
the conventional canonical nor grand canonical version othe membranéa,,/a,,, the surface energy vanishes, as ex-
the binary mixture model. In the canonical ensemble, occupected.
pied (a) and empty(h) sites are interchanged to preserve the
total number of particles. The conventional canonical model B. The line energy

would be used if we were only interested in the phase sepa- A ious| ioned. the li q
ration of a system, which is not our case. In the grand ca- A\S Previously mentioned, the lin@r edge energy repre-

nonical ensemble, the only dynamics that would be observede"ts the hydrophobic contacts along the perimeter of a pore,

is the distribution of the holes. Neither model is suitable toM&asured by the hole-lipid interactidff”". The edge energy

incorporate the relaxation created by the appearance of therefore depends_on thellocatlon of the holes in the Ia_ttlce.

hole. The sum of those interactions cannot be reduced to a simple
We start with the SBMM in the canonical ensemble with form like the surface energy. o _

an initial total number of particles equal to the number of ~AS we are working on a hexagonal lattic,’ consists of

sitesN. We now modify the model to impose the following the energy of exposing one-sixth of the hydrophobic surface

constraints: the total area of the membrane stays constant 852 lipid to water, multiplied by 2 for the bilayer. It is a first

holes are created and the total number of lipigs— neighbor interactionJ3" can be written as

particles—stays constant. These lead to the following change 5

Aa)\?

)

(12

in the dynamics. Occupied sites, when holes are created, now ) “hpeoymag if ryj is 1st neighbor
contain more than one particle, actualy(N—ny), where Ji"’} =Jah=4 3

Ny is the number of hole sites at a given time. The area of the 0 otherwise,
occupied and hole sites stay constant. The nucleation of (13)

holes therefore relaxes the membrane and reduces the inter-
particle distance ;. This relaxation represents the surfacewherea, is the cross section of the lipids amge=h;—h,
energy and is théf}a term in Eq.(9). the hydrophobic length of the lipid tails that are not exposed
On the other hand, the interaction energy between holeto water[h, and h, are defined in Eqq5) and (6), respec-
and particles]f’}h represents the line energy of pores. Thetively]. The hydrophobic energy of the exposed heighis
occupancy of sites being larger than one in such a case, thefiee origin of the surface energy.
are more particles on the edge than the actual number of In the simulation the occupancy variablggemain equal
sites. As we will discuss in Sec. Il B, this will lead to a to either O or 1. So the edge energy as calculated by the
correction in the line energy. Finally, the hole-hole interac-program is
tion Jf" is set to zero.

Egl;)gglz JahLah, (14)

A. The surface energy whereL2" is the number of lipid-hole interactiorsetween

The surface energy is not calculated using the first term irsites.
Eq. (9) but directly using the occupied area in the membrane. However, every time a hole site is created, the density of
With ny, hole sites, the interparticle distances have to be resthe particles and hence the interparticle distance changes as
caled to the new values expressed in Eq.10), in particular, the nearest neighbor in-
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terparticle distance . There are, therefore, more particles onthe membrane core thicknesk;2 the permeability, the criti-
the edge of a pore than the actual number of sites. The edgml tension for rupture™, and the corresponding stretching
energy per unit length can be written 3$/r, wherer isthe ~ Aay*/ ay. Values for lipid membranes were taken from Ol-
scaled nearest neighbor interparticle distance. And hence, thgich et al.[8] and Rawiczet al.[19]. The unsaturated lipid

correct expression for the line energy is membranes differ from the typlCEl' membranes in the stiff-
ness of their tails, while the diblock copolymers simply have
Jah longer tails.
Eedge:TLahr- (15) In summary(details appear in the following subsectipns

our strategy was to first use the above parameters to deter-
mine vy the tail rigidity by looking at the effect it has on the

Using Eq.(10), Eq. (15) can be written as o X X .
critical rupture tensionK being known, every choice of

12 odel sets also the value of the apparent hydrophobigitjirough
Eedge:(N_—nh> Eedge (16)  Eq. (8). Experimentally,K seems independent of tail struc-
ture for most lipidg19], but the rupture kinetics are not and
or in an expanded form, this, we assume, is due mainly to changes in rigidityyor

