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Spherical vesicles in agueous solution, made of bilayer lipid membranes, undergo shape
transformations to open cup-like vesicles, due to the addition of guest molecules such as the
protein talin. A semi-quantitative analysis of the opening up of the vesicles is made, based
on the adsorption isotherm of guest molecules to the rims of the opening vesicles. The
cuplike vesicles are represented as a partial sphere cut by a plane. The line tension of the
rimsis reduced greatly by adsorbed talin, and is determined from the statistical mechanics of
the adsorption equilibrium. The total free energy of acuplike vesicle islower than that of the
original spherical one. A more precise numerical evaluation of the shape of the open vesicles
isaso made. In this, we use the line tension and the equival ent spontaneous curvature of the
membrane as theoretica parameters. The anaysis reproduces the observed shapes of the
cuplike vesicles well.
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1. Introduction

Because of its softness, fuzzy nature, flexibility, and lack of a strict theoretical background,
the physics of soft condensed matter has its own characteristics compared to solid state physics.
However, the softness, fuzzy nature, and flexibility are required or redized in many fields of science
and technology, and especidly in living materials. With the above features in these fidds, soft
materials physics has been studied extensively. Contemporary topics in soft materias physics are
polymers, liquid crystals, amphiphiles, complex fluids, and biomaterials such as proteins, DNA, etc.

In this paper, we present atheoretical study of the opening up of lipid vesides. So far, such
vesides have been studied as topologically closed items, and their opening up has not been observed
as a stable form. Thus, closed vesicles made of a lipid bilayer membrane have been studied
extensively due to their importance in biology, in industries such as food, paint, cosmetics,
pharmacol ogy, and so on. Closed lipid vesicles are stable, with rather long lifetimes, and are used for
practical purposes. Seifert and Lipowsky presented a review of experimenta and theoretical works
on such vesides[1]. The stability and long lifetime of the d osed vesicle is especially important for a
biologica cdl, in maintaining the separation between its interior and exterior. In redity, making
holes in the surface of a lipid spherical vesicle is rather difficult. In the eectroporation method,
application of a strong eectric field can make a temporary hole. However, the pore disappears
immediatd y when the dectric fidd is reduced be ow some threshold value [2]. Osmotic shock [3],
laser tweezers [4] and adhesion [5] have also been devel oped to open transient hol es in membranes.

Recent studies have shown, however, that some organic chemica agents such as the
protein tain [6] or detergents [7] are capable of inducing a stable hole or holes in lipid membranes.

" Corresponding author: suezaki @cc.saga-u.ac.jp



26 Y. Suezaki, T. Umeda

The spherical vesides transform into cuplike ones, as tube-like shapes or bilayer sheets. Although
the precise mechanism has not yet clarified, the oligopeptide mdittin (a bee toxin) induces
hemolysis, so that its addition can make a hole in a red shell membrane [8]. The shapes of the
observed holes have been interpreted on the basis of the mechanical balance between the bending
rigidity of the membrane and the line tension - the energy cost per unit length of the edges of the
holes. Assuming a value for the line tension energy on a small circular hole in a spherica vesicle,
one can show that a quasi-stable hole opens in the membrane under an excess inner pressure [9].
However, this model can only explain transient holes, because the leakage of water through the
holes may reduce the pressure difference across the membranes.

In this paper, we will briefly review the experimental results on the opening up of lipid
vesi cles by adsorbed guest molecules. Next, we will present an analysis of the stability of the cuplike
vesicles, caused by guest mol ecul es adsorbed on the rims of vesicles, based on statistical mechanics.
In the first part of the theory, for simplicity, a partia sphere cut by a plane will be taken as a model
for the opened vesides, to illustrate the adsorption isotherm using the statistical mechanical modd.
The stability of the opened vesicles will be analysed by minimizing the total free energy. The origin
of the line tension by the adsorption isotherm will be clarified. Next, a more precise numerical
andysis of the shapes of the open vesicles will be performed, by assuming the line tension and the
bending rigidity of the membrane. The shape of an open vesicle with a single hole will be cal culated,
using two parameters - the spontaneous curvature and the line tension of the rims of the open
vesicles. The shapes obtained by numerical calculation will be compared with the observed shapes
of cuplike vesicles.

2. Review of experimental results

Fig. 1. Observed opening up of vesicles, showing the shape changesinduced by changesin
concentretion. A to H are for increasing concentrations, and H to L for decreasing
concentrations [6].

