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In equilibrium, a vesicle that is adhered to a horizontal
substrate by a long-range attractive, short-range
repulsive force traps a thin layer of fluid beneath
it. In the asymptotic limit that this layer is very
thin, there are quasi-two-dimensional boundary-layer
structures near the edges of the vesicle, where the
membrane’s shape is governed by a balance between
bending and adhesive stresses. These boundary
layers are analysed to obtain corrections to simpler
models that instead represent the adhesive interaction
by a contact potential, thereby resolving apparent
discontinuities that arise when such models are
used. Composite expansions of the shapes of two-
dimensional vesicles are derived. When, in addition,
the adhesive interaction is very strong, there is
a nested boundary-layer structure for which the
adhesive boundary layers match towards sharp
corners where bending stresses remain important but
adhesive stresses are negligible. Outside these corners,
bending stresses are negligible and the vesicle’s shape
is given approximately by the arc of a circle. Simple
composite expansions of the vesicle’s shape are
derived that account for the shape of the membrane
inside these corners.

1. Introduction

Vesicles are closed bilayers of lipid molecules, have
numerous biological and biomedical applications, and
have been studied in the context of many experimental
situations. Recent laboratory experiments [1] have
demonstrated how chemical patterning of a substrate,
in such a way that a vesicle is preferentially adhered
to specific regions, allows the vesicle’s spreading to
be controlled. Phase separation of a multi-component
bilipid membrane has been observed to occur, both
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experimentally [2] and in numerical simulations [3], in response to an adhesive interaction
either with another membrane or with a substrate. Smith et al. [4] computed the equilibrium
shapes of vesicles as they are pulled from flat adhesive substrates by an applied force, and
similar computations were subsequently performed for curved adhesive substrates [5]. Although
the equilibrium configurations of such systems are well studied, the dynamic evolution of a
vesicle during adhesive processes has received much less theoretical attention. We will analyse
the physical balances that govern the shapes of vesicles in equilibrium, with an emphasis on
the small-scale regions near the substrate, which control the dynamics owing to the viscous
dissipation occurring primarily inside these regions.

An important theoretical insight was made by Seifert & Lipowsky [6], who treated the adhesive
interaction as a contact potential, and gave a novel boundary condition for the meridional
curvature of an axisymmetric vesicle at its contact line using a balance between adhesive and
bending stresses. Seifert [7] gave a detailed derivation of this condition for two-dimensional
vesicles, and described the variety of shapes that are possible depending on the relative
importance of the adhesive strength and the membrane’s bending stiffness. The representation
of the adhesive interaction using a contact potential is an approximation that omits the presence
of any fluid that is trapped beneath the vesicle. Nonetheless, it has yielded good agreement with
experiments such as the forced deformation by magnetic tweezers of a vesicle that is adhered to a
substrate [8]. One significant drawback of using a contact-potential model is that any translation
or spreading of the vesicle along the substrate would cause the no-slip condition at the stationary
substrate to be incompatible with the no-slip condition at the membrane. This incompatibility
arises in the form of a non-integrable singularity in the viscous stresses at the contact point
and is analogous to the ‘contact-line singularity” encountered in the context of spreading viscous
droplets [9]. One of our primary aims in analysing the effects of the wetting layer of fluid beneath
the vesicle is to provide an avenue by which this singularity may be resolved.

Several workers have analysed the dynamics of vesicles in a finite-ranged potential rather
than a contact potential. Cantat & Misbah [10] and Cantat et al. [11] computed numerically, and
derived scalings for, the constant-speed translation of a vesicle along a substrate in response
to a prescribed gradient in the adhesive attraction of the substrate for the vesicle’s membrane.
Cantat & Misbah [12] derived scalings for the lift force experienced by adhered vesicles under
shear flow. Numerical computations must resolve the membrane near the substrate on a length
scale comparable with that of the adhesive force and are, therefore, expensive when this length
scale is small. An asymptotic analysis of this region, developed herein, could be incorporated into
such computations to bypass this difficulty. The numerical convergence of equilibrium solutions
for a finite-ranged potential towards those of a contact potential has been discussed qualitatively
by Seifert [7], and more recently shown by Zhang ef al. [13] by way of a phase-field model. The first
part of this paper performs an asymptotic analysis of these shapes, in the limit that the length scale
of the adhesive interaction is very small, thereby quantifying the above conclusions and placing
them on a firmer footing.

If the vesicle is very strongly adhered to a substrate, then it spreads out in order to maximize
its contact area. This causes the vesicle’s membrane to have large tension and its shape to be
approximately a spherical cap [6], whose curvature and contact angle are determined at leading
order by global area and volume constraints. The membrane’s tension is then related to the
adhesion strength and to the contact angle by a Young-Dupré equation. The relatively small
aspect ratio of such shapes has motivated their analysis, in two dimensions, using a long-
wave approximation [14]. However, such an approximation breaks down near the edges of
the vesicle owing to the membrane having to turn back under itself so that it lies flat on the
substrate, giving sharp corners at the edges of the vesicle. This causes there to be an apparent
discontinuity in the membrane’s slope and is a consequence of the omission of bending stresses.
Similar discontinuities have been observed and resolved asymptotically, for three-dimensional
axisymmetric vesicles, by previous workers [15,16], in the context of budding phenomena
exhibited by multi-phase vesicles. This analysis was applied by Das & Du [17] to strongly adhered
axisymmetric vesicles, and we adapt their analysis to describe two-dimensional vesicles and
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to investigate the parameter ranges for which such asymptotic expansions are accurate. Our
motivation is to understand the parameter regimes for which it is appropriate to use a long-wave
approximation to describe the shape of an adhered vesicle.

The analysis in this paper derives new quantitative corrections to simpler models that
represent the adhesive interaction by a contact potential rather than by a finite-ranged potential.
New scaling laws are derived that describe the boundary-layer regions which correspond to the
‘contact lines” predicted by contact-potential models, and the corrections to such models owing
to the thin wetting layer of fluid beneath the vesicle are quantified by means of a composite
expansion for the vesicle’s shape. The regime where the adhesive interaction is very strong
is also analysed, and we explain how a composite expansion for the vesicle’s shape may be
constructed while avoiding the use of higher-order terms as in [16]. We compare this expansion
with numerically obtained solutions for the vesicle’s shape, and thus describe the regimes in
which our expansion is valid.

In §2, we describe the problem and explain the equations that govern the equilibrium shapes
of the vesicle. In §3, we obtain equilibrium shapes through numerical solution of these equations,
and review the possible regimes of equilibrium solutions obtained by Seifert [7]. In §4, we analyse
these solutions in the asymptotic limit that the range of the adhesive interaction is very small,
and describe the leading-order corrections to results that are obtained using a contact-potential
model, and in §5, we describe the vesicle shapes in the limit that the adhesive potential is very
large, thereby causing the vesicle to spread so that it has a small aspect ratio. We summarize and
discuss our results in §6.

