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Pore formation and rupture in fluid bilayers
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Structure and stability of fluid bilayers under stress are examined by modeling lipid as diblock copolymer
and solvent as homopolymer. The model is solved using self-consistent field theory, and equilibrium phases are
determined. We find that on increasing the stress applied to the bilayer, one of two scenarios occurs depending
upon the architecture of the lipid. Either the bilayer ruptures, or pores form within it and condense into a
regular array. In the former case, the fractional increase in area from its unstressed value is found to be
approximately 2% at rupture, in satisfactory agreement with experiment. In the latter, the pores appear and
disappear reversibly with the stress, in accord with experiment. We find the pores to be slightly hydrophobic.

PACS number(s): 83.70.Hq, 87.22.Bt, 36.20.—r

L. INTRODUCTION

Bilayer membranes are interesting for many reasons,
among which are the facts that they serve as simple models
of biological membranes, and promise a wide range of ap-
plications in industry and medicine [1-5]. Of vital impor-
tance to the functioning of living cells and to many applica-
tions is the stability of membranes against external
perturbations [6]. Consequently, much attention has been
paid to the mechanical properties of membranes [7—-12].

In a series of experiments [13,14], unilamellar vesicles
were subjected to lateral stresses to the point of rupture. One
of the many interesting results of these experiments is that
the membrane cannot support much strain; the relative in-
crease in area of the membrane at the point of rupture is only
about 2—3%. This was somewhat of a surprise in that a sim-
plified model calculation yields an instability at an area in-
crease an order of magnitude larger [15].

Interest in the mechanical properties of membranes has
greatly increased with the introduction of electroporation, a
process by which the application of a short, intense electric
field subjects the membrane to an effective compressive
stress leading to a reversible dielectric breakdown of the
membrane due to the formation of pores [16,17]. These pores
can be utilized to incorporate specific genes, proteins, or
other macromolecules into a large number of isolated cells.
Although clearly of great importance, the phenomenon and
the underlying microscopic mechanism are as yet poorly un-
derstood. One of the important issues in the theories of elec-
troporation is the nature of the pores, in particular whether
the tails of the lipids are exposed to water in the formation of
the pore, or are shielded by a rearrangement of head groups.

In this paper we investigate the response of a membrane
to stress by means of a polymeric model for bilayer mem-
branes, taking into account both internal degrees of freedom
of the lipids and interactions between the lipids and the sol-
vent molecules. The formation of small holes, or pores, and
the fragmentation, or rupture, of the membrane are both ob-
tained as distinct equilibrium mechanisms for permeabiliza-
tion. Solvent and lipid are modeled as A homopolymer and
AB diblock, respectively, and are described by the usual Ed-
wards Hamiltonian for flexible chains. This model is solved
within the self-consistent field theory as a function of the
applied mechanical stress. Depending on the molecular ar-
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chitecture of the “lipid,”” compression of the membrane leads
either to the formation of small, stable pores, or to rupture,
i.e., to the fragmentation of the membrane into a undisturbed
region and a disordered, solventlike region. The maximal
relative area increase of the membrane at rupture is found to
be approximately 2% for the parameters used, and is thus
very close to the experimentally measured values. A catenoid
lamellar phase, which represents a condensation of pores into
a hexagonal array, is examined and we find that the pores
thus formed are slightly hydrophobic; i.e., the interior groups
of the chains are exposed to the solvent.