As dready reported [6], when a small amount of the proten talin was added to a spherical
lipid veside system, opening up of the vesicles was observed above a threshold concentration of
talin, of the order of micro moles, as shownin Fig. 1. Aswdl asthe vesicles shownin Fig. 1, which
were taken by dark field microscopy, vesides with two and three holes were also observed. These
coexisted with spherical vesicles when the concentration was not high [6]. By switching from a dark
field microscope to a fluorescence microscope, talin could be shown (due to the fluorescent nature
activetalin) to be adsorbed on the rims of the cuplike or sheet like vesicles,. As shown in Fig. 1, the
shape of the cuplike vesicles changed reversibly when the concentration of talin was changed. Just
above athreshold concentration, a small hole opened up. Its size increased progressively from B to
H. Upon decreasing the concentration from H to L, the hole shrank reversibly, urtil the original
spherical vesicle was re-formed. This result shows that the shape of the cuplike vesicles was
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determined by the concentration of talin. Similar characteristics of the opening up of vesicles have
also been observed for other lipid and surfactant systems[7].

3. The adsorption isotherm of talin to cuplike vesicles

For cuplike vesicle formation in the lipid and talin system, Suezaki and co-workers have
clarified the origin of the shape change of the vesicle by the adsorption isotherm of talin between the
periphery of the cup-like vesicle and the agueous solvent [10]. Here we will reformulate the theory
starting from the simplified free energy description, so that it may be comprehensible to readers
other than physicists. Before going into the tota free energy description, we briefly review the
bending d astic energy of the vesicle membrane. Hdlfrich first described this as follows [11]:

Eppy = k—ZC” (c, +c, —c, Pxdy +k, ” ¢, c, dxdy 1)

where k. and k; are the cylindrical bending modulus and the Gaussian bending modulus,
respectively. The factors c,, ¢, and ¢, are the two principal curvatures and the spontaneous
curvature, respectively. The integrals are taken on the surface of the vesicle. We will neglect the
terminvolving the Gaussian bending modul us in the following cal cul ation.

Cuplike vesicle

Adsorption
equilibrium

Fig. 2. Schematic picture of the adsorption isotherm of talin to the rim of a cuplike vesicle.

In this paragraph, we will briefly discuss the reason why we can neglect the Gaussian
bending energy term. Previously, many workers tried to develop theoretical explanations of the
complicated phase behaviours of colloidal systems such as microemulsions, lamellar layers etc. The
factors k. and ky were treated as independent theoretical parameters [12]. It is important to notice,
however, that the Gaussian bending modulus is the dastic modulus for the shear deformation of the
membrane surface. The experimental condition for the lipid membraneis that it isin theliquid phase
[6, 7], and the lipid bilayer membrane is not resistant to shear stress. The theory of éagtic
membranes [13] cannot answer this problem. For a reliable description of liquid membranes, Petrov
and co-workers described the membrane in the liquid phase via a surface dasticity model, using
dumbbell molecules [14]. One of the present authors revisited the modd of Petrov et al., and
examined the physical nature of the Gaussian bending modulus [15]. According to this anayss, the
val ue of the Gaussian bending modulus, ky cannot be of the same order of magnitude as that of major
bending modulus, k.. Instead, the value of k; should be at most two orders smaller than k.. Thisis
due to the shear free condition of the lipid membranes. Thus, in the first order approximation of the
theory, we will neglect the Gaussian bending modulus in further discussions. However, in a more
detailed investigation of the vesicle topologies, it plays a considerable role in the formation of
opened vesicles, as will be discussed later.
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When we anal yze the adsorption isotherm of a cuplike vesicle, we will regard it as a partia
sphere cut by a plane. Fig. 2 shows this schematically, together with the adsorption scheme. The
bending energi es Eqnee ad Eqyp are represented simply as

E qrere = 27K (2 C,Ry)? )

sphere
Eop = 27K (2x - ¢,R)? ©

where x=Ry/R is the rdative curvature of the cuplike vesicle [10]. The factors, Ry and R are the radii
of curvature of the origina sphere and the cuplike vesicle, respectively.

Before proceeding further, we evaluate the mechanica condition for creating the open
vesicle By postulating thelinetension, y; the linetension energy E;in, iswritten as

E,im = 4Ry V1~ X 4)

To have a positive solution for the relative curvature x, the following eguation should hold:

a(E%:E”m) :4{2kc(2x—CoR>)_ /_fiz =0 ©

In order to possess a positive solution of X, the condition is stated simply as
2X> R, (6)

This means that the frustrated bending moment should work so as to expand the origina spherical
vesicle to form the open one.