2. Formulation of problem

For ease of exposition, we focus on two-dimensional vesicles throughout the main text, but in
appendix A, we describe how our results can be generalized to three dimensions. Throughout the
analysis, dimensional quantities are denoted using asterisks and dimensionless quantities using
undecorated variables. Lengths are non-dimensionalized with the radius of a circular cylinder of
equal surface area, which we denote L* and which is given by P*/2x, where P* is the vesicle’s
surface area per unit dimensional width. Areas are then scaled with L*?> and volumes with L*3.
The vesicle is modelled as a closed, inextensible and impermeable bilipid membrane of bending
stiffness «*. Energies are non-dimensionalized with «* and pressures with the corresponding
scale «* /L*3.

The vesicle’s volume, which corresponds to its cross-sectional area A in a two-dimensional
formalism, is constant owing to the membrane’s impermeability. The vesicle’s surface area, which
corresponds to its perimeter in a two-dimensional formalism, is also constant owing to the
membrane’s inextensibility. We parametrize the vesicle’s shape using the arclength (given by
s =s*/L*) measured anti-clockwise from the centre of the underside of the vesicle, as shown in
figure 1a, so that it is given by x(s) = (x,y) for two-dimensional vesicles and by x(s) = (r,y) for
axisymmetric vesicles. The vesicle is attracted towards the substrate by a long-range attractive,
short-range repulsive interaction so that, in the absence of any other effects, the membrane would
overlie a thin wetting layer on the substrate. In the analysis that follows, we represent this

interaction by the potential [11]
4 2
W =W (‘LA) —2<5i> , 2.1)
Yy y

which is independent of the position x along the substrate, and thereby assumes that the physical
properties of both the substrate and the vesicle’s membrane are homogeneous. After non-
dimensionalizing, the vesicle’s equilibrium shape is governed by three dimensionless parameters,
which are

W*L*2 5% A*
_ "0 _ A —
W() = P ’ 8A = E and A= m (22ﬂ—C)
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Figure 1. (a) Diagram of a vesicle adhered to a substrate by a short-ranged potential. The length scale of the potential is &,,
and in the regime where this length scale is small, the vesicle’s membrane has three asymptotic regions that are labelled.
(b) The three types of equilibria considered in this paper. Bold lines represent the regions of the membrane that are in contact
with the substrate in the limiting case 54 = 0 of a contact potential, and crosses represent the isolated points where pinned
shapes touch the substrate.

The parameter A represents the vesicle’s reduced cross-sectional area, and the numerical prefactor
has been chosen so that A=1 for a vesicle of circular cross section. The parameter §4 is
the dimensionless height at which W(y) is minimized and, therefore, represents the preferred
thickness of the wetting layer beneath the vesicle. The parameter Wy represents the energetic
advantage in the membrane’s moving from the far field to height §4 above the substrate. We
shall see that the equilibrium shape of the vesicle depends on W(y) primarily through the values
of Wy and 84, and that altering the quantitative form of the potential (2.1) leaves the results
qualitatively unchanged.

The membrane exerts a traction on the surrounding fluid owing to its bending stress, its
tension and its adhesive interaction with the substrate, which results in there being a discontinuity
across the membrane in the stress tensor of the fluid. In equilibrium, there is no fluid flow and,
therefore, no deviatoric stress component. Hence, the stress tensor is given by o = —pl. After non-
dimensionalizing, the difference between the tractions exerted on the outside and the inside of
the membrane is given by [11],

[0 . n]f)ut

in =0 -flout — 0 - Mlin

=—H'+1H -WH—-n-VW - yHn—y't (2.3)
( 7 yHn —y't,

where primes here denote differentiation with respect to s and the vector t is the unit tangent
vector to the membrane (and equal to x’), which is inclined at an angle 6 upwards from horizontal.
The vector n is the outward-pointing unit normal to the membrane and H is twice the membrane’s
dimensionless mean curvature, defined by the equation ' = —Hn. The first two terms on the right-
hand side of (2.3) represent the bending stress of the membrane and are derived from the Helfrich
energy [18]. The next two terms represent the stresses that arise owing to the adhesive interaction
between the membrane and the substrate, and the final terms are Lagrange-multiplier terms
that enforce the membrane’s inextensibility. We note that y differs from the membrane’s tension,
which we denote by T, according to the relation T =y + W [11]. Substitution of this relation into
(2.3) yields
[o - n]0" = —(H" + $H> — THyn — T't + VW.

m

The advantage of using y in preference to T is that in equilibrium, y is constant, whereas the
tension T must vary spatially to balance the tangential gradient in the adhesive potential. We note
that, in contrast to problems associated with viscous droplets where the surface energy is known
but the surface area is unknown, the inextensibility of the membrane means that the variable y is
not an intrinsic property of the interface, but must be determined as part of the problem.

In equilibrium, the pressures pin, and pout inside and outside the vesicle, respectively, are
spatially constant, and their difference across the membrane is balanced by the normal component
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of the traction exerted by the membrane. Hence, - [0 - n]i"];lt = (Pin — Pout)- Because the fluid is at
rest, there is no deviatoric stress componentand so ¢ - [o - n]f;"‘ = 0. Hence, the stress balance (2.3)
implies that

H" + %HS —WH —n- VW — yH = pout — Pin and y is constant. (2.4a,b)

The membrane’s bending stiffness is typically around 107'°] [18], whereas values for the
adhesive energy per unit area have been found experimentally to range between 5 x 10710 and
10~°Jm~2 [19], depending on the physical properties of the substrate and of the membrane. If
we assume that the radius of the vesicle is about 5 um, then Wy may range between 10~! and
2.5 x 10%. The wetting-layer thickness has values that range between 30 and 100nm [20], from
which it follows that §4 ranges between 6 x 1073 and 2 x 10~2. This motivates our analysing
the vesicle in the asymptotic limit that §4 <1 and also in the secondary asymptotic regime

sa < Wy 12 « 1, for which the adhesive interaction is strong.

3. Equilibrium membrane shapes

For ease of exposition, we focus for the moment on two-dimensional vesicles, and postpone
further discussion of three-dimensional vesicles to appendix A. Because the adhesive potential W
is independent of x, we replace VW by (dW/dy)e, from now on, which means that equilibrium
shapes satisfy
1 dw
H' + 5H3 —yH = WH + = cost =—p, (3.1a)
Y

where p is equal to pin — pout and must be determined as part of the solution, together with the
geometric equations

¥ '=cosf, y =sinf and 0 =H. (3.16—4)

Equations (3.1) comprise a fifth-order system of differential equations, with unknown
parameters p and y. Seven boundary conditions and integral constraints are therefore required.
We assume that the vesicle is symmetric about x =0, and compute only the shape of the right-
hand half of the vesicle. The appropriate boundary conditions, applied on the centreline of the
vesicle, are then

x=0, 6=0 and H =0 ats=0, (3.2a—)
on the underside of the vesicle, and
x=0, 6=n and H' =0 ats=m, (3.2d-f)

on the upper side of the vesicle. The vesicle’s area is enforced by the integral constraint

ZJ xsinfds=mA. (3.29)
0

The conditions (3.2) fully determine the solution to (3.1).

