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Viscoelasticity of two-layer vesicles in solution

C.-Y. David Lu”
Department of Chemistry and Department of Physics, Center of Theoretical Physics, National Taiwan University, Taipei 106, Taiwan

Shigeyuki Komura
Department of Chemistry, Graduate School of Science and Engineering, Tokyo Metropolitan University, Tokyo 192-0397, Japan

Kazuhiko Seki
National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba 305-8565, Japan
(Received 15 August 2012; published 5 December 2012)

The dynamic shape relaxation of the two-layer vesicle is calculated. In addition to the undulation relaxation
where the two bilayers move in the same direction, the squeezing mode appears when the gap between the two
bilayers is small. At a large gap, the inner vesicle relaxes much faster, whereas the slow mode is mainly due to
the outer-layer relaxation. We have calculated the viscoelasticity of the dilute two-layer-vesicle suspension. It
is found that for a small gap, the applied shear drives the undulation mode strongly while the slow squeezing
mode is not much excited. In this limit, the complex viscosity is dominated by the fast-mode contribution. On the

other hand, the slow mode is strongly driven by shear for a larger gap. We have determined the crossover gap,
which depends on the interaction between the two bilayers. For a series of samples where the gap is changed
systematically, it is possible to observe the two amplitude switchings.
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I. INTRODUCTION

Vesicle dynamics has long been investigated both ex-
perimentally and theoretically [1-6]. The decay rate of the
thermally excited shape fluctuation provides information of
vesicle elasticity. The knowledge of the microscopic relaxation
can also be used to predict the macroscopic rheological
property of the vesicle solution [6].

The vesicles are mostly nonequilibrium system. The exter-
nal perturbation, be it thermal, electrical, sonication [7,8], or
flow [9,10], transforms the lamellar structure into the vesicles.
In such situation, one often obtains mixture of unilamellar
vesicle and multilamellar vesicles (MLV) of various sizes.
However, in sharp contrast with the very detailed calculations
and scattering experiments on the unilamellar vesicles, there
arerelatively few studies of the MLV dynamics in the literature.
In this paper, we consider the two-bilayer vesicle which
is the simplest MLV. We calculate the dynamic relaxation
rates, as well as the rheological response of the two-layer
vesicles. From the experimental point of view, it is hard to
prepare vesicles with exactly two bilayers. Nonetheless, such
a concrete calculation provides a clear picture of how the
interaction between the two membranes affect the relaxation
rates, as well as the squeezing (lubrication) flow which arises
exclusively in MLV. Since our method can be extend to vesicles
with more than two bilayers, a more specific calculation can
be performed similarly.

The squeezing dynamics of the sandwiched solvent be-
tween the two layers has been analyzed in two related
problems. This relaxation process of the flat lamellar system
was calculated by Brochard and de Gennes as the “slip
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mode” [11] or later measured and called the ‘“baroclinic
mode” [12-14]. In the soap film system, the “squeezing mode”
dispersion has been calculated and measured [15—17]. In this
work, we obtain a similar relaxation, in which the solvent
is squeezed between the two adjacent bilayers to relax the
bilayer curvature energy and the mutual interaction energy
between the two bilayers. As this mode arises only in MLV,
we are interested in its dispersion relation and its coupling
strength with the applied shear. Due to the strong lubrication
resistance, the squeezing mode is often the slowest relaxation
mode. This makes the squeezing mode an important candidate
for the vesicle rheology. However, not every relaxation mode
is equally excited by the applied shear. Therefore whether the
shear can drive the squeezing mode with a large amplitude is
an important problem to consider. In this work, we will try to
build our understanding of the coupling strength through the
concrete calculation.

Based on the analysis below, we find that the squeezing
mode makes the dominant contribution to the complex vis-
cosity for strongly interacting bilayers. Interestingly, when the
gap between the two bilayers is smaller than a characteristic
crossover gap, the fast undulation mode becomes the dominant
mode for the complex viscosity. We find that the crossover
gap gets very small when the bilayer interaction is strong.
On the opposite limit where the bilayer has extremely weak
interaction, the crossover gap becomes comparable to the inner
vesicle radius.