Now, we denote X, N, ng and n as the numbers of total talin, and adsorbed talin, and the
numbers of origina spherical vesicles and cuplike vesicles, respectively. Then, the free energy F of
thetotal system can be written as:

F =(X = N)KT logc,_, + NKTlogc, +-£,N +n(Ey, = Eqee) 0
~KkT[nlogn + (n, - n)log(n, - n)|
where
X-N
Cxn = (®)
Cr :i (9)
Vt

are the concentrations of talin in the aqueous solution and of talin at the rim of the cuplike vesicle.
The factors V and v; are the total volume of the system and that of the molecular volume of talin,
respectively. The factor & in Eq. (7) is the affinity free energy of talin from water to the rim of the
cuplike vesicle. Here, we neglect the adsorbed number of talin on the surface of the cuplike vesicle.
It can be shown to be negligible because of the large value of & egimated from the observed
threshold concentration of talin.

The numbers N and n are determined so as to minimize the free energy F. Now, we perform
the minimization of the free energy. Firstly, we show the minimization procedure by N as follows;
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oF
G_N = Hog — Moux =0 (10)

where

[y =KT |og{ief]—go +87k.n2x- COR))S—; (12)

Mo =KT log ey (12)

are the chemical potentids of adsorbed tdin and that dissolved in the aqueous solvent, respectively.
Next, the number n of cuplike vesides should dso be determined, so asto minimize the free
energy F. Thisiswritten as

oF 16)4 n
—=E, -E +8mk_(2x - c,R,)— + KT lo =0 13
an cup sphere c( ORO)an g( no _ nj ( )

The above equation can be interpreted in another way: the relative curvature, X, is determined as a
function of the concentration, Cyx=X/V. Namdyy, it describes the mechanical balance of the cuplike
veside

Lastly, we mention the minimized free energy vdue, Frin. Using Egs. (7), (10) and (13), we
obtain the following result:

me_FNZO :1_&_|og Cix <O (14)
XKT Cy Ci
where
1 £
c =L op[-f (15)
" ey, exp( ij

is the threshold concentration for formation of the cuplike vesi cles. From the observed value of the
threshold concentration, & is estimated to be approximatdy 20KT. In Eq. (14), theterm of the order
of n has been neglected, because it is small compared to the terms in Eq. (14). Eq. (14) shows that
the formation of cuplike vesicles lowers the free energy, and the open vesicles are more
thermodynami cally stabl e than the system of spherical vesicles. The large value of & means that the
adsorbed number of talin to the bulk membrane surface can be neglected to a first approximation,
although we have not shown this explidtly here

Before closing this section, we will obtain the line tension as a function of the concentration
explicitly, asfollows. From Eq. (5),

2

y=2k, (2x - COR))i“E):( : (16)

By defining o as the number of talin molecules per unit length of the rim, we obtain N =nlo, where
| =47R\1-x? isthelength of the rim per open vesicle. From Egs. (10)-(12), (15) and (16), theline
tension turns out to be

y = oKT IOQ[LJ ) (17)

x ~ Cin

Therefore, thelinetension is a decreasing function of the concentration of talin.
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4. Numerical analysis of the shapes of the opening up vesicles

In the previous section, we could successfully understand the cuplike vesicle formation
based on the adsorption isotherm. However, the vesicle shape was assumed qudlitatively to be a
partia sphere. In redlity, the shape is non-sphericd, as shown in Fig. 1. In this section and the
following one, we will present anumerical calculation of the shapes of the open vesicles.

The equilibrium shape of the closed vesicles has been thoroughly studied from the
theoretical viewpoint, following the pioneering work in this fiedld of Hefrich [11]. A variety of
vesicle shapes and shape transformation pathways under various conditions have been explained
using the Helfrich free energy. This is given by Eq. (1), and/or by the more realistic ADE mode
[16]. The standard procedure for calculating the equilibrium shape is the variationa method. By
applying this to the energy functional of the bending dastic energy, one can derive the Euler-
Lagrange equation, from which the equilibrium shape of the vesicle is obtained. Recently, Tu and
Ou-Yang [17] have applied this method to membranes with free edges. Using the Hdfrich free
energy, they derived the Euler-Lagrange equation and the boundary conditions holding at the
membrane edges. Umeda et al. [18] modified these equations to indude the ADE model, and
obtai ned open shapes in good agreement with the observed ones.

4

A
/

Fig. 3. Schematic picture of the axisymmetric cuplike vesicle s is the distance from the
bottom a ong the meridian line @ is the tangent angle, as shown inthefigurer is the distance
from the axis of rotation.

