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Abstract: The adhesion of two-component lipid vesicles to a flat substrate is investigated. The components are
characterized by different spontaneous curvatures. The shape of the vesicles is coupled to the lateral distribution
of membrane components. The influence of the adhesion on the shape transformations and the lateral distribution
of membrane components is investigated. The evolution of the vesicle’s shape and the lateral distribution of
membrane components in the process of vesicle adhesion is studied. It has been shown that vesicle adhesion may
induce mixing or demixing of membrane components. The change of the vesicle shape due to adhesion facilitates
the curvature driven segregation of the membrane components and results in the formation of large membrane

domains with various mean curvatures.
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1. Introduction

The adhesion of biological cells and vesicles plays an important role in nature [1]. The adhesion
may result from attraction of the bilayer to other bilayer [2,3], to biomolecular condensates [4,5], or
to various substrates [6-14]. It takes place during endo- and exocytosis when cells communicate
with their environment. It plays a crucial role in tissue morphogenesis, migration, self-recognition,
the immune response, synapse formation and embryogenesis. The adhesion may be important in
drug delivery by liposomes when they attach to the plasma membrane to release their content into
the target sites. Here, we focus on the rearrangement of components in a lipid membrane due to
the adhesion to a flat rigid substrate. We investigate the process in which the lateral distribution of
membrane components is coupled to the shape of the membrane. During the adhesion the shape of
cells or vesicles is changed and it may lead to the lateral segregation of membrane components. Such
segregation is induced due to the coupling the spontaneous curvature of the membrane constituents
with the local mean curvature of the membrane. Such segregation is induced due to the coupling of
the local spontaneous curvature with the local mean curvature in the Helfrich energy.

Mathematical Model

It is assumed in the mathematical model that the membrane is composed of two components
which are characterized by different spontaneous curvatures Cj where the index « denotes the type
of the component: A or B. For simplicity the bending rigidities of both components are assumed to
be equal k4 = «P
volume V and fixed total concentration of the component A (¢1,:), defined as the fraction of the total
surface area of the vesicle membrane occupied by the component A. Such a physical situation is well

described by the functional [15] given by:

= k. We investigate the system with fixed topology, constant surface area S, and

F— g/st(C1+C2—C0((P))2 (1)
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where C; and C; are the principal curvatures, Cy(¢) is the local spontaneous curvature and the
integral (1) is taken over the surface of a closed vesicle. ¢ is the function describing the local relative
concentration of the component A. We assume a linear dependence of the membrane spontaneous
curvature, Cy on the concentration ¢:

Co(9) = (C§ — C3)p +C§, )

where 0 < ¢ < 1. No topology change is considered, therefore the integral over the Gaussian
curvature contributes a constant value and is omitted in Equation (1). In order to mimic the most
common experimental conditions, the constraints of constant surface area S and volume V are imposed.

The vesicle shapes can be well approximated in numerical calculations by surfaces which have
rotational symmetry. Therefore, the vesicles can be studied by parameterizing their shape with the
angle between the line perpendicular to the rotation axis and the line tangent to the shape profile, 6(s),
as a function of the arclength s. The radius r(s) and the height z(s) of the shape profile are calculated
from 6(s) according to:

r(s) = /O s cos(0(s')), 3)

2(s) = /0 " s’ sin(8(s')). @)

In order to parameterize an adhered vesicle shape, the following constraints must be satisfied:

6(0) =0, ®)
6(Ls) = m, (6)
T(Ls) =R, @)

where L; is the length of the free part of shape profile. The Eqs (5) and (6) guarantee that the profile

is smooth at the ends and Equation (7) determines the radius of adhesion R, defined as a distance

from the axis of rotation to the place where the surface of the vesicle deflects from the flat substrate.
The functional (1) with the shape profile parametrized by 6(s) is given by:

. or(Ls) s)  sin(6(s 2
Fzzlzn/()L+ L dsr(S)(d?;S) +S (9( )) _CO(‘P(S))) ] 8)

r(s)