1o The compressibility of Ior_ng tail copolymers is different f.rom.
) E J?h[s-(l—s-)+s-(1—s-)] the usual 243 mN/m mainly becquse the head group is dif-
N-ny e 17 i ferent, and not because of the tail leng84]. We will focus
(170  our attention mainly on the typical bilayers.
Once y and hences are set, we study the scenario of
C. Programming and analysis rupture through an “gqujlibrium" phasg diagram t_hat_Iooks
. at the different qualitative changes in the distribution of
To create and recover holes in the membrane up 10 aBgres as a function of stretching for temperatures around
equilibrium p0_|nt, we use the Metropolis algonthm in the keT,00m. This corresponds to slowquasistatit stretching
Monte Carlo simulation. The mass of a hole is zero, but thesteg that keep the membrane in a state of equilibrium with
mass of the system or number of particles is conserveghgpect to the applied stress. In the case of a higher rate of
through the renormalization of E(). Although the occupa-  gynansion, larger stretches and therefore tensions will be
tion of sites changes as the simulation evolves, detailed baleeded to break the membrai29,30. Because we are con-
ance is satisfied because each configuration of pores hassyering thermally activated processes, higher temperatures
uniquely defined energy. This energy does not depend UPQR this model are equivalent to weaker interactions. To study
the path followed to reach it. The transition probability be-he reversibility of membrane lysis, hysteresis curves were
tween a given initial and final configuration will also be ¢ongirycted to compare the number of holes and their distri-
unique and reversible. If we choose an occupied site with thg ;iion as we first stretch the membrane to rupture, and then
same probability than an empty site, that is, we select pafy it relax to zero tension. This study revealed that the rup-
ticles or holes ag:cordln.g to their surface distribution; the acy, e transition is first order at room temperature, with a
ceptance rule will be given by strong hysteresis. The fractal dimensions of stable pores
. . ~ o~ were computed at different temperature as a measure of their
acai—f)=min{1,exf —(H;—Hi)/ksT]}, (18) entropy aﬁd shape. As a preISde, we look at system size
gependence.

1
Eedgezz

in order to respect detailed balance. This acceptance rule
the usual one for a Monte Carlo simulation in the canonical
ensemble. Finally, periodic boundary conditions are consid-
ered on the hexagonal lattice. o ] ] ]

The approach is highly efficient and large systems can be T0 simplify the discussion, we assume that the correct tail
Studied, up to 1b partic'es_ However, Systems of ﬁ@ar- I’Igldlt)_/ haS been obtained. In I’ea|lty, the numel’!cal value of
ticles, which correspond to small vesicles, are normally sufthe tail rigidity depends somewhat on system size.

ficient. Usually within 1000 samplings per site, the equilib-  Bilayer membranes can form vesicles of a variety of
rium state is easily reached. shapes. In nature, they are normally present as spherical

vesicles of radii between 1 and 10m [11-13. For a given
relative stretch\a,,,/a,,, the surface energy per particle does
not depend on the size of the lattice. The line energy scales
The types of membranes we study can be grouped in thregs the length of pore edge or the sum of the square root of the
main categories: saturated lipid bilayetgpical), unsatur- surfaces of the individual pores. System size may affect the
ated lipid bilayers, and long chain diblock copolymer bilay- kinetics because of the changes in pore size distribution and
ers. Membranes with unsaturated lipids may be found irthe fact that pore size distribution does not scale with system
biological systems. The long tail diblock copolymers, how-size.
ever, were synthesized by Bermudszal,, and then used to As shown in Fig. 2, stretching to rupture almost stabilizes
build vesicle shape polymersomist]. In Table | the impor-  to about 3.9% for systems larger than*1@articles. For
tant parameters for our study are grouped. Those values asenaller systems, we observe a significant increase. As ex-
the total number of unsaturated bonds, the compressibility pected, this plateau is mainly due to the increase in the

A. System size dependence

IV. RESULTS
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TABLE |I. Compressibility and other known physical parameters of the different types of membranes
studied. These parameters are the total numbecisfinsaturated bonds in the lipid tailsuns”), the
compressibilityK , the thickness of the tailsi2, the permeabilityP, the critical tension for rupture*, and
corresponding area stretchidg’/a,,. Values for typicali.e., with none or only one unsaturated bpadd
unsaturated lipids are from Olbriat al.[8] and Rawiczet al.[19], whereas the values for long tail diblock

copolymers are taken from Bermudetzal. [34].