The system (3.1)—(3.2) depends on the three parameters in (2.2), namely the adhesive amplitude
Wy, the adhesive length scale §4 and the reduced area A of the vesicle. To facilitate the description
of the variety of shapes that are possible, we show in figure 2 how the free energy E of the vesicle,
given in the dimensionless variables by [7]

E=2 J” EHZ + W(y)] ds, (3.3)
0

varies with Wy for different reduced areas A and adhesion length scales §4. As §4 decreases, the
vesicle shapes approach a limit (shown in figure 2b by solid lines) that corresponds to there being
a contact potential, for which the free energy is given by

T
1
E= 2] —H?*ds — WoLg, (3.4)
La/2 2
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Figure 2. The free energy £ of equilibrium membrane shapes versus the adhesive amplitude Iy, for reduced areas (a) A = 0.85
and (b) A = 0.65, and for values of the adhesive length scale 8, given by 2.5 x 10~ (dashed line), 1072 (dotted line) and
4 % 1072 (dashed-dotted line). The solid lines show the dependence of £ on W, for the contact potential (3.4), which represents
the limit 84 = 0. Representative vesicle shapes in this limit are shown with the parts of the membrane that are in contact with
the substrate represented by bold lines or crosses forisolated points. In (a), the continuous transition between bound and pinned
solution branches is marked by a circle. (Online version in colour.)

instead of (3.3), where L is the length of membrane in contact with the substrate. In this limit,
Seifert [7] gave a detailed description of the effects of varying A and Wy on the vesicle’s shape.
We briefly summarize Seifert’s conclusions before building on them in §4, where we analyse
the vesicle’s shape when 84 is very small but non-zero. In particular, we resolve the apparent
discontinuity in the membrane’s curvature at the contact point, which would otherwise imply a
singular-valued traction owing to the bending-stress term in (2.3).

When §4 =0 and the adhesive amplitude Wy is small, the vesicle has a ‘pinned” shape that
touches the substrate only at isolated points (figure 1b). The adhesive stress is not large enough
to otherwise modify the vesicle’s shape from the shape it would have if the adhesive potential
was absent. The free energy, therefore, does not depend on Wy, and the pinned solutions are
represented in figure 2 by the lines for which E is constant. The pinned shapes are convex when
A 2 0.82, and therefore touch the substrate only at a single point, and we denote the membrane’s
curvature there by Hy. There is a continuous transition (circled in figure 2a) from pinned shapes
to ‘bound” shapes that occurs as Wy is increased through %H%ot' Above this value, the adhesive
stress is sufficient to deform the underside of the vesicle by pulling it down to form a flat, adhered
region on the underside of the vesicle. As Wy is increased further, the length of the adhered region
for these bound shapes increases, further lowering the free energy of the vesicle. The bound
shapes are represented in figure 2a by the solution branch for which E decreases as Wy increases,
and in figure 2b by the lower of the two solution branches for which E decreases as Wy increases.

Figure 2b shows the dependence of E on Wy when the reduced area is given by A = 0.65, for
which the pinned shape is not convex, but instead has dimples on its upper and lower sides.
The dimpled underside means that there is now a discontinuous transition from pinned states
to bound states, owing to the finite energy loss associated with flattening out the membrane
within the dimple and bringing it into contact with the substrate. (The crossing of the pinned and
bound solution branches in figure 2b is only apparent as a consequence of their projection onto
the (Wp, E) plane.) There is an intermediate solution branch, not mentioned by Seifert [7], but
later observed by Smith ef al. [4] in the context of axisymmetric vesicle shapes, which is unstable.
Figure 2b shows how this solution branch has higher free energy than both the pinned and the
bound shapes, and how it terminates onto the pinned and bound solution branches. Along this
dimpled-solution branch, there is a region on the underside of the vesicle that is not adhered to the
substrate. We expect that there are similar unstable equilibria that have multiple dimples, which
would have an even larger free energy, but we have not pursued finding these equilibria here.

Figure 2 shows how the solution branches for a finite-ranged potential converge towards those
of a contact potential as §4 — 0. An important qualitative difference is that there is a loss of
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Figure 3. Diagram showing the nested boundary-layer structure that arises in the regime, where the wetting-layer thickness
is small and the adhesion strength is large. A derivation of the scalings is given in the text.

existence of the pinned solution branch above a critical value of Wy. The reason is that a finite-
ranged potential affects a finite length of the membrane rather than only an isolated point. If the
adhesive stress is large enough, then this region of the membrane would be pulled towards the
substrate, deforming the vesicle away from its pinned shape. Hence, there are no equilibria with
pinned vesicle shapes for large values of Wy. Another difference between the solution branches
for a finite-ranged potential and those of a contact potential is that the dimpled-solution branch
exists only for sufficiently small values of 64, as can be seen in figure 2b for §4 =4 x 1072. In this
case, the pinned shape has a dimple whose height is about 5 x 1072, and there is not a sufficient
scale separation between the dimple’s height and §4. Instead, the dimple is absorbed into the
adhered region of the vesicle.

In the following sections, we analyse the equilibria of the vesicle in the asymptotic limit §4 < 1
with the aim of quantifying the differences from the limiting case 4 =0 of a contact potential.
In this limiting case, for bound vesicle shapes, the membrane approaches the substrate with a
curvature that is determined by a balance between bending stresses and adhesion [6,7]. Because
the adhered part of the membrane lies flat on the substrate, its curvature there is zero, causing
there to be an apparent discontinuity in the curvature across the contact point. Our analysis in
§4 shows that when the range of the adhesive interaction is finite but small, there is a boundary
layer (figure 3c) across which the curvature varies rapidly between zero, towards the substrate,
and the finite value away from the substrate. From now on, we refer to this boundary layer as
the ‘transition region’, the flat part of the membrane as the ‘adhered’ region and the remainder of
the membrane (for which y > §4) as the ‘outer region’ (figure 1a). Our analysis of the transition
region recovers the curvature boundary condition that was derived using a macroscopic energy
argument by Seifert [7]. We derive composite expansions to describe the vesicle’s shape and
obtain the O((S}]/ 2) corrections to the vesicle’s free energy. We follow a similar procedure for
pinned vesicle shapes, quantifying the deformation of the pinned shape near the substrate where
adhesive stresses are significant. In §5, we consider cases where the adhesive energy is also strong,
so that there is further separation of scales in the outer region. In these cases, the majority of
the outer solution may be approximated as a ‘tension-dominated’ region [17], in which bending
stresses are negligible. This introduces sharp corners where the membrane meets the substrate,
and we show how there are boundary layers there across which the membrane’s inclination and
curvature change rapidly (figure 3b) so that bending stresses are dominant. We adapt the analysis
of [17] to derive a composite expansion for the membrane’s shape, and thereby obtain asymptotic
corrections to estimates of the vesicle’s shape obtained by neglecting bending stresses completely.

4. Asymptotic analysis for adhesive potentials of very small length scale and
arbitrary strength

The asymptotic corrections to the limiting case §4 =0 are qualitatively different depending on
whether, in this limit, the vesicle is in contact with the substrate in “adhered regions’ of finite
length (bound and dimpled shapes) or only at isolated points (pinned shapes). We, therefore,
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consider these cases separately in the following subsections. We rescale variables throughout with
respect to characteristic horizontal and vertical scales given, respectively, by X, and Y, and use
carets to denote rescaled quantities.