II. POLYMERIC MODEL FOR SWOLLEN BILAYERS

In several models of bilayer membranes, the presence of
solvent is neglected, and only the statistics of the lipids con-
fined to a slab of finite thickness are considered [18,19]. In
other models, the surrounding solvent, which contains a non-
zero concentration of lipid, is taken into account, but the
lipids are treated as objects without internal degrees of free-
dom [20]. However, to encompass changes in bilayer prop-
erties due to applied stress, changes such as the appearance
of pores, a model must incorporate both the internal and
translational degrees of freedom of lipids and their interac-
tion with the surrounding solvent. We construct such a model
below in which diblock copolymers and homopolymers play
the roles of lipid and solvent, respectively. In a wide range of
the space of parameters, such as copolymer architecture and
strength of interaction between membrane and solvent, the
phase of lowest free energy corresponds to an array of par-
allel bilayers separated by solvent. The array is characterized
by two length scales, the wavelength, or repeat distance, and
the bilayer thickness. Both lengths vary with the concentra-
tion of solvent, which solubilizes a small fraction of copoly-
mer. In lipid-water systems, the concentration of lipid solu-
bilized in water is very small. Nevertheless, bilayers cannot
be formed until a certain threshold of solubilized lipid, the
critical micelle concentration (cmc), is attained. In principle,
isolated bilayers can only be formed in equilibrium precisely
at the cmc. At larger lipid concentrations, a lamellar phase
with a finite wavelength would be expected. To this extent,
experiments performed on isolated bilayers are not strictly in
equilibrium. However, we expect the results of our equilib-
rium study of membrane stacks to be applicable to experi-
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ments on isolated bilayers provided that we examine results
in the limit of large lamellar separation.

To investigate the effect of stress on a lamellar phase, we
consider such a phase in a system of flexible polymers. AB
diblock copolymers of polymerization index N play the role
of lipids, and A homopolymers of index gN play the role of
water. The A segments of the copolymers with relative
length f correspond to the lipid heads, and the B segments
with relative length 1 — f correspond to the tails. The forma-
tion of bilayer structures is induced by a repulsion between
A and B monomers. The system is assumed to be incom-
pressible. Each monomer occupies a volume 1/py, therefore
the system of n, copolymers and ny homopolymers occu-
pies a total volume V=(nc+gny)N/py. The volume frac-
tions of copolymers and homopolymers are given by
dc=ncl(nc+gny) and ¢y=gnyl/(nctgny), respec-
tively. Each polymer is parametrized by a variable s that
increases continuously along its length. For the copolymers,
we choose s=0 at the A-monomer end, so that s=f at the
junction point, and s=1 at the other end. For the homopoly-
mers, s varies between 0 and g. Using this parametrization,
we define functions rg(s) and rg(s) that specify the space
curves occupied by the ath copolymer and Bth homopoly-
mer.

The partition function, which contains the incompressibil-
ity condition, is given by
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where the functional integrals over all copolymer and solvent
polymer configurations are weighted with the Wiener mea-
sure
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The Kuhn length a is assumed to be the same for all mono-
mers. The Flory-Huggins parameter y measures the incom-
patibility of the A and B monomers. The dimensionless
monomer densities are defined by
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Note that the $4 depend explicitly on the configurations of
all polymers containing A monomers, and similarly for dB
It is this explicit dependence in the product AP that makes
Eq. (1) so intractable. To make it somewhat more amenable,
one inserts a functional integral, 1=JZDAZDE 5 P4
— 41 8[ @B~ P, which permits replacement of the densi-
ties ®A(r,{rS()}.{r4(-)}) and ®F(r.{rji(-)}), which de-
pend upon the polymer configurations, by the functions
®4(r) and ®B(r), which do not. Inserting standard repre-
sentations for the § functionals, using the incompressibility
constraint, and carrying out a Gaussian functional integral
over ®4, one obtains

Z=4" J GwA DwBexp{— F[wA,wB]/kpT}, (5)
where ./ is a normalization constant and
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are the partition functions of single copolymers and ho-
mopolymers subject to external potentials wA(r) and
wB(r). Equation (5) expresses the partition function of the
many polymer system in terms of the partition functions of
single polymer systems subject to external, fluctuating,
fields. The self-consistent field theory approximates this
functional integral over the fields by the value of the inte-
grand evaluated at those values of the fields, WA, W2, which
minimize the functional F[w?,w®]. From the definition of
F, it follows that these functions satisfy the self-consistent
equations