The functional (8) is minimized numerically. The function describing the shape profile 6(s) is composed
of two parts. The surface of the vesicle which is not attached to a substrate (0 < s < Ls) is approximated
by the Fourier series,

s N om,
0(s) = QOL—S + Y a s1n(L—sz -s), )
i=1

where N is the number of Fourier modes, and a; are the Fourier amplitudes. Large number of the
amplitudes, of the order of one hundred, is required in order to accurately parameterize complex
shapes. 0y is the angle tangent to the shape profile at the point where the membrane deflects from
the substrate, 6y = 6(Ls). We can define this angle as the contact angle and assume that it is ) = 7
in order to keep the profile of the vesicle smooth at all points. In the range L; < s < Ls + r(Ls) the
function 6(s) = 7 which means that the shape profile is a horizontal line extending from r = 0.0 to
r(Ls). The value R = r(Ls) is used to define the contact area, A, given by A = 7R?. Thus, we can
define Rz, = R as an adhesion radius. The functional variation is replaced by the minimization of the
function of many variables [16]. The local concentration of the component A is approximated by the
function:

¢(s) = (9" — ¢P) tanh(&(s — s0)) + ¢p (10)

d0i:10.20944/preprints202410.2475.v1
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The function (8) is minimized with respect to the amplitudes 4; and the length of the shape profile Ls,
and the parameters ¢*, ¢, &, sy under the constraint of constant surface area S and volume V, and
adhesion radius R where

Ls
S = nr(Ls)? +27r/0 dsr(s), (11)
Ver [ ds(s)sind 12
= 7'(/0 sr=(s) sinf(s), (12)
Ls
R= A dscos(0(s)). (13)

The volume (V))) and the radius (Rg) of the sphere having the same surface area (S) as the
investigated vesicle are :

Ro=+S/4m, Vy= %nRS (14)

The reduced volume [7,17] is defined as v = V /), the reduced spontaneous curvatures cj = CyRo,
the reduced free energy f = F/8mxk, and the reduced adhesion radius 7,4, = R,/ Ro.

2. Results and Discussion

The stability of vesicles and the lateral distribution of components ¢(s) due to the change of the
adhesion radius 7, is investigated. The components are characterized by the spontaneous curvatures
¢t = 8and cf = 0.0. Such large difference in the spontaneous curvature facilitates the curvature
induced segregation of the components. The total concentration of the curved component A was
chosen as ¢y = 0.5 and the reduced volume v = 0.95. We have decided to investigate vesicles with
relatively large reduced volume because for such vesicles the number of different classes of shapes
is relatively small and the system is still interesting to investigate. In Figure 1 different classes of
free vesicle shapes are presented. In the first two shapes in Figure 1, the component with larger
spontaneous curvature is accumulated at the north pole of the vesicle, forming a caplet or a spherical
bud. The lowest energy shape in Figure 1 for the reduced volume v = 0.95 is the one with a spherical
bud, Figure 1a. The configuration with a caplet (Figure 1b) has the lowest energy for higher values
of the reduced volume v > 0.95 [15]. We have also obtained the lateral distribution with completely
mixed components and a very interesting solution with the region at the north pole occupied mainly by
the component with the lower spontaneous curvature. Such a distribution of the components results
in an concave region at the north pole of the invaginated vesicle, resembling a stomatocyte (Figure 1c).

The membrane components are segregated because the equilibrium vesicle shapes have the
regions of different mean curvature. Thus, the components with larger and smaller spontaneous
curvature are accumulated in the high and low mean curvature regions, respectively. It should be
noted that in the case of free vesicles the regions with high and low mean curvatures are formed
spontaneously in the process where the shape of the vesicle and the lateral distribution of components
are driven by minimization of the bending energy. The role of the mixing entropy is neglected in the
current study due to simplicity. The role of direct interactions between the membrane components is
also neglected [18-20].