Here we use the simpler modd, i.e. Hefrich's free energy (with spontaneous curvature,
(Eg. 1)), and describe the shape equation and the boundary conditions for the open vesicles. The
analysis is restricted to axisymmetric deformation, to simplify the expressions.

By assuming the line tension energy yat the rim of the cup, we may write the energy of a
cuplike vesiclein the following form:

k
W =E,, +y[d =2ﬂj[7°(2H —cy)? + kgK}rds+ 271, (18)
where
sing do _ _sSingdg
1ol e )Y O] e, -Srel @9

are the mean curvature and the Gaussian curvature of the surface, respectively. The factorsr, s, and
gare the geometrical parameters shown in Fig. 3. The factor ro in Eq. (18) is the radius of the hole.
The equilibrium shape of the vesicle is obtained by minimizing W for a given membrane area
A=47R. The shape equation and the boundary conditions for open vesicles are derived from the
expression

oW +4A)=0, (20)
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where A is the Lagrange multiplier. Equation (20) leads to the following Euler-Lagrange equation in
the surface:

2k AH +k (2H = ¢,)(2H? = 2K +¢,H)=24H =0, (21)

where A=(1/r)d(r(d/ds))/ds is the Laplace-Beltrami operator on the surface [17]. This
equation corresponds to the force balance per unit membrane area in the direction normal to the
surface, and it is the same shape equation as that for closed vesicles [18]. The boundary conditions
for EQ. (21) ontherimare

sing _
kc(2H —co)+ k= =0, (22)
2kc dH + yw: 0, (23)
ds r
%(ZH —G)2 +kK +A+y 28 =0, (24)
r

Physicaly, Egs. (22) and (23) correspond to the moment balance and the baance of the
shear force per unit length of the boundary, respectivdy. Equation (24) is associated with the
membrane tension. For more precise descriptions of these equations, see references [17] and [19].
Note that the parameters y and k, are involved only in the boundary conditions. The equilibrium
shape of the open vesicles is obtained by solving Eg. (21) with the boundary conditions Egs. (22)-
(24), and the constraint A=277] rds = 478%.

5. Results of numerical calculations

In Fig. 4, we show the result of a numerical calculation using Eq. (21), with the boundary
conditions (22)-(24). The parameters used in the ca culations were ¢,R, = 1 and kg = 0. Figure 4a

shows the radius of the hole as a function of the line tension, and Fig. 4b depicts the opening up
shapes of the representative points A, B, and F in Fig. 4a Open vesicles are obtained when yis

smaller than K, / R;.

Thetotal energy W of Eq. (18) is shown in Fig. 5, as a function of the linetension y. In this
figure, the solid line shows the energy profiles of the open vesicles shown in Fig. 4, and the dotted
lineisfor aspherica vesicle.

(a) 2.0

1.5

0.5

%)

YRO /kc

Fig. 4. The shapes of open vesicles, as obtained by numerica calculations (8) Normalized
size of the hole 1,/ R, versus normalized line tension )R,/ k.. (b) Vesicle shapes at the
points indicated by the | ettersin ().
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Fig. 5. Calculated total energy W. Dotted line: the energy of a sphere with the same area (a)
Normalized energy of the open vesicle shownin Fig. 4. (b) Magnification of (a). Solid line:
the energy of the open vesicle.

From Fig. 4 and the energy profiles shown in Fig. 5, we see that the opened shapes
bifurcate from a sphere at point F (y=)R,/k, = 1.0). As y decreases, the hole becomes larger and
the total energy W is reduced from that of a spherical vesicle. This result coinddes with that from
Sec. 3, i.€ that open vesicles are more thermodynamically stable than spherical ones, when the talin
concentration is higher than a threshold vaue. This is because the line tension y decreases as the
concentration of talin increases (see Eq. (17)). However, the y-ro curvein Fig. 4 folds at D and C,
and there are three solutions for 0.49 < y < 0.69. Fig. 5 indicates that open vesicles with shapes
between C and D are unstable. Therefore as y decreases, afirst-order transition occurs and the cup-
like vesicles discontinuously expand their holes to assume the shapes shown in B-C of Fig. 4b. Then
they assume a dish-like shape as shown in A.