K 2h, P T Aak/an,

Membrane Uns. (mN/m) (nm) (um/s) (mN/m) (%)
Typical (average

0,1 243t24 3.0:0,1 35-7 9+2 3,9+0,9°
Unsaturated lipids
SLPC:0/2 2 243+24 3.0:0,1 49+6 4,9+1,6 2,0:0,59
DLPC:2/2 4 243+24 3.0£0,1 91+ 24 51+1,0 2,1-0,49
LPC:3/F 6 243+ 24 3.0£0,1 146t 24 3,1£1,0 1,2-0,4°9
Long tail copolymers
OE# 0 102+ 10 8+1 21+39 21+2
OB% 0 102+ 10 11+1 28+49 28+3
oB19 0 102+10 21+1 40+59 40£4

8SLPC:0/2= 1-stearoyl-2-linoleoyds 49 1-pPhosphatidylcholine.
DLPC: 2/2= dilinoleoyl, o cis ate,1zPhosphatidylcholine.
°DLPC:3/3=dilinoleoylyoh cis ato.12 15Phosphatidylcholine.
dOE7= ethylenoxide ethylethyleng; .

€0OB9= ethylenoxidgy,-butadiengs.

fOB19= ethyleneoxide,butadiengs,.

9values obtained using E@2), and strains or stresses to rupture from quoted articles.

number of pores at rupture, which raises the line enésgg
Fig. 3. Furthermore, entropy increases for larger system

in our simulations corresponds to half the number of par-
ticles, since we are dealing with bilayer membranes. For
Swhat follows, we shall work on a lattice of 30301 sites

which favors earlier rupture. These plots are averages with 80 602 lipids. This corresponds to a total membrane area of
standard deviation of ten runs. It is an interesting and openg ;,m? (a,~0.6 nn? for phospholipids For a spherical
question to know if multiple pore rupture is observed in bio-yesicle, this means a radius of 18n, the size of a small
logical membranes. It must be noted that the number of sitesatural biological cell.

5.0% =
i 254 ; i
4.5% - -
[} : i
) . i | £ 204 : -
3 P g
0, H - :
Jo) 4.0% % g 5 15 ]
> o + © |
S , e i *
T 3.5%- | 819 -
» i ©
g 31 : T
3.0% e e £ . . 8
10° 10 10° 10° S 07 7
number of sites 10° 10* 10° 10°

FIG. 2. The dependence of the degree of stretching on the siz¢
of the membrane for rupture at room temperature. The number of

number of sites

sites is half the number of particles since we are working with a FIG. 3. The average number of stable pores in the system when
bilayer. This value stabilizes at area expansions near 4% for systenitsruptures at room temperature. The relation is lin@aponential
larger than 10 sites. The dashed line indicates the size of the neton this log scalg The dashed line indicates the size of the network

work used in the rest of the simulations.
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B. The rigidity and hydrophobicity of lipid tails 10%

Depending on the rigidity of the tails of a lipid, more or
less water may penetrate the membrane under stretching. Fc 8% i
unsaturated lipids, one would expect higher rigidities, since

the tails are stiffer. Furthermore, if the tails are rigid, the g "

membrane is also more permeafl®]. In this case, the ap- g' 6% 1 ]
parent hydrophobicity of the membrane is lower, since theg : - Saturated or

difference in energy for the lipid inside and outside the mem-2 4o, {4 ,.monounsat,
brane is smaller. For small variations of these parameters, wtg |

can see from Eq(7) that a saturated and an unsaturated ® 2%_.2.F.’..f..‘T-.Eiﬁ'.!-.'.'l%?.t.:....__...'.__..-........._._...__-_....'_ _________________ |

membrane made out of the same lipid group should have®
comparable compressibilities. This was verified experimen-
tally by Rawiczet al. [19] in their investigation of the effects 0% , , =
of lipid unsaturation on membrane elasticity. This group has 5 10 15 20
found that unsaturation has no effect on compressibility. ¥

Nevertheless, unsaturation is still an important issue for
membrane rupture, &.IS unsaturated llplds are less flexible th‘?gr different tail rigidities for membranes with compressibility of
saturated ones. Olbrigt al.[8] have discovered that rupture 243 mN/m and membrane core thickness of 3.0 (see Table )
tension was only affected for bilayers made with lipids of he gashed lines are the known area expansions at rupture for
two or more alternatingis-double bonds (&eC—C=C) in membranes with different degrees of unsaturation.

one or both chains. The three degrees of unsaturation that we

study are as shown in Table I: lipids with one tail having two
alternatingcis-double bondgone paij, both tails having two