In Sec. II, we define our model. Section III discusses
the elastic force. In Sec. IV and the appendices, the flow
resistance between the bilayers is solved. In Sec. V, we
shall analyze the relaxation rate. In Sec. VI, we consider the
viscoelasticity of the dilute vesicle suspension. Section VII
includes further discussions of the results. Finally, in
Sec. VIII, we provide a nontechnical summary of our
results.
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FIG. 1. The vesicle consists of two bilayers with the radius r; and
r». The surrounding solvent viscosity is 1 everywhere.

II. THE MODEL

We consider a two-layer vesicle with two bilayers located
at the spheres with mean radius r; and r; as shown in Fig. 1.
The deformation of the bilayer shapes are described by the
radial layer displacements u; and u, relative to the two
reference spheres, respectively. Both of the bilayer membranes
are surrounded by a solvent of viscosity 5. Let a denote the
area per molecule projected on the reference sphere and ag the
averaged projected area per molecule. For each membrane,
we define the dimensionless surface density ¢, (n = 1,2)
given by the ratio ap/a. Notice that ¢, becomes unity at
equilibrium. In a fluctuating vesicle, ¢, is not uniform in
general. In this work we propose the free energy of a two-layer
vesicle as

F:(ré—r?)g/ u -\ o
3 2 rp —r

2
+ Z/[yﬁ%H,%%(@—l)z} dA,. (1)

n=1

where B is the layer compression modulus, y, the surface
tension, « the bending modulus, and E the area stretching
(compression) modulus. Here both « and E are taken to be the
same for the two membranes. Moreover, d 2 is the differential
solid angle, and the surface area element is approximately
given by dA, ~ [1 + (V. u,)*/2]r? d2. The mean curvature
H, is given by

N 2 2u,, )
Hnw—a—kr—z—i—vlun, (2)

up to linear order in u,,.

Two comments should be made about the first term of
Eq. (1). The compression modulus B should be a function
of r; and r,. In principle, a microscopic statistical model
for MLV should provide the functional form. Here we focus
on the layer dynamics; to build such a model is beyond
the scope of this work. As a rough estimate for discussion,
below in Sec. III B, we will use the B, which is calculated
from the flat layers, and replace the distance d between two
layers by r, — r;. This approximation is justified for d < ry,
while it may deviate considerably when d is comparable
to ry.

The interaction term proposed here is proportional to
(uy — uy)?, which arises naturally at small d from the square
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of the strain. At large d, the curvatures and the areas for
the two bilayers differ markedly. Presumably, a microscopic
model may derive a more suitable weighted interaction energy,
which is proportional to [uy — (r;/ r)Pu,]? with a weighting
exponent . Below we present the calculation without this
extra weighting factor. Nonetheless, the calculation procedure
is exactly the same for the case 8 # 0.

At the dilute phase boundary of the lamellar phase, the
surface tension y, should vanish [18]. Inside the lamellar
phase, the tension depends on the applied osmotic pressure. To
simplify the discussion, we shall only consider the case where
the surface tension vanishes y, = 0. In fact, the calculation
with finite surface tension can be carried out in the same way.
The layer displacement u,, is related to the radial velocity v,
atr =r, by

ou,
= Ur(rn)y

ot S

where we neglect the solvent permeation. The surface density
obeys

0, 2u.(r)
ar T'n

Gn — V- [vi(r)éal, @
where V, is the two-dimensional (2D) surface derivative
and v, (r,) is the tangential velocity at r =r,. Here we
have neglected the amphiphile exchange flux between the
neighboring bilayer (the amphiphile permeation).

The flow field obeys the Stokes equation, which is presented
here as the form

nV3v—Vp =0, Q)

where 7 is the viscosity and p the pressure. Here we write
down the force balance conditions that are satisfied on the two
layers. The normal force balance is given by

oF

Su,,

(6)

+Urr(r;r) —0p(r, ) =0,

where o,, = —p + 2nd, v, (r being the radial distance) and the
superscripts + and — indicate that the stresses are evaluated
at the exterior and interior of the bilayer, respectively. On the
other hand, the tangential force balance is given by

SF
86X,

+o.(r))—ou(r,) =0, (N
where x,, is the 2D tangent displacement of the layers, and the
2D stress is defined as 0| = 00,9 + @0y, (6 and ¢ being the
polar and azimuthal angles, respectively).