(a) Bound and dimpled vesicles

In the asymptotic limit §4 — 0, the vesicle shapes approach the shape that corresponds to
there being a contact potential, with an adhered and outer region that meet at the contact
points (figure 1a). The outer region, therefore, has O(1) length scale, and we use the scalings
Xout = Yout = 1. Similarly, for the adhered region, we use X,q =1 but, because the wetting layer
has thickness §4, we use Y,q = 4. In the transition region, adhesive stresses are again important,
and we use Yy = 84. Because the curvature there scales like (2W)1/2 [7], we derive a scaling for
Xir using the balance QW)Y2 =Hg ~ Y/ thr. It follows that scalings for the transition region are
given by

52 \ V4
Xir = (A) ., Ye=64 and Hp= QW2 (4.1a—c)
2Wo

where the numerical factors of 2 have been retained for convenience. The boundary-layer
structure is depicted in figure 3, in the case that the adhesive amplitude Wj is large. The analysis
in this section applies to arbitrary values of Wy. The ‘turn-around” boundary layer, depicted in
figure 3b, is present in the outer region only if Wy is large. We discuss this special case further
in §5, but here state that if Wy is not large, then the adhesive boundary layer in figure 3c simply
matches directly onto the outer region in figure 3a. In §4a(i), we show how a detailed analysis
of the transition region recovers the curvature boundary condition H = (2Wo)1/2, which after
rescaling corresponds to H = 1.

(i) Transitional region

To analyse the transitional region, we first rescale variables using (4.1a—) to give

~ Y N 2Wy VA

y=-— and x= (82) X. (4.2)
A

We then substitute for the potential W(y) in (3.14) using (2.1) and for H using d%i/d#? to obtain,
at leading order for 54 < 1,

1dyy .5 .
Ed&»‘i =% — 73 4+ O(84, Wos ). (4.3)

Three matching conditions are sufficient to determine the solution up to translations in X.
Because the scalings for the adhered region are given by Y,4 = §4 and X,q =1, the membrane’s
curvature there scales like §4 and from (3.1a), its shape satisfies (in unscaled variables)

_dw|  d*w
== ==
dy [, dy

Wi
y—6a)+0 (;)(y — 5A>2>,
8A

3a

which relates the pressure difference across the membrane to the adhesive stress exerted on it.
Because the pressure difference is determined by the outer region, it follows that p =0O(1) as

84 — 0 and, hence, that
52
=s1+0[-4).
y=ba+ (W)
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Figure 4. (a) Asymptotic solution for the membrane’s shape inside the transition region (solid line), the extrapolation of its
quadratic behaviour in the far field (dashed line) to where the slope is zero, thereby estimating the position of the contact point
(circled), and the membrane’s shape in the contact-potential limit that 5, = 0 (dotted). Also shown is the vertical displacement
AJ of the asymptotic solution from the limiting case of a contact potential. (b,c) Schematic of the boundary conditions (4.8)
and (4.9) for (b) bound vesicles, for which xp = Lp = 0, and (c) dimpled vesicles.

We take the leading-order approximation y =84 throughout the adhered region. In the scaled
variables for the transition region, the membrane’s height must, therefore, approach unity
towards the adhered region. We linearize about this height to obtain

y=1+7 h d 47 d n«1
= , where —— = — an ’
y Ui FEE Ui Ui

the solutions to which have the form 7 ~ exp{(£1 £ i)x}. If the adhered region is to the left of the
transition region, then we must suppress the two modes that grow exponentially as X — —oco by
prescribing the conditions
i, di
dx? dx

&’y d%  di
-2 2=
e aw @

+27—0 and —0 asXx— —oo. (4.4a,b)
We compute the appropriate solution of (4.3) using a shooting method, where the membrane
height is prescribed to have the form

i~ e cos (¥ + B),

near X = 0, to ensure that (4.3) and (4.4) are satisfied. We set the amplitude « to some small value,
which has the effect of prescribing the origin’s position. The phase  remains to be determined,
and we will use it as a shooting parameter. Towards the outer region, the bending moment H’ is
O(1) in the original unscaled variables, which implies that dSQ/dJ?S = O((S}l/ 2 Wy 3/ 4) as ¥ — o0o. We
approximate this constraint using the matching condition that
3n
% —0 asx— oo, (4.4¢)

which, together with (4.44,b), determines the solution in the transition region up to a translation.

Figure 4a shows the shape of the membrane in the transition region. Also shown is the
displacement of the shape from the limiting case that there is a contact potential, which we use in
§4a(ii) to obtain a composite expansion for bound membrane shapes. This limiting case is flat to
the left of the contact point and, on the very short length scale of the adhesive boundary layer, has
constant curvature to the right of the contact point. The position of the contact point is determined
through extrapolation of the far-field behaviour of the transition region leftwards to the point
where the membrane’s slope is given by djj/dx = 0.
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We note that (4.3) has a first integral, given by

&y dj (%
d&® i~ \ a2

2
) =-W@ +C, (4.5)

and, because d%j/d3 — 0 both towards the adhered region and towards the outer region, it
follows that

a2\
( ?) — lim (W@) - WD)} =1 asi— oc. (4.6)
di? =00

This result holds regardless of the quantitative form of W@). In dimensional variables, this means
that the curvature approaches Hi = 2W;/ «*)1/2, thereby recovering the boundary condition
presented by Seifert [7] for the limiting case of a contact potential.

(ii) Outer region

Because the outer region has y > 84, the adhesive potential there is O(1) as §4 — 0, and we
take the leading-order approximation that W =0, so that the membrane’s equilibrium shape is
governed by (3.1), with (3.1a) replaced by

H + 10— yH=—p. 4.7)

The length Ly of the membrane in contact with the substrate (figure 3a) is unknown and
represents an additional variable that must be determined, together with p and y, as part of
the solution. If the outer solution is a bound shape, then eight constraints are required to close
the problem. If the outer solution has a dimpled shape, then the membrane inside the dimple
must be treated separately by solving (4.7) in a second domain. This gives a tenth-order system of
differential equations, with unknown parameters p, y, L4, the length Lp of the membrane inside
the dimple and the contact-point position xp at the edge of the dimple to be determined. Hence,
15 constraints are required to close the problem for dimpled shapes. On the upper side of the
vesicle, we again prescribe the conditions (3.2d—f) at the centre, but on the lower side, we replace
(3.2a—c) by conditions that match towards the transition region, which are

L
x:xD+7A, y=0, 6=0 and H=y2W, ats=(La+Lp)/2, (4.80-d)

where xp = Lp = 0 for bound vesicle shapes, and we replace the area constraint (3.2g) by

Lp/2 b
ZJ xsiné ds +2J xsinfds=mA. (4.8¢)
0 (La+Lp)/2

Dimpled shapes require, in addition, the boundary conditions

x=0=H =0 ats=0, (4.9a—)
x=xp and y=60=0 and H=,2Wy ats=Lp/2, (4.9d-g)

where (4.9a—c) represent the vesicle’s symmetry about the centreline x = 0. The constraints (4.8a,b)
and (4.9d,e) represent the position of the contact points, and omit the small translation of the outer
solution by an O(Yy) amount in the y-direction. The transition boundary layer has inclination
from horizontal given by dy/dx « Yy /X = O(S}L‘/ 2) and curvature given by dzy/dx2 x Yir/ thr =
O(1). The boundary conditions (4.8c) and (4.9f) make the leading-order approximation that
the inclination of the membrane in the outer solution is zero, and (4.84) and (4.99) ensure that
the membrane’s curvature matches smoothly to the value obtained in §4a(i). A schematic of the
boundary conditions on the outer region for adhered and dimpled vesicles is given in figure 4b,c.