WA(r) = WE(r) = xN(1—2¢%(r)), ©)

and
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¢ (r)+¢B(r)=1, (10)
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are the average volume fractions at r of monomers A and
B respectively. Thus, the free energy density .% is approxi-
mated by F[W, ,Wg]/V, with F given in Eq. (6). To obtain
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from which &€= [drq(r,1) and &= [drqy(r,g). The
step function y(?) is equal to 1 for t<f and O otherwise. The
distribution functions satisfy the diffusion equation
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and the initial conditions g~(r,0)=1 and gy(r,0)=1 [21].
Because the two ends of the copolymer are distinct, a second
end-segment distribution function, g}-(r,s), is defined simi-
larly to g(r,s) except that the monomers are labeled with
an index t=1-—s, which is zero at the B end of the chain.
Hence it satisfies Eq. (15) with ¢/ds replaced by — d/ds, and
the boundary condition qTC(r,1)= 1. In terms of the end-
segment distribution functions, the monomer densities are
given by
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The diffusion Egs. (15) and (16) above can be solved by
expanding all spatially dependent functions in terms of or-
thonormal eigenfunctions g;(r) of the Laplacian operator,
tNa?V2g(r)=—\,d 2g;(r) [22]. The eigenfunctions are
chosen to have the symmetry of the ordered phase consid-
ered. If the phase is periodic, the dimensionless parameter
d is a measure of the repeat distance in units of the polymer
radius of gyration.

For our calculations, we used up to 40 eigenfunctions,
enough so that the calculated free energies and phase bound-
aries did not change measurably with additional functions.
The length of the homopolymer was chosen to be equal to
that of the copolymer (g=1), a choice that yields lamellar
phases that can be swollen indefinitely [23]. The interaction
parameter was always set to yN=11, rather close to the
critical point in the pure copolymer system for which
XcN=10.49 when f=1/2 [24]. For larger values of the in-
compatibility the calculations become increasingly difficult
due to stronger segregation effects.

III. RESULTS
A. Rupture

The mean-field solutions yield free energy densities
F(¢y.dy) for all different phases, from which the global
phase diagram can be obtained. The parameter d; is the re-
peat distance of the lamellar phase, which is an irrelevant
variable if the phase considered is not structured vertically,
and ¢y measures the average homopolymer (or solvent) vol-
ume fraction. To determine regions of phase coexistence, it is
convenient to introduce the thermodynamic potential

A pd)=F(dy.dL) — ndu, (19)

where the chemical potential x coupling to the homopoly-
mer volume fraction is defined by

OF 20)
M=

by
The concentrations in two phases coexisting at constant re-
peat distance d; are obtained as a function of chemical po-
tential, u, and spacing d; , from the two equations

w(g) = (o), (21)
T(u(P4),d)=T(u( ). d}). (22)
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Our results for f=0.49, an architecture in which the lipid
heads are slightly smaller than the tails, is shown in Fig. 1.
There is a dilute, disordered phase, D, for large values of the
homopolymer concentration ¢, normal H; and inverted
H/; hexagonal phases, and a lamellar phase of bilayers, L.
From the numerical calculations, it appears that the lamellar
phase unbinds continuously to the disordered phase. If this
be so, one expects the average volume fraction of the ho-
mopolymer to vary as

o)
b~ pp+ d—L(¢;‘;’— &0, (23)

where ¢5 and d)ﬁl are the volume fractions of homopolymer
in the disordered phase produced at the unbinding transition
and within the bilayer, respectively, and & denotes the thick-
ness of the bilayer. A plot of 1/d}, the value of the inverse
separation in the system under zero stress and at equilibrium
versus ¢y is shown in Fig. 2, and yields the expected linear
relation. Vertical copolymer density profiles ¢-(z) for the
system in equilibrium and under zero stress are shown in Fig.
3 for homopolymer densities of ¢y=0.1 (short dashes),
¢y =0.5 (long dashes), and ¢z=0.7 (solid line). The pro-
files indeed demonstrate that the swelling of the lamellar
phase leaves the bilayer structure unchanged (compare the
central part of the lipid concentration profile for ¢ =0.5 and
0.7); this means specifically that the bilayer thickness &, un-
der stress-free conditions, is independent of the bilayer sepa-
ration for large separations.