The viscoelastic response of a dilute two-layer-vesicle
suspension can be calculated by considering the stress response
to an external flow at large distances from the vesicles

V(1) = TV[r?Ya(6,9)le™, ®)
where I is the strength of the elongational flow, Y7,,(8,¢) are
the spherical harmonics, and o is the angular frequency. Each
suspended vesicle contributes to the averaged stress. In the
dilute solution, the effective complex viscosity is calculated
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as [6,19]

P
n*zn(l— %), )
417Fr§

where ¢, = (47/ 3)cr23 is the volume fraction occupied by the
vesicles (c is the number density of the vesicles) and pl is
the frequency-dependent complex coefficient of the spherical
harmonic expansion of the pressure [see Egs. (A10) and (B6)
later]. The effective viscosity can also be expressed in terms
of the complex modulus as G* = iwn*.

III. THE ELASTIC FORCES

A. Force expressions

The elastic forces are calculated by evaluating the deriva-
tives —8 F /éu,, and —8 F /6x,. From Eq. (4), we see that the
bilayer tangential displacement and the radial displacement
produce the first-order surface density perturbation as

2u,
8¢n = - — V1 Xy, (10)
The tangential elastic force is given by
SF
— = V1), 1D
86X,

where the tension perturbation 8y, is induced by the surface
density perturbation, i.e., 8y, = —E(¢, — 1). Notice that the
2D gradient has the usual component form,

~L0@y,) . 1

(8,
V.6 =0~ Orn)

00 (pr sinf  dg

12)

Up to linear order in u,, and 8y,,, the normal force on bilayer
1 is given by

COF B3 —rdur—ur 2y +8y1)
Suy 30 —r)? rl2 T
2 2, 2
+n —«Vi) Vl-l-r—z ur, (13)
1
whereas that for bilayer 2 is
_OF _B(rg —ri) us — uy 22 +872)
Suy 3(rp — 11)? r22 r
2 2, 2
+ (2 — V) Vit 5 )u (14)
2

In the large stretching modulus limit (E — o0), the tension
perturbations §y, become Lagrange multipliers, so they ensure
that the right-hand side of Eq. (10) vanishes. By using Egs. (7)
and (11), the values of §y, are determined from the viscous
stress o, (see Appendix C).

B. The bilayer interactions

There are several interactions which contribute to the layer
compression modulus B. In this subsection, we indicate their
physical origins and give the simplest formulae to describe
them. For charged bilayers, the electrostatic interaction,
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together with the counterion and coion entropy produce the
free energy per area [20-22],

64CskgT
V.= 4Gk T tanh? <_q1// )e"Dd,

e 15
Kp 4kBT ( )

where C; is the salt concentration, gy the potential energy of
the counterion g at the surface, kp the inverse of the Debye
screening length, d = r, — r; the distance between the two
surfaces, and kg7 the thermal energy.

The van der Waals attraction potential per unit area can be
calculated by summing the dipoles to obtain

A 1 1 2

127 [(d —§)? + d+8)? a2
where A is the Hamaker constant and § is the membrane
thickness. A more complicated Lifschitz theory calculation
can provide a more accurate description [20-23]. The sum
of these two interactions consists the standard DLVO theory.
When the electrostatic repulsion and van der Waals attraction
stabilize MLV, B can be evaluated from

5 g et Vaaw)
ad?

~

VvdW —

] (16)

a7

For a flexible bilayer where the undulation entropy depends
strongly on the membrane separation d, Helfrich estimated the
free energy per area and B by a self-consistent argument to
obtain [21,24]

(kg T)?
kd3

where ¢ is an order unity numerical constant. In the following
examples below, we use ¢y = 36/7>. When the van der Waals
interaction becomes important, a more elaborate calculation
is required to combine the undulation entropy and the van der
Waals attraction [25].

B = , (18)

IV. THE NORMAL FORCE BALANCE

Using the spherical harmonic expansion, the Stokes equa-
tion can be solved in terms of the radial functions, which are
simple polynomial of the radius. The detailed calculation is
presented in Appendix A. In general, the solution depends
on the boundary velocities, which are the velocities of the
membranes and the applied external shear. In the usual case
where the bilayers have a large stretching modulus E, we can
simplify the discussion by considering the large stretching
modulus limit £ — oo. In this limit, the surface density
approaches unity, and the combinations E(¢, — 1) become
the Lagrange multipliers to ensure that surface densities are
constant. Hence, the constant E can be eliminated. The detailed
calculation is presented in Appendix B. At the boundaries, this
limit also turns the tangential velocity into the function of the
normal velocity. This means that the normal stresses o,,(r,j )
and o,,(r, ), as well as the tension perturbation 8y, are all
proportional to the bilayer normal velocities and the external
shear. The detailed calculation is presented in Appendix C.