During adhesion to a flat substrate the shape of a vesicle changes in such a way that near the
substrate both low and high mean curvature regions are formed. The membrane part that is attached
to a flat substrate has zero mean curvature. The bilayer at the rim of the adhered region has non-zero
mean curvature. The value of the mean curvature of the membrane at the rim is related to the size of
the the adhered region. In general the larger the size of the adhered membrane the higher the mean
curvature at the rim is generated. By varying the size of the adhered bilayer surface area, the ratio
of the surface areas of the regions with low and high mean curvature is varied. Moreover, the mean
curvature of the membrane in the rim region gets larger with the increasing surface area of the adhered
part of the membrane.
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Figure 1. The calculated shapes of free vesicles for the reduced volume v = 0.95 and the total
concentration of the A component, ¢, = 0.5.

We have discovered 8 classes of adhered vesicle shapes. They are distinguished by different lines
in the plot of the energy as a function of the adhesion radius as presented in Figure 2. Six types of the
calculated shapes of adsorbed vesicles originate from the classes of shapes of the free vesicles presented
in Figure 1. The seventh and eighth class (see Figure 2g,h ) are oblate and pear-like shapes that exist
only at larger values of the adhesion radius. They are characterized by different lateral distribution of
the membrane components.

adh

Figure 2. The calculated dependence of the reduced membrane free energy (f) on the reduced adhesion
radius (,4y) for the reduced volume v = 0.95 and the total concentration of the A component ¢,y = 0.5
for different classes of calculated shapes.

Different types of the calculated adhered vesicle shapes exist for different ranges of the adhesion
radius 7,4y, as shown in Figure 2. The adhered vesicles that originated from the pear down configura-
tion have the largest range of stability. It should be noted that their shape is transformed continuously
from pear like at small 7,4, to oblate like at large 7,4, (see Figure 2).
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2.1. Oblate Vesicles

Free oblate vesicles are not expected to be stable when the concentration of the component with
high spontaneous curvature is large in the membrane, usually prolate vesicles are the stable ones.
However, they are expected to be stable when the surface area of adsorption is getting larger and
larger. We have found two types of stable adsorbed oblate vesicles. The first one originates from the
solution for the free vesicle (7,4, = 0) and extends from the radius of adhesion 7,4, = 0 to 7,4, = 0.59.
The second type of oblate adhered vesicles extends from 4, = 0.58 to 7,4, = 0.76. These two types
have different distribution of components. In the first type, the well defined domains with different
concentrations are clearly distinguished for the small values of the adhesion radius. At the north pole
of the vesicle the spherical domain with higher lateral relative concentration of the component with the
smaller spontaneous curvature is formed. The components are distributed uniformly in each domains.
The boundary region between the domains is very narrow. The width of the boundary regions is
increasing with the increase of the adhesion radius r,4;,, as shown in Figure 3. For larger adhesion
radii, the local concentration of both components changes gradually and the domains of constant
concentration cannot be distinguished. The interplay between the vesicle’s shape and the lateral
distribution of both components is clearly illustrated in this case. The change of the concentration
at the north pole of the vesicle is correlated with the variation of the vesicle’s shape induced by the
adhesion.

— free vesicle| | ‘
=028 | ] |
=059 «

I radh:O-28 radh:O'59

0 i z s 5 I'adh:().58 radh:0.76

Figure 3. The calculated shapes of the adhered vesicles for the reduces volume v = 0.95 and the
concentration of the A component ¢y = 0.5. Upper row: the plots of the local concentration as
a function of the arclength s (¢(s)) and the calculated shape of the vesicles corresponding to these
concentration profiles. The first shape corresponds to a non-adhered vesicle. Lower row: the plots of
the local concentration profile (¢(s)) and the calculated shape of the vesicles corresponding to these
concentration profiles for the adhered vesicles forming a new branch of solutions.