We interpret the boundary between lamellar phase and the
coexistence region with the disordered phase to denote the
onset of rupture, because any further decrease in the spacing,
due to a boundary condition or an external force, will induce
disordered regions to appear in the lamellae at equilibrium.
These disordered regions are laterally incorporated into the

0.8 1

FIG. 1. Phase diagram for a nearly symmetric lipid (heads
slightly less bulky than tails, f=0.49) as a function of solvent, or
homopolymer concentration, ¢ and repeat distance d; . There ex-
ists a lamellar phase (L), hexagonal and inverted hexagonal phases
(Hy and Hy), and a disordered state (D). Coexistence regions are
not labeled. It appears that the lamellar phase can be swollen in-
definitely, and thus reaches the disordered phase only for d; — .
The coexistence between the lamellar and disordered phases corre-
sponds to a fragmentation, or rupture, of the bilayer upon compres-
sion.
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FIG. 2. Inverse repeat distance 1/df in the equilibrium system
under zero stress as a function of solvent concentration ¢, . Linear
extrapolation to 1/d;*=0, shown by dashed line, gives the solvent
concentration infinitely far from the bilayers.

bilayers, leading to a fragmented state of the membrane in
which the solvent layers on either side are topologically con-
nected. At the boundary between lamellar phase and the co-
existence region with the hexagonal phases any further in-
crease of the spacing leads to the formation of hexagonal
phase both laterally and, if d; is allowed to relax locally, on
top of the lamellae. The phase diagram in Fig. 1 corresponds
to the experimental situation of a bilayer system between
walls parallel to the lamellae, thereby fixing the mean repeat
distance. By treating d; as the parameter characterizing the
strain in the lamellar system, we tacitly assume the number
of bilayers between the plates to be constant. This also cor-
responds to the case of a single membrane between hard
walls neglecting boundary effects, which is an acceptable
approximation if the spacing is larger than the radius of gy-
ration, i.e., d;>1. If the number of bilayers between the
plates is free to vary, one expects transitions between phases

0c(2)

FIG. 3. Lipid, or copolymer, equilibrium concentration profiles
dc(z)=1— ¢y(z) as a function of the vertical coordinate for three
different values of the average solvent concentration ¢y :
¢y =0.7 and df =2.3 (short dashes), ¢ =0.5 and dF=1.11 (long
dashes), ¢y =0.1 and df =0.6 (solid line). For large dilutions, the
bilayer structure, i.e., the core of the concentration profile, is rather
insensitive to the separation, and the bilayer thickness is constant.
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with different values of d; [25].

The fractional change in area, a= dA/A, at the onset of
rupture is plotted in Fig. 4. The lower curve corresponds to
in-plane expansion, and the upper curve to in-plane compres-
sion. Both curves are essentially constant for relative separa-
tions larger than d;/6~2, so that these constant values
would characterize isolated bilayers. This asymptotic value
for area extension is about a#~0.02, which compares quite
well with experimental results on red blood cell membranes
[13].

Other information that is of use to experiment can be
extracted from the free energy density. Let us assume that the
system is under a compressive stress o, coupling to the re-
peat distance d; , so that the work done in changing d, by
Ad; is AoAd; . For an incompressible system,

0F
o= dL 5&; . (24)

This derivative is only nonzero in the lamellar phase, of
course. At coexistence with one of the other phases, a plate,
such as in a surface force apparatus, would experience a
reaction force o proportional to the amount of the lamellar
phase present, an amount given by the usual lever rule:

) (b= 3)