The bilayer displacements and velocities are expanded
as the sum of the spherical harmonics Y;,,(6,¢) times the
time-varying amplitudes, i.e., u,(0,9) = u,Y;,(6,9) and
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v (ry,0,0) = v, Y1,,(6,¢). Without cluttering the notation with
the angular quantum numbers / and m, hereafter we use u,
and v, to express the time-varying amplitudes for an arbitrary
set of (I,m). After performing some calculations to express
o, and 8y, by v, [see Egs. (C1), (C5), (B4), (B6), and (B9)],
we find that the normal force balance Eq. (6) at r; and r, can
be written as

riu rivi iot é
E. 5 +D- ) = ZOnFe 8128mo€2, (19)
ryus ryv;

where &, = (0,1). Here we prefer to use the variables rlzu 1
and r22u2 which make the matrices E and D symmetric. With
this variable choice, the free energy per solid angle is then
the quadratic form of E. The components of the matrix E are
given by

o Bd- 0*) (yir2o? + kL) (12 - 2)
130 - St ’
B(1 — p%)
Ep=————"— E) = E, 20
12 330 = prp? 21 12 (20)
Er — B(1—p%  (yor?+«L?)(L*-2)
2= 3r§(1 — p)? r26 ’
where have defined p = ry/r; (< 1) and
. 1 9 (. 192
L =———|sin— | — ———, 2D
sin® 96 00 sin? 6 9¢?

whereas the components of the matrix D are

nry N Q2L+ 1)
Dy =———5——
Go(2 +1)
+ (% = Dl = D@L+ 3)pH!
+ (I — DA+ 81 +3)p% 3 + B>+ 81 —4)p~ 2,
oA+ 2)
PTG+
+ QP+ =30 = p™],
Dy; = Dy,
nry TH2L 4 1)
Go(2 +1)
+ 20 +2)(21 — 1)(21 + 3)p**?
+ 12417 4 81 4 3)p* + (81 + 81 — 4)p],

[—(l + 1)2(412 _ 1)p21+1

[(2[3 + 5[2 Ay 2)(p3l+2 _ pl—l)

[—( +2)*@41* — 1)p+

(22)
where
GO — r§]+4[4p + 4p41+3 _ (2l + 1)2p21+4

—(6— 81 —811)p**? — 21+ 1)*p¥].  (23)

Notice that the components of D are the product of n/r; and
the functions of p and /.

When the two bilayers are well separated, i.e., r; < r;, they
are not hydrodynamically coupled. In this limit, Dy, and D,
become small, and we recover the isolated vesicle damping
given by [4-6]

nQl+ DRI +20—1)
Dnn = 3
Pl +1)

(24)
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For the more general bilayer interaction which is propor-
tional to Bu, — (r1/r2)Pu,1?, the similar calculation will give
rise to an extra factor ,02/3 for the B term in E;, and an extra
factor p? for the B terms in E}» and E»;. The form of E», is
not affected.

V. RELAXATION SPECTRUM

The relaxation rates, denoted as 2; (j =1,2), are the
eigenvalues of the matrix D~! - E. The normal force balance
condition Eq. (6) on the two bilayers gives the eigenvector
equation

D' -E-df = Q;d}, (25)

where dI} are the (nonorthogonal) right eigenvectors. To work
with the orthogonal eigenvectors, here we define the symmetric
decay rate matrix,

M=D'"2.E.D'? (26)
which has the (normalized) eigenvectors d;,
M-d; =Q;d;. 27

Here the eigenvalues are the same as in Eq. (25), and d; is
proportional to D'/ zdﬁ. We can decompose the decay rate
matrix as

M = Qdid; + Q0dad>, (28)

which will be used in the later discussion. Hereafter, the faster
and the slower rates are denoted by €2; and €2, respectively.

The full expression of the decay rates are straightforward
but complicated. Hence, we shall obtain some simplified
expressions to gain some understanding on the nature of
the relaxation. We, first, discuss the fast mode €2;. When
p = 1, the fast undulation mode has a well-known dispersion
relation [3,4,6],

_ 2l = DA+ DA +2)

TR neE+2A -1

where the bending modulus is doubled as there are two
bilayers. For p slightly less than unity, a series expansion

can be made if desired. For p <« 1, the decay rate can be
approximated by

(29)

Ey
Qr —.
Dy
This corresponds to a simple picture that the fast mode consists
mainly the inner bilayer relaxation, whereas the outer bilayer
does not move much.