The second type of oblate vesicle is characterized by almost constant gradient of the local con-
centration from the north to the south pole of the vesicle with larger concentration of the component
with high spontaneous curvature at the substrate, as shown in Figure 3. Such vesicles exist only at
large adhesion radii. It should be noted that there is a range of the adhesion radius where the solution
for two classes of oblate-shaped vesicles can be obtained. These two classes of vesicles’ shapes are
pictured in Figure 3 in the first and second row of the presented shapes. Moreover, for one value of
the adhesion radius 7,4, the adhered oblate vesicles of both types have the same energy. This implies
the possibility of very interesting physical phenomenon. In our model the lateral distribution of the


https://doi.org/10.20944/preprints202410.2475.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 October 2024 d0i:10.20944/preprints202410.2475.v1

60f 11

membrane components influences the shape of the vesicle and vice versa. Thus, we can speculate
that small changes of the shape of the vesicle may result in the change of the lateral distribution of
the components that is equivalent to the transition from one type of the adhered oblate vesicles to the
other, as shown in Figure 3 for r,4, = 0.58 and r,4, = 0.59.

2.2. Pear-Like Vesicles

It can be expected that for sufficiently large adhesion radius, the adhered vesicles have oblate
shapes. However, it is not obvious how the evolution of the vesicle shape and the corresponding
lateral distribution of both components with increasing adhesion radius will look like if we start from
a non-oblate vesicle shape. In the case of pear-like vesicle shapes (Figure 1a,b) there are two possible
ways to attach a vesicle to the substrate since they do not have up-down symmetry. Thus, two different
classes of adsorbed vesicles” shapes can be formed by attaching them to the substrate at the north or at
the south pole. For the case of the pear-like configuration attached to the substrate at the narrower
end where the component with high spontaneous curvature forms a circular domain (see Figure 4), the
transformation is smooth. The local concentration of the high curvature components in the domains
is uniform and the domains are separated by a well defined narrow boundary. It is interesting to
note that the concentration of the high spontaneous curvature component is always larger in the
region of the vesicle attached to the substrate (both in the rim and in the adhered part of the vesicle)
than in the remaining part of the vesicle even for a large adhesion radius. The domain of the high
spontaneous curvature component becomes larger with the increase of the adhesion radius. We also
see the accumulation of this component on the substrate and at the rim of the adhered part of the
vesicle. The mean curvature at the rim becomes higher for larger adhesion radius and the area of the
vesicles with high mean curvature increases. Thus, it is natural that the high spontaneous curvature
component is accumulated near the substrate. For the adhered vesicles with large reduced volume, the
change of the distribution of components in the membrane is induced mainly by the change of the
vesicles’ shape with respect to the adhesion radius. It should be noted that by increasing the adhesion
radius, the vesicle is smoothly transformed from pear-like shape to prolate and finally to oblate shape,
as shown in Figure 4.

The vesicle shapes close to the stability limit are almost equal to sections of a sphere as it can
be expected for the limiting shape composed of spherical, tubular and toroidal sections [8,21]. From
our calculations, it follows that this is the stable configuration for the largest adhesion radius. Similar
configurations are obtained for one component vesicles where the spontaneous curvature is distributed
uniformly over the vesicle’s surface. It should be noted that the increase of the spontaneous curvature
enhances adhesion of one component vesicles to flat substrates [22].

When the wider end of the pear-like vesicle is attached to the substrate (see Figure 5b) the
concentration profile changes with the increase of the adhesion radius in a different way than in
the previous case. The components are distributed between two domains with higher and lower
concentration. The distribution of the components in the domains is uniform and boundary region
between the domains is narrow. The distribution of the components remains uniform for all the values
of the adhesion radius, as shown in Figure 5. Moreover, for small values of the adhesion radius the
concentration profile remains very similar despite the adhesion of the larger pieces of the vesicle to the
substrate. Such behavior is observed for 0 < r,, < 0.126.


https://doi.org/10.20944/preprints202410.2475.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 October 2024 d0i:10.20944/preprints202410.2475.v1

7 of 11

P 1 T T T
= |
0.9} ]
0.8} ]
0.7F -
0.6} ]
0.5k 1
0.4 \
[ . ] . ] . ] .
0 0.2 0.4 0.6 0.8
(a) Ladn
(b) rathO.52 radh:O.SO