BP9 2

o=l

Since the stress in the vertically unstructured phases is zero,
there can be no force equilibrium between coexisting lamel-
lar and unstructured phases; phase equilibrium is determined
by free energy minimization alone. The relative volume frac-
tions of the coexisting phases are determined by (21) and
(22); the resulting d; of the vertically unstructured phases
will conform at no free energy cost to the external bound-
aries. Mechanical instability occurs when Ao/Ad;=0. A
diagram showing the phase behavior as a function of o and
¢y is presented in Fig. 5. Negative values of o correspond to
compression. When these values are of sufficient magnitude
and the homopolymer concentration is small, the lamellar
phase becomes mechanically unstable when coexistence with
the inverted Hy hexagonal phase is reached. However, at
larger homopolymer concentrations, when the lamellar phase
reaches coexistence with the disordered phase (i.e., rup-
tures), the two-phase system remains mechanically stable as
a whole. That is, an increase in the stress is needed to pro-
duce additional amounts of the disordered phase. Similarly,
there is a small, mechanically stable region of coexistence
with the normal hexagonal phase H;. Under negative pres-
sure, corresponding to positive o, there is no stable coexist-
ence. Note that in the limit of extreme dilution, the lamellar
phase is unstable to the smallest force exerted on the system
of solvent and lipid. As noted above, these results would be
applicable to experiments carried out on a lamellar phase of
water and lipid in a surface force apparatus.

The results for an electroporation experiment are subtly
different. Because water is such a good conductor, the pres-
sure due to the electric field, oz, is not applied to the entire
unit of water and lipid of thickness d; , but almost solely to
the lipid bilayer of thickness & [15]. As a consequence, we
cannot obtain oy directly from our calculated free energy
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FIG. 4. Relative area change « at the onset of membrane rupture
in the same system as in Fig. 1 upon area extension (or vertical
compression, lower curve) and area compression (or vertical exten-
sion, upper curve).

density as it yields pressures, d;0.%7/dd; , that would com-
press the entire repeat distance uniformly. However, we can
find an equivalent pressure that, on acting through the dis-
placement Ad;, does the same work as o acting through
the displacement A &,

T =——AdL 0—9‘: (26)
E- A8 \"Fod, )

We now use a result of our calculation that the bilayer thick-
ness, defined as the distance between loci at which the co-
polymer concentration falls to 0.5, is linearly related to the
repeat distance so that Ad; /A d=d, /6. Therefore the elec-
trostrictive force per unit area, oy, can be calculated from
our free energy according to

d; 0.7 -
TE=S 3d, (27)
We note that the product Sop corresponds to the surface
tension acting on the bilayer, and can be directly calculated
from the free energy of the lamellar phase. The phase dia-
gram in terms of o and concentration ¢ is plotted in Fig.

Mechanically
Unstable

0.1}

0.05

-0.05
Mechanically
L+H, Unstable

-0.1

0.2 0.4 0.6 0.8 1

ou

FIG. 5. Phase diagram for f=0.49 as a function of the average
vertical stress or pressure o.
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6. Note that in distinction to Fig. 5 appropriate to a force
apparatus, the value of o asymptotes to a nonzero value in
the limit of extreme dilution. Thus there is a threshold elec-
tric field that must be exceeded to produce rupture in a single
membrane. This is in agreement with experiment [14,17].
Lastly we note that in the coexistence regions, we do not plot
a value of dop weighted by the amount of lamellar phase in
the system because the electrostriction does not act on the
aqueous disordered phase, but only on the bilayer. This is in
contrast to the surface force apparatus, which conveys a
force from the entire plate to the lamellar phase, even though
this phase may occupy only a fraction of the volume between
plates.

Just as there is a difference between the two cases in
which the entire system responds uniformly to an applied
pressure, or only the bilayer resists this pressure, so there is a
difference in the compressibility moduli that characterize this
resistance. In the former case, we calculate the vertical com-
pressibility modulus,

P7(dy)
=42 =
1% L 8d2 ) (28)
while in the latter we consider
*F(dy)
a=di————, (29)

which is denoted the area compressibility modulus. These
moduli, evaluated for the system in equilibrium and under
zero stress, are plotted in Fig. 7 as a function of homopoly-
mer fraction. For large homopolymer concentrations, the ver-
tical compressibility Ky (solid line) extrapolates to zero,
whereas K, (broken line) clearly approaches a finite value,
which parallels the behavior of the corresponding stresses at
the onset of rupture.