Next we consider the slow mode €2,. When p & 1, the slow
mode can be approximately obtained by the series expansion
of 1 — p. Based on the relation | + €, = tr(D~! - E), in
which €, only starts from the second-order term, we get
Q ~tr(D!-E) for the zeroth and the first-order terms.
Because the product 2, is given by det(D~! - E), we use
the leading two terms of det(D~' - E)/ 2 to obtain

(30)

Bl(l +1
zw—Jﬁyla—pﬂz—m
K — DI+ D21 +2)

(1-p)*.

31
24nr§ D
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The leading term (B/12n)(1 — p)?I(I + 1) is similar to the
slip mode of the planar smectic, which has the decay rate
(B/ 12n)d2qf_, where g is the wave vector projected onto the
bilayer plane [11]. This expression is also analogous to the
squeezing-mode dispersion obtained for soap film [15,16]. In
the other extreme of p = 0, the slow mode has the dispersion
such that

gzN[B+ﬂb—mu+Da+myﬁﬂm+n
2 32l + D22 +20 — 1) ‘

If we set the shear perturbation as / = 2, the numerator
contains a factor B + 72«/ r23. Hence, the dimensionless
parameter Br23 /k becomes important when its value is much
larger than 72.

We now discuss another approximate expression for the
slow mode valid for the whole range of p. Since the sum of
the two decay rates 2| + 2, = tr(D~! - E) is dominated by
the fast mode for any p, the slow mode can be approximated
by the ratio

N det(D~! - E)
27 (D1 E)
_ EnEy — EnnEy
~ EiDyp—EnDy + EnDiy — Ex Dy’
When the inner bilayer 1 relaxes fast, one can apply the
adiabatic approximation to the fast relaxing inner membrane.

The approximated expression has even a simpler denominator
given by

(32)

(33)

 Exn— En(En/En)
Dy — Dy(Enn/En)

In Fig. 2, we plot the decay rates as a function of p = r/r,
for I = 2, keeping a constant B. The two solid lines represent

Q)

(34)

FIG. 2. The scaled relaxation rate €2;/€2 as a function of the
dimensionless size ratio p = r;/r, between the two layers. Here 2,
is the vesicle relaxation rate with the rigidity 2« given by Eq. (29). The
two solid lines represent the two vesicle relaxation rates 2; and €2,
obtained numerically. The dotted line is an approximation for the fast
mode given by Eq. (30). The dashed line represents the approximate
slow relaxation rate €2, given by Eq. (34). In this plot, we set
B=600J/m* k =kgT =4 x 1072 J,n = 103 Pas,r, = 10" m,
I = 2,50 Brj/x = 150.
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the numerical calculated decay rates. The upper one is the fast
mode 21, which has the limit 2y at p = 1. It coincides with the
approximation Eq. (30) (dotted line) for p < 0.6. The lower
solid line represents the slow mode €2,. The approximate slow
rate Eq. (34) follows qualitatively the exact value of 2, for
the full range of p. It also coincides with Eq. (32) in the limit
of p = 0. Incidentally, the inner layer relaxation Eq. (30) also
fits the slow mode €2, at p ~ 1.

Figure 2 is useful to illustrate the nature of the relaxation
for the fast and slow modes. In a real system, B is a function of
r1 and r, (or p and r,), which is difficult to keep as a constant.
One will make a plot with a function for B which is suitable
for the specific MLV system. If one uses the flat layer formulas
described in Sec. III B as approximations, caution should be
kept for the accuracy at small p. Given an accurate function
for B, together with the proper weighting factor (to combine
0>f and p? factors in E), the above decay rate approximations
should work better.

VI. VISCOELASTICITY

We now consider two-layer vesicles under the external
oscillatory shear flow. Rearranging Eq. (9) together with
Eq. (B6), we obtain

nm—-1_5 v
a rpleiet’

by 2
It is apparent that the dilute hard-sphere limit is recovered
when v, = 0. By putting u,, = v, /iw and solving Eq. (19) for
v, We obtain

(35)

-1 _5 . 20
=2 i e, ® oDy 6. (36)
by 2 s

where one should set [ = 2 for the matrices E and D. Here
€, appears twice, because the shear directly affects the bilayer
2 through Eq. (19), and the velocity of the bilayer 2 carries
the stress contribution of the vesicle according to Egs. (9)
and (B6).