Similar results were obtained for calculations with ¢,R, # 1. The bifurcation to the open
shapes occurred & y=2-c,R, from a sphere with a hole continuously or discontinuously expanded
as y decreased. However, we could not find open shapes for ¢,R, > 2. Theinequality ¢,R, <2 may
be a necessary condition for the formation of open vesicles. This suggestion is aso supported by the
andysis described in Sec. 3. When the hole is infinitesimal small, i.e when x = 1, condition (6)
reduces to ¢,R, < 2. This means that a frustrated bending moment is needed for the opening up of
vesicles, as stated in Sec. 3.

The calculated shapes shown in Fig. 4b are very close to those shown in Fig. 1. However,
vesicles similar to thosein C and D were aso observed in experiments, and the change of the shape
seems to be continuous, in contrast to the expected discontinuous changein Fig. 5. Because redlistic
colloidal systems are often redlized as metastable states, some of the observed vesicles in Fig. 1
might correspond to the calculated vesicles. Furthermore, we aso calculated the shape of the open
vesicdles using the ADE modd [19] instead of employing the spontaneous curvature mode of
bending dastic energy. Although the results showed discontinuous shape changes as wel, the
pattern of shape transformations predicted by the ADE modd seemed to be doser to the observed
pattern than to the results of the spontaneous curvature modd. For a more precise stability criterion,
the study of the open vesidesisjust starting, and we need more experimental and theoretical studies
in future work.

For larger vd ues of the linetension y; the hole becomes very small, as shown in E of Fig. 4
since the line tension tends to minimize the hole perimeter. In Fig. 6, we show the enlarged picture
of a nearly spherical vesicle with asmall opening. The surface around the hol e protrudes, where the
large negative curvature d@/ ds at the opening compensates for the positive curvature sind/r in Eq.
(17). This shape is very different from the ideal one assumed in Sec. 3, where a sphereis cut by a
plane. Although very small holes are not detectabl e, the observed membrane shape seems not to be
spherical, but to protrude around the hole Therefore, some of the consequences obtained in Sec. 3
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may require modification, at least for vesicles having very small holes. A full analysis using non-
spherical shapes will be atopic for future work.

Fig. 6. The shape of asmall opening in anearly spherica surface. The parameters are
R =1,k =0and )R /k,=0.9.

Because we neglected the effect of k, in the calculation used to obtain Fig. 6, the orifice of
the opening opens as shown in the figure. The effect of k, is also evaluated in our calculation [18].
The orifice is more smoothed out when k; is negative, and more curled up when it is positive
Although the resolution of the optical observations made so far is not good enough to distinguish
these differences, precise observation and comparison with the theoretical calculation will reveal the
true nature of the Gaussian bending modulus [15].

6. Concluding remarks

Inthefirst part of this paper, we reported a physi co-chemical mechanism for the opening up of
lipid vesicles, induding a rim adsorption of guest molecules and shape changes, according to
statistical mechanics. It was shown that the concentration of guest molecules on the rims of the
opened up vesides determined ther shapes. In other words, the line tension is controlled by the
adsorption isotherm of the guest molecul es. For simplicity in this analysis, the opened vesicles were
assumed to be partial spheres. By this simplified modd, we could clearly understand the interplay
beatween the adsorption isotherm and the torque balance of the opened vesicles.

In the last part of this paper, the precise shapes of the opened vesicles were analyzed by
numerical calculations based on the spontaneous curvature derived originaly by Hefrich [11].
Depending on the line tension and the spontaneous curvature of the membrane, cuplike vesicles
were predicted. These shapes coincided with observed pictures [6], [7]. Theoretica anaysis,
however, showed that the shape changes were expected to be di scontinuous, from cuplike vesicles to
shdlow dish-like shaped ones.

Although the observed pictures [6], [7] seem to show a continuous change, more precise
observations, and a comparison of the theories of the spontaneous curvature model and the ADE
model should be made. The bending energy of thin elastic materials can be described wdl by the
traditional spontaneous curvature model [13]. Hefrich nicely described the bending energy of lipid
membranes by extending the elastic energy of a liquid crystal to the monolayer of surfactant
membranes, and introduced the concept of spontaneous curvature [11]. Because the dastic energy of
liquid crystals is that of the dastic materias in origin, Hefrich's bending energy is based on the
dastic theory of materids.

The ADE model of the area difference of monolayers of lipid bilayers describes the
spontaneous curvature in a different way. This modd seems to be more anal ytically gentle than the
spontaneous curvature modd, as far as we see from the numerica cal culations shown in this paper
and those in another report using the ADE model [18].

The cal culation was made only for axisymmetric shapes. However, non-axisymmetric vesicles
have a so been observed. The analysis of such non-axisymmetric vesicles will be afuture problem.
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