Finally, we comment on a fundamental difference be-
tween experiments in which a vertical pressure is applied to
the membrane, and those in which a surface tension is ap-
plied to it. The former includes the two experimental situa-
tions we have considered, those involving a surface force
apparatus (with fixea ..umber of layers or only one layer),

L+HH

Mechanically
Unstable

0.05
do,
0
m—_
-0.05 <
- —L+H; Mech. Unst.
0.1 0.2 0.4 0.6 0.8 1

Ou
FIG. 6. Phase diagram for f=0.49 as a function of applied
electroexpansive, (oz>0), or electrocompressive, (o0y<<0), force
per unit area. The product o corresponds to the surface tension,
with & being the bilayer thickness.

K

0 02 0.4 0.6 0.8 1 ¢H

FIG. 7. Vertical compressibility modulus K, solid line, and
area compressibility modulus K, , broken line, as a function of
solvent volume fraction.

and electroporation experiments [17]. The latter encom-
passes experiments in which vesicles are deformed [13,14],
or membranes on a frame are stretched. In these latter situa-
tions, the membrane mediates the surface tension, which is
removed when the membrane fragments. Therefore rupture is
always energetically favored, even for small strains and ten-
sions, at least in the thermodynamic limit of membranes of
infinite area. However, the activation energy for the rupture
processes can be extremely high, leading to a long-lived
metastable state, which makes the measurement of a thresh-
old tension for rupture possible even in these situations. For
finite systems, the line tension plays an important role in
determining whether for a given stress the membrane will
rupture or not [27]. Unlike these latter situations, our results
apply to experiments in which the stress is imposed even in
the ruptured or porated state.

B. Pore formation

In order to investigate the formation of pores, we consider
a copolymer architecture which produces a stable catenoid
lamellar phase. Such a phase can be considered to be a
lamellar phase in which pores that pierce the bilayer con-

12
H;
1
d. D
0.8
C
0.6 _L/
H
0.4 !
0.2 0.4 0.6 0.8 1

Ou

FIG. 8. Phase diagram for symmetric lipids (f=0.5) as a func-
tion of solvent concentration ¢ and repeat distance d; . In addition
to the phases in Fig. 1, there is a catenoid lamellar phase (C), which
corresponds to an ordered array of pores.
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Mechanically
0.1¢ Unstable
0.05 L
G o
-0.05 L+C [C/c+D
0.1 ]
Mech. Unst.
02 0.4 0.6 0.8 1

(0%

FIG. 9. Phase diagram for f=0.5 as a function of the average
stress o and homopolymer concentration.

dense into a hexagonal array. By this means we can examine
the pore structure in such an array with the reasonable ex-
pectation that it does not differ greatly from the structure of

3881
0.1
0075 Mech. Unst.
005 L+H;
0.025 L
dc, ©
0.025 C+D
-0.0:
5 C+H1
0075t L+Hr Mechanically Unstable
-0.1 02 0.4 0.6 08 1
(1)

FIG. 10. Phase diagram for f=0.5 as a function of do; and
homopolymer concentration.

an isolated pore. Pore structures have been considered in a
number of phenomenological theories before [28,29]. We
want to determine, in particular, whether the head groups in
the core rearrange themselves significantly to shield the hy-
drophobic portions, producing a ‘“‘hydrophilic core,” or do

(b)

W
W
RN
W
\

FIG. 11. (a) Total A-monomer concentration, (b) the copolymer A monomer (or lipid heads), (c) the solvent concentration in the center

of a bilayer for d; =1.03 in the catenoid lamellar phase.
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FIG. 12. Monomer concentrations of component A in the vertical plane for y=0. (a) Total A-monomer concentration, (b) the copolymer

A-monomer (or lipid heads), (c) the solvent concentration.

not significantly rearrange, leaving a ‘“‘hydrophobic” core.
We choose for this purpose the symmetric copolymer,
f=05.