Considering the high-frequency limit, we now define
the dimensionless shear coupling strength S and the shear
deformation unit vector § by

20\ /2
r

(37)

Notice that S and § depend only on the ratio p as long as we
fix to [ = 2. As shown in Fig. 3, S is weakly dependent on
p because its value varies only between 2.1 and 2.19. Hence
the right-hand side of Eq. (36) varies between 0.31 and 0.4,
whereas the hard-sphere case gives 2.5. This means that, at
high frequencies, the coupling of a vesicle to the flow is weaker
compared to that of a hard sphere.
The high-frequency viscosity asymptotically approaches

n®=n[1+ (3 - S)¢] =n"—nSey, (38)

where n° = g[1 + (5/2)¢y]. Using the eigenmode decom-
position I =d;d; 4+ d,d,, we can separate the viscosity
contributions from each mode as

nj=Sn@-d;)’, (39)
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2.2 T T T T
2.18
2.16

A

2.14

2.12

1 1 1 1
2'10 0.2

FIG. 3. The shear coupling strength S defined by Eq. (37) as a
function of the dimensionless size ratio p between the two layers.

so we have
(40)

The full expression for the complex viscosity then is given by

nS =ni + na.

2 .
LW
@) =1"—¢ Yy o
Jj=1

. 41
o+ Q; S

The relative strength of the two modes are shown in Fig. 4.
Alternatively (but equivalently), the complex modulus can be
expressed as

a)2+ia)S2j

2
G%w):iwnm—+¢v§:(%—5?1?g—

j=1

; (42)

where the two modes have the positive amplitudes G ; = £2;n;.

Even for different bilayer interaction strength B, we always
find that the slow mode has the larger viscosity amplitude
at p ~ 0, and smaller one at p ~ 1. The latter is reasonable
because the shear perturb the two bilayers similarly for p ~ 1,

1 e S | T

0.8

n/(n;+M,)

0.4

0.2

0 0.2 0.4

FIG. 4. The relative viscosity strengths defined by Eq. (39) as a
function of the dimensionless size ratio p between the two layers. The
solid and the dashed lines corresponds to 1, and 7,, respectively. We
chose the value Br3 /k = 150. The crossing of the two modes occurs
at p* ~ 0.733.
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0.75

0.5

o/

0.25

FIG. 5. The polar angle « (divided by ) of various 2D vectors as
a function of the dimensionless size ratio p between the two layers.
The solid line represents §, while the dotted and the dashed lines
represent d; and dy, respectively. We chose the value Br3 /k = 150.

where § is along the (1,1) direction. In terms of the polar
angle o between § and the first axes on the (rZu;,r3us)
plane, the (1,1) direction corresponds to o = 7 /4. Notice that
this direction also corresponds to the undulation eigenmode
direction. Since the sum of the two viscosity amplitudes is
roughly a constant, as shown in Eq. (40), the slow squeezing
mode takes a small viscosity amplitude 7, for p = 1. In the
other limit of p ~ 0, the shear mainly perturbs the outer layer.
In this limit, we have § = (0,1) or @ = 7/2, and the slow mode
is due to the outer layer relaxation. As a result, 1, becomes the
dominant contribution for p & 0. In Fig. 5, we plot the angle o
as a function of p. The shear vector § always coincides with the
fast mode at p = 1 and the slow mode at p = 0. Therefore, the
mode switching always takes place between 0 < p < 1. It is
also worth mentioning that Figs. 4 and 5, like Fig. 2, are plotted
by assuming a constant B. These plots are used to analyze the
behavior of the mode amplitudes. The more physical plots will
be the ones using a suitable function for B.

Here we define a crossover size ratio p* at which the two
modes have the same viscosity amplitude, i.e., n; = 1. In
Fig. 6, we plot the calculated p* as a function of Br23 /k. When
Br23 /k < 1, the crossover happens at p* ~ 0.52. This means
that for the noninteracting case B = 0, the crossover happens
whend = ry — ry isroughly the same as ;. When Bri”//c > 1,
on the other hand, p* approaches unity. As mentioned in
Eq. (32), the parameter Br;/k will have a noticeable effect
only when it is greater than 72. At the lower right corner
of Fig. 6, where the layer interaction is strong and the layer
separation is not too small, the slow mode has the dominant
viscosity contribution. At the upper left corner where the layer
interaction is relatively weak, the fast mode is more excited as
compared to the slow mode.