FIG. 4. The degree of stretching for rupture at room temperature

For typical membranes, the apparent hydrophobigitis

| inacis-double bond ; d both tails with about five times smaller than the approximated value for
alternatingcis-double bondgtwo pair9, and both tails wit Tpure (S€€ Table N This leads to a line energy of 2.4

three alternatingis-double bondgfour pairg. All these un- X 10~® mN, well within the experimentally measured range
saturated lipids also have 18 carbon atoms in each tail. Fope'y 4 10L8 mN. For highly unsaturated lipids, this ratio

the long polymers, the line energy is directly proportional 0.an be as high as ten if we suppose that the pure hydropho-

the length (?f the lipid tails. It is thereforg natural to expectbicity has not changed significantly. It would be wrong, how-
higher tensions at rupture for longer chams. Membrane .rUpéver, to say that 80% of the membrane is flooded. This ap-
ture of diblock copolymers membranes will also be studied

. i h hobici I ke i h
To obtainy and thereforer, of the different membranes, parent hydrophobicity may also take into account other

X LA i ) repulsive energies, such as the head-head repulsion. The no-
we fit the tail rigidity to have the appropriate stretching ©iceable difference between the pure and the apparent hydro-

rupture. Fir typical lipid bilayer membranes, we heed a rI'phobicities indicates that the membrane permeability is not a
gidity of y=8=1 to have rupture at 3.9%see Fig. 4. From negligible effect

Eq. (7), this corresponds to a hydrophobicity of 7.6. Graphics similar to Fig. 4 were used to obtain the tail

The plateau near .2% st.retchmg n Fig. 4 for lange may ._rigidity of the diblock copolymers studied by Bermudez
seem abnormal at first sight. And just before zero tension, al.[34]. The tail rigidity of OE7 and OB8 is comparable to
the rigidity of a typical lipid tail. However, for OB19, which

as a much longer tafsee Table)l y is considerably higher.
may be that for very long polymers tail entanglements
ake the tails appear more rigid4,35.

In the following sections, we focus ampical biological
embranes. S¢ is set equal to 8.

rupture. This effect is related to the criterion that define
rupture. Zero tension rupture means that the lipids are so sti
and the membrane so permeable that stability is not assure
Just before this critical rigidity, the membrane is still not
very stable, since the line energy per lipid rapidly decreaseﬁ1
with stretching. This weak interaction between lipids raises
the entropy of the system. For high rigidities, this gain in
entropy will make the rupture scenario more comparable to a
melting phenomenon than a pore creation relaxation. Since A phase diagram was constructed to study the behavior of
we have lost the ideal scenario of rupture that favors relaxthe membrane under variations of the temperature and the
ation as opposed to the creation of line energy, rupture irsurface aredi.e., under stretchingWe show the phase dia-
terms of a few stable pores is more difficult to achieve. Thegram in Fig. 5 for a “typical” membrandsee Table )l The
definition of rupture will be discussed in more detail in the most striking feature is a “first-order transition” line to a
following section. ruptured state. When at a given temperature, the membrane
Nevertheless, this plateau seems consistent with experis stretched, one observes in the neighborhood of a specific
mental observations. Unsaturated lipids with two and fourstretch an abrupt increase in the relaxation which we call
total unsaturated bonds both have a stretching to rupture neaspture This occurs through the formation of a few massive
2% (see Fig. 4. This therefore means that even though theystable pores. The line shown in Fig. 5 corresponds to the
have the same stretching to rupture does not mean that th@pint of abrupt relaxation as the tension is increased. Below
have the same tail rigidity. In fact, they should not. this line the nature of the membrane evolves gradually with

C. Phase diagram
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TABLE Il. Tail rigidity and apparent hydrophobicity of the different lipids studied. The estimated value
for pure hydrophobicity is also given as a reference.

a Opure
Membrane Name Uns. y (mN/m) (mN/m)
Typical (average 0,1 8.0:1.0 7.6 40
Unsaturated SLPC:0/2 2 13:B.0 4.7 ~40
Lipids DLPC:2/2 4 13.63.0 4.7 ~40
DLPC:3/3 6 17.505 3.8 ~40
Long tall OE7 0 7.31.0 3.4
Copolymers OB9 0 8.61.0 29
0OB19 0 13.a:1.0 2.0

temperaturerl. At low T, including aroundT .., there is  rupture tension. Finally, the rupture line ends néelr
what we call astablestate. The relaxation in this regime is =2.8T,,,,, but it is no longer a first-order transition line. At
small, with occasionally a few protoporésee Sec. IV EAs  that temperature the membrane loses stabititaple pores

the temperature is raised the number and the size of the prare created without any tension applied. The reduced line
topores keep increasing. The pores become numerous, belhergy/kgT falls below the critical value required to assure
are still short lived, and of size not larger than ten particles onembrane stability. Shillcock and Bo7] vary \ in their