Figure 5a compares composite expansions of the membrane’s bound shape near the substrate
to the corresponding shapes obtained through direct numerical solution of (3.1)-(3.2), for
parameter values Wy =2.5, A =0.65and §4 =6 x 1073 and 2.4 x 1072, The composite expansions
incorporate the corrections Aj to the membrane’s shape, as shown in figure 4a. We describe
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Figure 5. Comparison of composite expansions for the membrane shape to the shapes obtained through numerical solution of
(3.1-(3.2), for A= 0.65and (a) Wy = 2.5 x 10~ and (b) Wy = 6 x 1072 In (b) near x = 0, the plots for 6, = 6 x 10>
are the higher of the two composite expansions and the lower of the two numerical solutions. (Online version in colour.)

their construction in greater detail in appendix B. The composite expansions yield very good
agreement with the direct numerical solutions, and the errors that remain are O(Wgé4,84). These
errors are caused in part by the omission of higher-order terms in the governing equation (4.3) for
the transitional region.

We show in appendix B that the transition regions modify the free energy by O(Wg/ 48}‘/ %), s0

that it is given, to O(B}“/ 2), by
E=Ep—3.49WpXy + O(4) for bound vesicles (4.10a)

and

E=Ey—6.98WpXir + O(8a) for dimpled vesicles, (4.10b)

where E is the free energy (3.4) of the vesicle in the limit of a contact potential.

Our analysis of bound and dimpled vesicles has given an improved resolution of the
membrane’s shape near the contact line. We have shown how the membrane in the outer region
matches smoothly onto the adhered region via a transition region that is governed by a balance
between bending and adhesive stresses. This transition region resolves the apparent discontinuity
in curvature between the outer and adhered regions, and gives rise to a slight decrease (figure 2)
in the free energy compared with the value predicted by contact-potential models.

(b) Pinned vesicles

We now consider the deformation of pinned vesicles by a finite-ranged potential. In the limiting
case of a contact potential, the shape of the outer region is given, near the substrate, by

Hbot

57 (= xbop)? + O((x = Xbor)*), (411)

y(x) =

where Hpo; and xpo; are the values of the membrane’s curvature and the x-coordinate at the lowest

point of the vesicle. A finite-ranged adhesive potential deforms the membrane in the region where

y=0(84), which has an O(S/la/ 2) horizontal length scale. We, again, use the rescaled variables

52\ /4
Xtr=<2;\‘lo) and Hy=(2Wp)'/?,
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Figure 6. Perturbation of the membrane’s shape by adhesive stresses. (a) Solutions for the membrane’s curvature, for values
of Hyor that range from approximately unity to 1.75 and which are marked in (b) by crosses. (b) The change in free energy as a
function of the membrane’s curvature I:/bm towards the outer region. (c) The correction Aj to the membrane’s shape near the
substrate owing to the adhesive interaction, for ﬁbot =1.25. The solid line is the solution to (4.12) and the dotted line is the
leading-order solution of constant curvature given by the pinned solution. The pinned shape is translated upwards by Aj to
obtain the composite expansions shown in figure 5b.

in order to facilitate comparison of the results of this section with those of the analysis of bound
vesicles in §4a. Hence, from (4.3), the rescaled height is governed by

1d% .5 .
2axd YTV

34084, Woda). (4.124)

Because the shape (4.11) of the membrane is symmetric at leading order, we prescribe the
conditions
dy &%

AT =0 atx=0.

(4.12b)

As for the transition region, one of the matching conditions matches the bending moment
towards the outer region. Another condition is needed to enforce the approach of the membrane’s
curvature towards Hypo away from the substrate. We, therefore, prescribe

2y - d3j .
dfcz — Hpot and dfcz — 0 asx— oo. (4.12¢)

The solutions to (4.12) comprise a one-parameter family of solutions that depend on the rescaled
curvature Hbot of the membrane near the substrate. Figure 6a shows the variation of the
membrane’s curvature for a range of values of Hy, and implies that the main effect of the
finite-ranged potential is to slightly flatten the bottom of the vesicle so that the curvature there is
decreased. As the solution branch is traversed with AE decreasing, the bottom of the membrane
flattens out until its shape is given by two symmetrically located transition-boundary-layer
solutions. As the membrane flattens out, its free energy decreases, as implied by figure 6b, which
plots the scaled correction of the free energy from the pinned shape owing to the finite-ranged
potential given by

(o]
AE = (WoXy) 'AE= 2J (H+§~* - 2572 - HE, ) d&. (4.13)
0

We note that solutions exist for which Hbot <1, which corresponds to Wy > Hﬁ ot/2 in the
unscaled dimensionless variables.

Figure 6¢ shows the correction to the membrane’s shape owing to the adhesive interaction,
which is used in the construction of the composite expansions shown in figure 5b.
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5. Asymptotic behaviour of strongly adhered two-dimensional vesicles

We now consider the regime Wy > 1, for which the vesicle is strongly adhered to the substrate. If,
in addition, the wetting-layer thickness satisfies 54 < W, 172 then the shape of the vesicle has a
nested-boundary-layer structure, as depicted in figure 3. In the outer region, bending stresses are
then important only in boundary layers at the edges of the vesicle that have O(W 172) length
scale ([6]; also implied by the curvature boundary condition (4.8d)). Similar boundary layers
have been analysed in the context of three-dimensional axisymmetric vesicles [17], for which
the pressure difference across the membrane is prescribed. In the present problem, the vesicle is
two dimensional, and its cross-sectional area is prescribed, whereas the pressure difference must
be determined as part of the solution. In this section, we will show how earlier boundary-layer
analyses may be applied to such vesicles. The role of the boundary layers is to resolve apparent
discontinuities in the membrane’s slope at the edge of the vesicle. Because the slope must vary
rapidly so that & =0 (or 2r) at the substrate, we refer to these boundary layers as ‘turn-around’
boundary layers. In the regime §4 < W, /2 «1, the nested boundary-layer structure means that
adhesive stresses are negligible throughout both the turn-around boundary layer and the outer
region. Hence, there is no contribution of adhesive stresses to y and we refer to y as the tension
for the remainder of this section.