Figure 4. (a) The change of the maximal concentration of the A component (i.e. highly curved
component) in the upper and lower part of the vesicles induced by the increase of the adhesion radius
7aqn- The red and black curves describe the concentration dependence in the lower and upper part
of the vesicles respectively. (b) The calculated shapes of the adhered vesicles for the reduced volume
v = 0.95 and the concentration of the A component ¢;,; = 0.5 for different adhesion radius 74.
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Figure 5. (a) The change of the maximal concentration of the A component in the upper and lower
part of the vesicles induced by the increase of the adhesion radius r,4,. The dashed lines denote the
maximal concentration of the component with higher spontaneous curvature for the concave shapes
and the solid lines denote the maximal concentration for the convex shapes. (b) The presented shapes
of the adhered vesicles were calculated for the reduced volume v = 0.95 and the concentration of the A
component ¢zo; = 0.5.
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At 7,4, = 0.118 there is a discontinuous transition to a new configuration which is characterized
by slightly wider upper end of the vesicle and different distribution of components with smaller
concentration of the high spontaneous curvature component in the circular domain, as shown in
Figure 5. When the adhesion radius increases the shape and the lateral distribution of components
are significantly altered. The concentration of the high curvature component decreases in the circular
domain at the top of the vesicle. The boundary between the domains (i.e. between the top domain
and the rest of the membrane) is still narrow and well defined despite smaller and smaller difference
in the concentration in the two neighboring domains (see Figure 5). At the end (i.e. for larger 7,4,
values) the concentration is uniform over the whole vesicle. The limiting configuration at 3, = 0.34
is unique in a sense that the components are distributed uniformly over the whole vesicle, despite
the shape asymmetry induced by the substrate (see Figure 5, last shape in the (b) panel). When the
adhesion radius decreases, the components become non-uniformly distributed. Similar phenomenon
has been discovered when the shape of two components vesicles was altered by decreasing the reduced
volume [15].

These two types of configurations (convex and concave shapes) described above (see Fig 5b) exist
for two ranges of the adhesion radius. We can distinguish two curves in an energy plot representing
the vesicles in these two types of configurations. In the first range from 7,3, = 0 to 3, = 0.126 the
concentration of the high curvature component remains high and the shape does not change much. In
the second range from 7,4, = 0.116 to 7,4, = 0.34 the concentration of the high curvature component is
lower than before and it is decreasing with the increasing radius of adhesion. There is a small region
where two solutions with different shapes and concentration profiles can be obtained. The energy
curves intersect at .5, = 0.118 indicating that the transition between these two types of solutions is
discontinuous.

2.3. Pear-Like Vesicles with a Narrow Neck

The vesicle composed of two approximately spherical parts of different sizes connected by a
narrow neck is the configuration with the lowest energy for the parameter set we investigate. The
component with the high curvature is preferentially accumulated in the smaller spherical part of the
vesicle. In both parts the components are uniformly distributed. The boundary between high and low
concentration region is placed at the neck. Such vesicles can be attached to the substrate from the side
of the smaller or larger sphere. The adhesion process strongly depends on how the vesicle is attached.

First, we consider the case where the vesicle is attached to the substrate at the larger sphere.
By varying the adhesion radius, we can change the shape of the vesicle and the distribution of the
components. We observe only small changes of the neck radius when the adhesion radius gets longer.
It is interesting to note that the concentration of components remains uniform in two parts of the
vesicle separated by a narrow neck and the boundary between high and low concentration regions
is always located on the neck. Initially, in the range of the adhesion radius 0 < 7,4, < 0.25 there is
almost no change of the concentration profile. However, when the change of the shape due to adhesion
becomes more pronounced for 7,4, > 0.25 the concentration of the high curvature component in the
smaller sphere decreases. We also notice that the size of the smaller sphere decreases due to adhesion
of larger and larger parts of the vesicles to the substrate. At the rim of the adhered vesicle’s surface,
the region with high mean curvature is formed. The formation of this high mean curvature region
causes redistribution of the components, as shown ig Figure 6. Thus, the high spontaneous curvature
components are moved from the small spherical part towards the rim of the adhered part of the vesicle.
With increasing adhesion radius, the high mean curvature region is increasing and attracts the high
curvature components.
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Figure 6. (a) The change of the maximal concentration of the A component in the upper and lower
part of the vesicles induced by the increase of the adhesion radius r,4,. (b) The calculated shapes of the
adhered vesicles for the reduced volume v = 0.95 and the concentration of the A component ¢;,; = 0.5.