The phase diagram is shown in Fig. 8 as a function of the
spacing d; . It now contains a catenoid lamellar phase (C),
and only normal hexagonal phases. The phase diagram is
shown in terms of the average stress, and for uniform d;
appropriate to a force apparatus, in Fig. 9. A large coexist-
ence region between the lamellar phase and the catenoidal
phase appears at moderate compressive stress. Figure 10
shows the phase diagram in terms of the electrostrictive
stress, appropriate to electroporation. Here, the repeat dis-
tances of coexisting catenoidal and lamellar phases are in
general different [26]. As far as extrapolation is possible, the
phase boundaries seem to approach finite values as the sepa-
ration between the bilayers grows without limit, again indi-
cating a threshold electric field for rupture or pore formation.

Concentration profiles in the catenoid lamellar phase are
shown in the next several figures. Figure 11 shows several
profiles, all at the point in the phase diagram at which
d;=1.03 and the lamellar and catenoid lamellar phases co-
exist. The concentrations are calculated in the z=0 plane
parallel to, and at the midpoint of, the bilayer. The total

monomer-A concentration, ¢*= ¢'é+ &y, is shown in Fig.
11(a), the lipid head concentration ¢é in (b), and the solvent
concentration ¢y in (c). Figure 12 shows the same three
concentrations displayed in the y=0 plane perpendicular to
the plane of the bilayer.

FIG. 13. Bilayer surface in the catenoidal phase for d; =1.03.
All distances are measured in units of the polymer radius of gyra-
tion.
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FIG. 14. (a) Width of the pores (broken lines) and width of the
membrane bridges in the symmetry plane of the bilayers and for
y=0. The widths are measured in units of the polymer radius of
gyration, as is d; . (b) fractional area of the pores for d; =1.03.

The membrane surface, defined as the locus of points at
which the copolymer concentration has decreased to
¢c=1/2, is shown in Fig. 13. The diameter of the holes and
the width of the membrane bridge defined along the axis
z=0 and y=0 are plotted in Fig. 14(a). The width of the
membrane bridge stays rather constant and the diameter of
individual pores decreases as d; , and the solvent concentra-
tion ¢, increase. The fractional area of the holes are plotted
as a function of the repeat distance in Fig. 14(b). As the
separation between membranes increases, the pores become
smaller.

Since the bilayer thicknesses of the coexisting lamellar
and catenoidal phases are very similar, it is likely that the
line tension between these two phases is small. If so, single
pores that dissolve in the lamellar phase would undergo ther-
mally activated diffusion. A measure of how easily pores can
move is provided by their compressibility modulus in the
plane,

P7d,.d
Ky= i# (30)
where dy is the lattice constant of the hexagonal array of
pores. This quantity, normalized by the vertical compressibil-
ity Ky in the lamellar phase at coexistence, is plotted in Fig.
15 as the broken line. The vertical compressibility modulus
in the catenoid lamellar phase, normalized by the same

0 0.6 0.8 di

FIG. 15. In-plane compressibility due to displacement of pores
normalized by the vertical compressibility of the lamellar phase,
Ky(C)/Ky(L), broken line, and vertical compressibility of the
catenoid phase normalized by the vertical compressibility of the
lamellar phase, K;(C)/Ky(L). Results are at coexistence of
catenoid and lamellar phase, and plotted as a function of the repeat
distance d; .

modulus in the lamellar phase, is shown as a solid line. Both
ratios are smaller than unity, which shows that the catenoidal
phase is much softer than the coexisting lamellar phase.