(a) Tension-dominated region

If bending stresses are negligible away from the edges of the vesicle, then (4.7) implies that the
membrane’s shape there is governed by a balance between the tension in the membrane and
the pressure jump across it, so that the curvature of the membrane in this region is given by
Hout ~ p/y. Hence, for two-dimensional vesicles, the shape of the membrane is given by the arc
of a circle of curvature Hyy; that meets the substrate at a contact angle Oyt (figure 7a). The values
of Hout and Oyt are determined by constraints on the vesicle’s perimeter and cross-sectional area.
At leading order, the contact angle depends only on the vesicle’s reduced area, with a small
modification caused by the difference in arclength of the turn-around boundary layer from that
of the sharp corner that it corrects. It is straightforward to show that

. 27 Oout — 7 SN 200yt

= iy [1+42Wo)"Y2AL] + O(W; ) (5.1a)
out out

and
Oout + sin Oout

Hout = _
T 21 + 22 Wo)12AL)

+O0Wsh, (5.1b)

where the quantity (2Wg) ™Y/ 2 AL will be determined and represents the arclength correction from
each of the turn-around boundary layers at the edges of the vesicle. The higher-order correction
terms are, in part, owing to the correction to the vesicle’s cross-sectional area, and we omit them
from now on.

In the analysis that follows, we use the leading-order value of 8, that is obtained by omitting
the O(W, Y 2) terms in (5.1); we denote this angle by 99

out"

(b) Turn-around boundary layer

To understand the turn-around boundary layer, we adapt an earlier asymptotic analysis [17] for
strongly adhered vesicles for which the pressure difference across the membrane is prescribed
and assumed to be large. In that problem, the leading-order shape of the vesicle is unknown
a priori, and either the curvature or the apparent contact angle of the tension-dominated region
must be determined by matching towards the boundary layer. Furthermore, Das & Du [17] state
that it is necessary to apply a matching procedure at one order higher, as detailed by Das &
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Figure 7. Diagrams defining (a) the curvature Hyy of the tension-dominated region and the angle 6, that it subtends and
(b) the geometry of the turn-around boundary layer.

Jenkins [16] and which is equivalent to O(W 1) in our notation, to resolve the vesicle’s shape
inside the boundary layer. Our analysis differs because the geometric equations (5.1) are sufficient
to determine the leading-order shape of the tension-dominated region independently of the
boundary-layer regions at the edges. Furthermore, we will show that, by constructing a composite
expansion using a different method from that in [17], it is possible to resolve the membrane’s
shape correct to O(W,, 172 everywhere, while avoiding the analysis of higher-order terms.

We use rescaled variables to describe the shape of the membrane in the turn-around boundary
layer. Because the curvature is given by H = (2Wp)1/2 at the contact point, and the membrane’s
slope 6 varies by an O(1) amount across the boundary layer, we scale lengths with (W)~ Y2, For
two-dimensional vesicles, the stress balance (4.7) is then given by

2P2WSPH" = —p - 2VAWPER 22w Py A, (5.2)

where primes denote differentiation with respect to §.

In equilibrium, the tension-dominated region is governed by p = y H and, because Hout = O(1)
from (5.1b), the pressure is asymptotically negligible in the turn-around boundary layer from
(5.2). (When p is used as a control parameter, as in [17], it is therefore necessary to expand to
higher orders to perform a direct matching between the inner and outer regions.) We define a
rescaled tension 7 = (2Wy) 1y so that (5.2) simplifies to

A" =-10°+ 70, (5.3)
the leading-order solution to which is given by [16],
H=2% sech(/75 +5), (5.4)

where S is a constant to be determined by matching towards the tension-dominated region. This
can be integrated using 6’ = H to obtain

00
6 =2tan '[sinh(y/75 + S)] — 2tan”!(sinh S), where sinh S = tan ( 02‘“ >, (5.5a,b)

and where the origin of § has been selected to coincide with the contact point where 6 =0, and S
enforces (at leading order) the approach of  towards the value = — 6,y needed to match towards
the tension-dominated region (figure 7b). The membrane’s inclination (5.5) may be integrated
using ¥’ = cos § and jj’ =sin 6 to obtain

[(¢ —2tanh &) cos(r — qut) — 2sech & sin(r — Ggut)] N
+ Xo

V7

5(:

(5.6a)
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and

- AL ) £ _ g9 N
§= [(§ — 2tanh &) sin(x Go\u/ti—f- 2sech & cos(m — Ogy0)] + 1o, (5.6b)
Y

where & is given by

. 60
£ =./75+sinh ! tan (O;t), (5.6¢)

and where X; and Y are constants to enforce the boundary condition ¥ = =0 at the contact
point, where § =0 or, equivalently, where é =sinh™! ’can(egut /2). (Das & Jenkins [16] obtained an
expression equivalent to (5.6a) for three-dimensional axisymmetric vesicles; we shall show that by
also deriving 7(5), it is possible to obtain a composite expansion at ow, 1/ 2) without computing
higher-order O(W, 1) terms in the turn-around boundary layer.)

Finally, the tension 7 is determined by the curvature condition H =1 at the contact point,
where §=0 (from (4.8d)). From (5.4), this implies that y = %coshzs, which yields, after some
manipulation,

1 or B Wo
2—|—2c056?gut J/_1—|—c0590

out

Y= in the original dimensionless variables, (5.7)
thereby recovering the expression that was obtained in [6] by appeal to a macroscopic force
balance between the outward spreading adhesive force and the inward force of the membrane’s
tension.

To derive the composite expansion, (5.1) and (A 4) require the arclength correction AL to be
obtained. The geometry depicted in figure 7b implies that this correction is given by

ﬁ:lim<,y yiy Y —5). (5.8)

§—o00 \ SIN Byt tan Oout

Substitution for ¥, 7, £ and 7 into (5.8) using (5.6) and (5.7) then gives, after rearrangement,

—~ 0 0
AL=4 <c0t 5~ cos 5) (5.9)

We note that this diverges as Ggut — 0, as might be expected on the grounds that the larger change
in angle from 0 to = — 63, requires a larger adjustment to be made by bending stresses across the
turn-around boundary layer.

Across the turn-around boundary layer, the membrane’s inclination 6 monotonically
approaches the value = — 6oyt required by the tension-dominated region. Hence, the horizontal
distance Ax of the membrane from the extrapolated shape of the tension-dominated region,
given by

00 14

Ax(3) =J % — cot(rr — Oour) d8, (5.10)

S

(figure 7) decreases monotonically with arclength. Furthermore, i/ increases monotonically with
arclength and, hence, Ax may be expressed as an implicit function of §. We compute Ec@)
numerically using (5.6) and (5.10), and then construct the composite expansion using, in the
unscaled dimensionless variables,

x= /1 = (Houty + c0s fou)? + 2Wo) "2 AX[2Wo) /2], (5.11)

B Hout
The first term is the leading-order circular-arc shape. For an expansion that is consistent at
OW, 1/ 2), the values of Hoyt and 6oyt must be obtained using (5.1) or (A 4) w/i\th the arclength
correction given by (5.8). Because we have constructed our expansion using Ax(j) rather than
performing a direct composite expansion of x(s), our omission of O(W; 1) terms is of no
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Figure 8. Comparison of the full numerical solution (solid lines) to (4.7)—(4.8) with composite expansions (dotted lines) for
vesicles of area (a,c) 0.5 and (b,d) 0.25. The values of W, used are (a,b) 102 and (c,d) 4 x 102

consequence. Although the apparent contact angle 6oyt differs from the leading-order value 62,

used in (5.10), this difference is only O(W, Y 2), and corresponds to an O(W, 1) error in the
unscaled variables. Hence, our expansion is consistent at O(WO_ 1/ 2).