When the smaller spherical part adheres to the substrate, the shape of a vesicle changes mainly in
this part, see Figure 7. The large upper spherical part separated by the narrow neck remains almost
unchanged and the neck gets narrower when the radius of adhesion increases. Such transformations
result in an increase of the energy because due to the deformations, the elastic energy is increasing and
its growth is not compensated by the adhesion energy, since the size of the adhesion radius is limited
by the size of the smaller sphere attached to the substrate. It may be expected that in the end, it will
lead to the fission of the vesicle. The distribution of the components remains almost unchanged despite
significant deformations of the small spherical part attached to the substrate. The concentration of the
high curvature component at the substrate remains high for all values of the adhesion radius. These
deformations cause the increase of the mean curvature at the rim of the adhered part of the vesicle
and are restricted to a very small part of it. Thus, there is not sufficient driving force to induce the
redistribution of the components due to adhesion.

radh=0.14 rathO.QQ

Figure 7. The calculated shapes of the adhered vesicles for the reduced volume v = 0.95 and the

concentration of the A component A ¢y = 0.5.


https://doi.org/10.20944/preprints202410.2475.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 October 2024 d0i:10.20944/preprints202410.2475.v1

10 of 11

When the vesicle is attached to the substrate with a smaller sphere, the shape deformations due
to adhesion result in a rapid increase of the bending energy. In the case of the shape deformations
when the larger sphere is attached, the energy increase is comparatively smaller. It is also interesting
to observe that the neck connecting the spheres can be widened or narrowed, depending on side of the
vesicle attached to the substrate.

2.4. Prolate Vesicles

It is interesting to consider the stability of the vesicle with completely mixed components. We have
found that such vesicles are stable in the range of the adhesion radii from r=0.0 to r=0.53, as shown in
Figure 8. Outside this range only the vesicles with the segregated components are stable. It can be
expected that the shape deformations caused by adhesion induce the separation of components. For
small adhesion radius the configurations with completely mixed components can still be metastable.
However, when the deformations induce larger and larger differences in the local mean curvatures on
the surface of the vesicles, the tendency to separate the components should increase. The region of high
local mean curvature is formed at the rim of the adhered vesicle. The size of this region depends on
the adhesion radius. Moreover, the value of the local mean curvature at the rim of the adhered vesicle
also depends on the adhesion radius. From the studied mathematical model we can calculate that the
radius r=0.53 is in the region where the configurations with completely mixed components become
unstable. Thus, we may speculate that the adhesion process can be used to segregate the membrane
components in the biological cells. Such curvature based sorting can be also induced when the shape
deformations of a vesicle are induced by a microtubule or by the change of osmotic pressure [15].

radh:0.32 radh:0.53

Figure 8. The calculated shapes of the adhered prolate vesicles for the reduced volume v = 0.95 and
the concentration of the component, A ¢, = 0.5.

3. Summary and Conclusions

The adhesion of two-component vesicles to a flat substrate has been investigated. The coupling of
the vesicle’s shape with the lateral distribution of the membrane components has been examined. The
predicted segregation of the membrane components induced by the curvature of the membrane has
been studied for a few types of vesicles’ shape classes (prolate, oblate, pear-like). It has been shown
that during the adhesion the membrane components can be mixed or demixed. The degree of the
segregation of the membrane components depends on the size of the surface area of the membrane
attached to the substrate. The adhesion of cells may induce novel and very interesting phenomena in
large collection of cells in biological tissue or in artificial cell cultures. The results of our calculations
may be thus useful in explanation of the behavior of cell cultures confined and grown on a flat
substrate [23].
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