So. tethered beads model. They find a critical value of

At temperatures below and ne@foom, rupture is very )« T=1 66 at constant zero tension, whérés the av-
sharp. We go directly from a state of high tension where les%rage vertex separation in their modat T, this means

than 20% of the membrane is relaxed to an almost fuIIya critical line energy of about 0910~ J/m). We work at

relaxed system80% and morg At higher temperatures, . S
) constant area and, in our model, we calculate hole-lipid in-
there are a larger number of pores present in the membrane

. . . . ah
at low stretches, but they do not aggregate till the tensiorﬁerac’{Ions and thiht(,)tal line engrgy ',S g|veQ L .[see.
reaches the rupture tension. Eq. (19)], whereJ;j" is the hole-lipid interaction defined in

The rupture line first decreases with temperature tillEd- (13). The effective line tension depends on pore distri-
1.6T,40m then rises again. Entropy appears to favor a higH)utlon. With our thermally activated model the behavior ob-
density of dispersed pores. It takes then an increased tensiggrved near 2B,y can be viewed as behavior n€ggom
to force the aggregation of the pores and trigger the fulwith a line energy reduced by the factor 2.8. Using the dis-
relaxation of the membrane. This leads to the rise in thdribution of pores in Fig. ), one can find an effective line
energy per site of~1.132" (small pores dominate the distri-
bution) [36], or a critical line energy per unit length of about

(+)
8% o ] 0.94x10"* J/m. Interestingly, our lattice model and
7% - Shillcock and Boal's bond flipping model have consistent
5% 1 Y T views on stability. Mechanically, the membrane may fail ear-
] ‘m Rupture ] lier so we label the region aroun=2.8T, .., asunstable
59, “"'-3. J At room temperature, the presence of a regime offering
2 1 - . 2%—-20% unstable pore surface, or small nonstable pores,
5 4% b ] called protopores, have experimentally been observed at
g 3%_' ] room temperaturg¢4]. In the following three sections, we
2] ) ) look at different properties of the membrane under tension
2%- Stable PR - that give a clearer picture of the rupture kinetics.
1o | 400 Unstable ] _
oo, |Roloxation: 2% 20% ' ‘60% 0% | Dfbsteress ”
0.0 0:5 1:0 1:5 2:0 275 30 To show that indeed rupture is of flrst—order, samplgs
were put through a full cycle of expansion and compression.
Temperature (T/T ) This is done again in a quasistatic process, i.e., at each step

FIG. 5. Phase diagram predicted by the model for a “typical” the system is allowed to relax. We follow, as the strain was
bilayer (see Table )l showing the degree of relaxation in the mem- varied, the variations in the stre$Big. 6a)], the relative
brane as a function of stretching and temperature. The full squargore area(a measure of the relaxatigfig. 6b)], and the
dots indicate the rupture first-order transition line. The dashed linetotal number of porega measure of pore interaction and
are the curves of constant relative relaxation. coalescencd Fig. 6(c)].
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Hysteresis effects are found to be very strong at low tem-
perature. Rupture and healing occur through nucleation of
one pore. At high temperature, hysteresis is reduced and
there are many more pores present, below and above rupture.
At T,oom, the case illustrated in Figs. 6, behavior is similar
to the high temperature situation below rupture, but compa-
rable to the low temperature case above rupture. A consider-
able number of pores are present in the membrane at first, but
after rupture, only a small number of large nonfluctuating
pores remain. This is clearly observable in Fi¢gc)6as the
rapid rise in the number of pores which precedes the collapse
at rupture. The tension at collapse definesThg, point on
the rupture line.