Figure 8 compares composite expansions of the shape of a two-dimensional vesicle to those
obtained through numerical solution of (4.7)-(4.8), for reduced areas given by A=0.5 and A=
0.25 and adhesive amplitudes Wy of 10> and 4 x 10?. The agreement is generally very good, but
there is a noticeable discrepancy when A is small. The probable reason is that the apparent contact
angle decreases with A, and that small contact angles require larger corrections to be made across
the turn-around boundary layer (cf. (5.9)). It follows that the corrections to the tension-dominated
region are large enough that the omission of the O(W’ 1) (or higher-order) terms in the composite
expansion are no longer valid. We conclude that a tension-dominated solution provides a good
approximation to the vesicle’s shape, provided both that the reduced area is large enough that
the apparent contact angle 63, is significant, and that the adhesive strength is large enough that
the O(W,, 1/2) corrections to the leading-order contact angle are small. (We note that although
close agreement was demonstrated [17] between their asymptotic and numerical solutions for
axisymmetric vesicles, the apparent contact angles of the vesicles used were large enough for the
asymptotic solution to be accurate.)

6. Discussion

We have analysed the effects of thin wetting layers that are beneath adhered vesicles, and thereby
derived asymptotic corrections to contact-potential models that omit these effects completely.
The classical boundary condition obtained by Seifert & Lipowsky [6] and Seifert [7] for the
membrane’s curvature at the contact point has been recovered using a novel approach of resolving
the membrane’s shape near the substrate. This approach yields, in addition, the leading-order
corrections to the vesicle’s shape and free energy. Incorporation of these corrections through a
composite expansion of the vesicle’s shape gives close agreement with shapes obtained through
solution of a more complicated system (3.1)—(3.2) of equations. Our analysis has focused on two-
dimensional vesicles, but in appendix A, we describe how our results may easily be generalized to
describe three-dimensional vesicles provided the adhesive length scale is much smaller than the
azimuthal radius of curvature of the membrane near the substrate. In this regime, the transitional
boundary layer is quasi-two-dimensional and is described, at leading order, by our analysis in
§4a(i). The scalings that were obtained in §4 for the region near the contact line will allow the
time scales of dynamic phenomena to be estimated. To demonstrate this, we briefly describe
the spreading of a vesicle along an adhesive substrate, which is driven by the adhesive stresses
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Figure 9. The variation of spreading speed with time. (@) Unscaled time and speed. (b) Times and speeds have been rescaled
with the scalings (6.1a,b) obtained using a lubrication approximation. (Online version in colour.)

pulling the membrane down and impeded, primarily, by the viscous dissipation beneath the
membrane in the transitional boundary layer. Because the horizontal length scale X, of this region
is much longer than the vertical length scale Yy, the dissipation is due to lubrication flow [21]. The
horizontal momentum balance thus implies that 18%u/dy? ~ 9p/dx, where the pressure is given
by (dW/dy)l;. Hence, the horizontal velocity scale is given by

u w Wo/451/2 1
e~ L S Uu~wr="4 and ~T~ =
Y YeXu w u W()/ ‘SA/

(6.1a,b)

Figure 9 shows how the spreading speed, which we define by U,q(t) =d/dt(W, 1 [wds),
varies during the spreading of a two-dimensional vesicle of reduced area 0.85. The adhesive
amplitude is given by Wy =0.25, and the adhesive length scales are given by §4 =2.5 x 1072,
5 x 1072 and 10~ 1. The dynamic viscosity is set to unity. The simulations use a boundary-integral
technique based on the method described by Veerapaneni et al. [22], and are initialized with the
shape of a free vesicle that is positioned so that its lowest point lies at y = §4. After scaling the
velocities and times according to (6.1a,b), there is a collapse of the spreading speed for early times.
This suggests that our scaling analysis is an important step towards understanding the physical
processes that govern the time it takes for a vesicle to adhere to a substrate. We anticipate also
that our work would be applicable to understand other dynamic processes, such as the motion
of an adhered vesicle in response to an external force such as an external shear flow [12,23],
a gradient in the adhesive potential across the substrate [10,11], or aspiration through suction
by a micro-pipette [8]. Recently, a series of works [24-26] analysed the role of a wetting layer
on the adhesion and motion of viscous droplets along substrates in a variety of configurations,
and demonstrated that even the simple process of a viscous droplet adhering to a substrate
involves several distinct phases of motion. We are currently attempting to understand how the
inclusion of the membrane’s bending stiffness in their model might broaden the range of observed
phenomena.

Section 5 revisited the approximation that a two-dimensional vesicle’s shape is given by
a circular cap when the adhesive interaction is very strong. The Young-Dupré equation (5.7)
described by Seifert & Lipowsky [6] (for three-dimensional axisymmetric vesicles) for the
apparent contact angle of a two-dimensional vesicle has been recovered by adapting an earlier
analysis [17] of the shape of the vesicle within the turn-around boundary layers. (In appendix A,
we describe how our analysis of two-dimensional vesicles may readily be applied also to three-
dimensional axisymmetric vesicles.) We showed how composite expansions may be constructed
for the vesicle’s shape, which generally give good agreement with numerical solutions to (4.7)-
(4.8). Our construction avoids the detailed matching procedure detailed in [16] (and used by [17]),
which requires the computation of terms at O(W, 1) rather than only the simpler OW, 1/2) terms
needed by our expansion. We showed also that the approximation of the vesicle’s shape by a
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tension-dominated circular cap is valid only if both the adhesive stress and the vesicle’s reduced
area are large enough that the apparent contact angle is large. Because the corrections to the
tension-dominated region become large as the apparent contact angle decreases, we expect that
the higher-order analysis in [17] would also break down if the apparent contact angle were small.
It is likely that their expansion would yield better agreement for moderately small apparent
contact angles, but we have not pursued a quantitative comparison here. We conclude that care
should be taken when approximating the shape of a vesicle of small reduced cross-sectional area
by a circular cap, even if the adhesive amplitude Wy is large. Our analysis provides a means of
quantifying the parameter ranges, in particular the ranges of the reduced volume, for which such
an approximation is appropriate.