To determine whether the pores are ““hydrophilic”” or “hy-
drophobic,” we consider the quantity 2(¢‘é— lé), which is
twice the difference between the volume fraction of head
groups A and tail groups B in the copolymer. We evaluate it
on the surface of the membrane as a function of position, and
refer to it as the hydrophilicity. Because (¢'é+ $E)=1/2 on
the surface by definition, the hydrophilicity is simply
(pt— g)/(¢’é+ d)lé). Figure 16(a) shows a cross section in
the y=0 plane of the membrane surface of Fig. 13. The
value of the hydrophilicity on this surface is shown in Fig.
16(c). We see that as x increases and we descend into the
pore, the hydrophilicity decreases and becomes negative, so
that there are more tails B than heads A exposed to the A
homopolymer. Thus the pores in this cross section are
slightly ““hydrophobic.” A similar cross section in the x=0
plane with its associated values of hydrophilicity are shown
in Figs. 16(b) and 16(d). In this direction, the hydrophilicity
falls only to zero. On average, therefore, the pores are
weakly hydrophobic.

The self-consistent mean-field theory also yields meta-
stable solutions corresponding to saddle points in the free
energy. These saddle-point structures provide insight into the
energetics of transformations between different phases. In
Fig. 17 we show the surface of the metastable solution,
which connects the lamellar and the catenoidal phase for
d;=1.03. This structure is a bilayer with a very weak sur-
face modulation. We have expanded the vertical scale in the
figure to make the structure more easily visible. As can be
surmised from the weakness of the modulation, the free en-
ergy is only slightly higher than the lamellar phase itself. It
follows that the activation barrier for the formation of the
catenoidal phase is actually very small. Thus one expects that
the formation of such a pore structure would proceed via a
moderate surface modulation of the bilayers, rather than by
means of the formation of hydrophobic microholes [28].
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FIG. 16. Two-dimensional projections of the bilayer surface for (a) y=0 and for (b) x= 0. Hydrophilicity, 2(¢’é— ¢€~), evaluated at the
bilayer surface for (c) y=0 and for (d) x=0. The pore centers are slightly hydrophobic.

FIG.
d;=1.03, corresponding to a saddle point between lamellar and
catenoidal solutions in the free energy landscape.

17. Bilayer surface of the metastable solution at

IV. SUMMARY

A polymeric model was used to investigate the behavior
of bilayers under the action of mechanical stress. It was
solved using a numerical implementation of the self-
consistent field theory. In the absence of stress, and for suit-
ably chosen head to tail volume ratios, the model yields
stacks of bilayers that are separated by layers of solvent. Due
to the complexity of the numerical calculations involved, we
could consider the system only in relatively weak segrega-
tion between the lipids and the surrounding solvent. Never-
theless, many of the salient properties of real membranes
already appear in our calculations.

We find that under an external force the repeat distance,
and concomitantly, the bilayer thickness, changes until the
bilayer coexists thermodynamically with either the disor-
dered phase, or the catenoid lamellar phase. We interpret the
first as the onset of rupture, and the second as the formation
of pores. Both phenomena occur in equilibrium, and are
therefore reversible, in accord with electroporation experi-
ments. Which process occurs depends on the architecture of
the basic membrane component.

The relative area increase at the onset of rupture is ap-
proximately 2% for bilayers that are far apart, a value that
compares favorably with experiment. We analyze the struc-
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ture of the pores, and find them to be slightly hydrophobic.

We also obtain metastable structures corresponding to
saddle points in the free energy for the formation of pores.
These structures are slightly modulated versions of the un-
perturbed bilayers with only a small increase in the free en-
ergy.

Pores have also been considered theoretically in the
framework of phenomenological elasticity theory [6,28,29].
Using our results, we can confirm many of the underlying
assumptions of those theories regarding the structure of the
pores. Very recently, the formation of holes in two-
dimensional tethered polymer networks was observed in-

cluding the effects of fluctuations [30]. Analogously, one
might expect thermally excited pores even in the lamellar
phase of our polymeric model.
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