E. Pore size distribution

To further illustrate the difference in pore distribution be-
low and above rupture, we compare the distribution of pore
sizes for membranes with 2% and 6% strain. We do this at
the three temperaturéSoom, 2T;00m, and 3l oom t0 illus-
trate the change in structure of the membrane with increasing
temperatur¢see Figs. #@)—(c)]. The distributions are typical
snap shots of the membrane as the Monte Carlo simulation
evolves. For the stable membranes shown, we see in Figs.
7(a) and 1b), the sharp drop in the number of small pores
above rupture. A large pore creates less line energy than a
protopore for the same gain in surface energy, so is energeti-
cally favored. For unstable membranes, the appearance of
larger pores in the system does not reduce the number of
smaller oneqFig. 7(c)]. The small pores, present at zero
tension at 3,,,, are stable due to the contribution of en-
tropy to the free energy. This illustrates from another per-
spective the instability of the membrane &t 3, -

F. Pore shape

At different temperatures for a stretching of 3jst be-
fore rupture, we insert into the membrane a hole at the ori-
gin. After the pore is fully opened and stable, we compute its
fractal dimensiond; from the scaling relationship between
the pore ared and its perimetel (A=A(0)I%, whereA, is
a proportionality factor.

From the results plotted in Fig. 8, we clearly see ttat
decreases as the temperature is raised. This is caused by
increased irregularities along the edge of the pore.TAt
=2.8T,,0m, Where rupture occurs spontaneously at zero ten-
sion, one would expect the scaling relationship applicable to
a self-avoiding rind27]. In such geometries, the area of the
pore should scale a8=A,l%2. For this case, our model
givesd;=1,54+0,10 in agreement with this argument.

V. CONCLUSION

Bilayer membranes are an intrinsic part of all living

which is equal to the number of pore sites divided by the totalSPecies. With the rapid development of biotechnology,
number of sites{c) the total number of pores. Room temperature Membranes can now be artificially created, and thereafter
systems behave similarly to high temperature systems at low tereven modified to form vesicles of controlled size and prop-
sions by having a considerable quantity of protopores present in therties. Rupture kinetics play an integral part in the modifica-
membrane. The rupture scenario is, however, similar to that ofions of those vesicles and in their applications such as in

lower temperature systems.

drug delivery.
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FIG. 8. The fractal dimension of a pore in a stretched mem-
brane. This quantity is a measure of the regularity of the shape of
the pore and its edge. As the temperature is increased, the pore
becomes irregular and spreads over a larger membrane surface.

In spite of their complex molecular structure, lipid bilayer
membranes offer an ideal model system, as hydrophobicity is
responsible for both the line energy and the bulk compress-
ibility (for extension. We have developed the model for the
rupture of a membrane held together by hydrophobic forces,
which includes the nucleation and growth of pores. Our
minimal model can be used to reproduce current results on
saturated and unsaturated PC lipid bilayers and thicker arti-
ficial bilayers made of diblock copolymers. We have intro-
duced a quantity called the rigidity of the taijsthat permits
to study the effect of saturation of the lipid tails on the struc-
tural properties of the bilayer. Interestingly an increase in
rigidity produces a decrease in apparent hydrophobicity,
sinceK is nearly constant for a given class of lipids. This
may mean an increase in permeability. The model requires
little computer time allowing the handling of real size
vesicles. Entropic and nucleation effects are included natu-
rally.

The structural integrity of a lipid bilayer is considerably
affected by its composition; biological membrane structure
can be fairly complex. Different types of lipids, cholesterols,
and proteins play an important role in determining mem-
brane stability. The model has the potential of handling these
inclusions.
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Erratum: Lattice model for the kinetics of rupture of fluid bilayer membranes
[Physical Review E 67, 0519082003 ]
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(Received 21 July 2003; published 23 September 2003

DOI: 10.1103/PhysReVvE.68.039905 PACS nunier87.16.Dg, 87.16.Ac, 87.14.Cc, 68.60.Dv, 99.10.Cd

In Sec. Il, discussing a simple model for rupture, below Ef).the energy barrier to rupture for largg, is given by
N?m/K(Aay/ay) "t This is correct but the pore area for which it occurajs= m(\(Aay/a,)/K)? and not fay,/m/K)2
Both quantities are independent af,. This argument predicts a barrier height of the order otkiU,,,r, rather than
10°%kg T 00m @s quoted in the paper, for experimentally observed stretthgda,,=2 to 4%.

In the last paragraph of Sec. IV A, we state that a lattice of 30 301 (&6802 lipidg corresponds to a total membrane area
of 18 um?. This actually should read 0.038m?. So the size of the samples run in our simulations are smaller than natural
biological cells which have a radius of the order of qom. But, as discussed in Sec. IV A, we observe no qualitative change
in rupture kinetics with size.

The statement in Sec. V that the model requires little computer time allowing the handling of real size vesicles remains true.
It was well within our computational ability to run samples comparable to real-size vesicles.
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