The boundary-layer analysis in §5 may be used to improve previous models that have analysed
the dynamics of adhered vesicles using a long-wave approximation [14]. Because the vesicle’s
membrane must lie flat on the substrate, such an approximation breaks down near the edges
of the vesicle. An understanding of the dynamic behaviour of the turn-around boundary layers at
the edges of the vesicle could, therefore, be used to derive more rigorous boundary conditions
that represent them in the context of a long-wave model. However, more work is needed to
analyse vesicle shapes for which the membrane is not tension dominated but, instead, under
compression (as arises, for example, during the drying of adhered vesicles [14]). The compression
of the membrane means that it permits bending modes, so that the upper surface of the membrane
can be dimpled. An apparent contradiction is that the Young-Dupré equation (5.7) implies that a
boundary-layer solution exists only if the rescaled tension satisfies y > %. However, this equation
rests on the assumption that the pressure difference across the membrane is determined solely by
the tension-dominated region, so that the pressure difference is negligible on the short boundary-
layer length scale of the edges of the vesicle. In the case where the pressure difference is, instead,
forced externally, the omission of the pressure term in (5.3) may no longer be valid, and boundary-
layer solutions that match towards compressed membranes could be permissible for sufficiently
large pressure differences across the membrane. The existence, and resolution, of analogous
boundary layers for adhered vesicles with compressed membranes therefore remains an open
question. We note that although the analysis of Das & Jenkins [17] and Das & Du [16] concerns
vesicles for which the osmotic pressure is prescribed, their non-dimensionalization assumes
implicitly that the pressure inside the vesicle is higher than outside and, hence, that the membrane
is under tension.

Figure 9b suggests that although the scaling (6.1a,b) gives a good collapse early in the adhesive
process, there is a noticeable discrepancy at later times. We believe that this is caused by the
trapping of a finite-amplitude dimple [27,28] beneath the vesicle, a process that is not described
by the lubrication theory used to obtain (6.1a,b). Work towards understanding how such dimples
affect the adhesion of vesicles is currently underway.

This work was supported by the National Institutes for Health through grant no. 5R01GM086886. The authors
are grateful to three anonymous referees for their comments on an earlier draft of this manuscript.

Appendix A. Three-dimensional vesicles

We briefly describe how the results in the main text may be generalized to three-dimensional
vesicles. We non-dimensionalize lengths with the length scale given by L* = (5* /4m)1/2, where
S* is the vesicle’s dimensional surface area. The three-dimensional analogue of the reduced
cross-sectional area is the reduced volume, given by

3V*  3(4n)l2v*
T 4gL . B2

(A1)

where V* is the vesicle’s dimensional volume.
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The different geometry of three-dimensional axisymmetric vesicles compared with two-
dimensional ones slightly modifies the equation that governs their equilibrium shapes; the
analogue to (2.4) is given by [17],

, TH 1 4 .

H" + - + EH —WH —n-VW — yH =pout — pin and y is constant, (A2a,b)
where primes denote differentiation with respect to arclength measured azimuthally, and r
denotes the horizontal distance from the axis of rotation. Equation (A2) differs from (2.4)
through the presence of the ¥H’ /r term on the left-hand side. Although the presence of this term
modifies the shape in the outer region, it is negligible at leading order in the transition region. To
see this, observe that in the transition region, the leading-order bending-stress terms are given by
H' = O(W(l)/ 2Xt_rz) and H® = O(Wé/ th_rz) in the original dimensionless variables, whereas r'H'/r
is asymptotically negligible because r’'/r = O(1) and H' = O(Wé/ th_rl). It follows that the solution
obtained in §4a(i) for two-dimensional vesicles is also the leading-order solution for axisymmetric
vesicles. The underlying reason is that in the regime 64 « 1, the length scale of the transitional
region is much smaller than the radius of curvature of the contact line, which means that the
transitional region may be treated as if it were two-dimensional. It follows that our analysis
applies also to three-dimensional vesicles that are not axisymmetric, provided the length scale
Xy of the transitional boundary layer is much smaller than the azimuthal radius of curvature of
the membrane near the substrate. Such a regime always holds, provided 84 is sufficiently small.

The turn-around boundary layer analysed in §5 is also exhibited by strongly adhered,
three-dimensional axisymmetric vesicles. The membrane’s inclination, measured meridionally,
is governed by
~IEyr

. sind VH 1. .
_M7 and B+ 77 =—@Wo) ¥ - SH 4 7H (A3a,b)

0'=H

(cf. 0’ =H and (5.3) for two-dimensional vesicles), where primes here denote differentiation
with respect to the rescaled arclength §, which is given by (2Wp)1/2s. Because # =O(1) and
#=0O[(2W()'/?] in the scaled variables, it follows that (A3) is identical to 6 =H' and (5.3) at
leading order. Hence, the solutions in §5 for the turn-around boundary layer may be applied
directly to three-dimensional axisymmetric vesicles in the regime 54 < W, /2 « 1. The tension-
dominated region is modified slightly owing to the different geometry, and at leading order, it
is given by a spherical cap of radius 2/Hqy:. The presence of the turn-around boundary layer
modifies the dimensional surface area S* by 4w sin 6out(AL)*/HY,,;, which modifies in turn the
length scale L*. It can be shown that the reduced volume and curvature are given to O(W,, 12 by

_ 8 — 9 ¢os Oput + oS 30out 3sin Gout(ZWO)*l/Zﬂ (A 4a)
2(2 — 208 Oout + sin Oour)3/2 2(2 — 208 fout + sin? fou) /2 |
and
Hout = (2 — 208 fout + sin? foue)/? + 1 sin Ooue2Wo) "2 AL, (A 4b)

and we note that the leading-order terms have previously been given by Seifert [29]. After

determining the values of Hoyt and fout to O(W,, 1/ 2), the composite expansion for the vesicle’s
shape is given by

2

r=
Hout

H 2 _
\/ 1— (%*y + cos eout> + QWo) V2 AX[2W) /2y (A5)

Appendix B. Construction of composite expansions for the shapes of bound and
dimpled vesicles

In the limiting case that 4 =0, the membrane has one (for bound vesicles) or two (for dimpled
vesicles) adhered regions that are flat. To derive the corrections owing to the presence of the

62207407 :69% 05 §203d BioBuystigndiaaposieoreds:



wetting layer, we rescale coordinates using the scales X and Yy and position the origin at the
point where the membrane would touch the substrate in the case that §4 = 0, as shown in figure 4a.
The solution to the asymptotic equation (4.3) is then calculated. The curvature approaches unity
as x — 0o, and the membrane’s shape, therefore, approaches a parabola. Extrapolation of this
parabola to the left to the point where its slope is zero yields an estimate for the position of
the contact point. The transitional solution is translated in the x-direction so that this estimate is
located at ¥ =0, as shown in figure 4a. After translating the transitional solution in this way, the
composite expansion for the membrane’s shape is given by

(x,y) = (XO,yo + YA (%)) +O(8a), B1)

where the dependence of Ajj on ¥ is depicted in figure 44, and (xg,yp) denote the membrane’s
shape in the limiting case §4 =0.

The correction to the free energy from each transitional boundary layer is computed using the
integral

0 00
AE= WgXtrJ (F2+ 974 =252+ 1)dr + woxtrj (FH+ 574 =292 - 1) dg, (B2)
—00 0

which has the numerical value
AE =1.745Wy Xyr. (B 3)

(There are other contributions from corrections made to the adhered and outer regions, but these
are asymptotically negligible as §4 — 0.)

Bound vesicles have two transitional boundary layers, one for each side of the adhered region,
and dimpled vesicles have four. The correction (B 3) is, therefore, multiplied by the appropriate
amount to give the estimates (4.10) quoted in the main text.
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