VII. DISCUSSION

We have determined the crossover ration p* in Fig. 6. The
actual bilayer interaction strength B depends on the separation
d = ry(1 — p). For the qualitative discussion at nonsmall p,
we use the flat layer results in Sec. IIIB. In Fig. 7 we
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0.9

0.8

fast mode
5 0.7

0.6

0.5E slow mode |
0.4 ' ' '
10° 10° 10° 10*

Br23/1<

FIG. 6. The crossover size ratio p* as a function of the dimen-
sionless bilayer interaction Brg /k. For p > p*, the fast mode is the
dominant contribution to the viscosity, while the slower relaxation is
dominant for p < p*.

present both information in the (,o,Br; /k) plot to compare
a series of systems with the same outer bilayer size r, but
with different size ratios p. As one varies p, the dimensionless
bilayer interaction strength Brg /k changes according to the
DLVO theory Eq. (17) (two convex blue lines) or the Helfrich
repulsion Eq. (18) (two concave red lines). If such lines happen
to cross the line p* (thick black line), one expects that the
two viscosity amplitudes change their relative magnitudes. We
have indicated such scenarios by the dashed lines.

As shown in the convex blue dashed line in Fig. 7, an
electrostatically stabilized system may get large B by having

10-2 I
04 05 06 07 08 09 1
p

FIG. 7. (Color online) The dimensionless bilayer interaction
Br3 /i as a function of the size ratio p. The crossover ratio p* in Fig. 6
is plotted by the thick solid black line. The two convex blue lines are
from the DLVO theory Eq. (17) with C; = 0.01 M, kp =3 x 1073 m,
A=10"2"],8=3x10""m, and kgT =4 x 1072' J. The surface
potentials are 12 and 24 mV for the convex blue thin solid and
dashed lines, respectively. The concave red lines are the Helfrich
repulsion Eq. (18) with ¢y = 36/72, r, = 107" m. The concave red
thin solid and dashed lines are for k = 0.75kgT = 3 x 1072! J and
k =7.5kgT =3 x 10720 J, respectively.
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a high surface charge density. At small gap, the van der Waals
attraction may also lower B, causing an interesting multiple
crossing. This means that the viscosity amplitudes switch
their magnitudes more than once. For a sterically stabilized
system (concave red lines), we find that the dimensionless
interaction parameter depends strongly on the bending rigidity
as B rf JK ~ k72 [see Eq. (18)]. For a soft surfactant bilayer of
k = 0.75kgT, we find that the slow mode always dominates
the viscosity. Whereas for a lipid bilayer whose bending
rigidity ¥k = 7.5kgT is one order of magnitude larger, the
concave red dashed line indicates that the squeezing mode
is not much excited by shear when p > 0.526.

Caution should be kept when analyzing the MLV when p
is close to unity. When the gap d = r, — r is smaller than the
distortion amplitude |u;| + |u2|, our result should be modified
by the extra steric constraint, r| + u; < rp + u,. Given a small
but finite gap d, our linear calculation should be valid for small
distortion amplitudes, |ui| + |uz| < d. This means that the
linear response regime is restricted by the gap. As p becomes
closer to unity (or d — 0), the linear regime shrinks toward
zero. Nonetheless, at a given p (but p # 1), our result should
still be valid within the linear regime.

In this paper, we have only presented the calculation for
two-layer vesicles. For MLV with more than two layers, the
calculation can be performed in the same procedure but with
a greater algebraic complexity [26]. For MLV with N layers,
we expect that there are N relaxation modes. When the gap
is small (ry_;/ry = 1), we expect that the majority of the N
relaxations to bear some resemblance to the squeezing mode
or the spherical version of the “slip mode” [11]. For larger gap,
on the other hand, the relaxations of the N layers may decouple
from each other. As for the viscoelasticity, we speculate that
the viscosity amplitudes of the squeezing modes are small for
weakly interacting MLV. Neutral or weakly charged lipid MLV
should be an interesting system to investigate in this direction.

In polymer rheology calculation, one may consider a step
strain for ¢ > 0, where the time relaxation of the stress gives
the relaxation modulus G(¢). This quantity can be further
converted to the complex modulus G*(w) by the Fourier
transform. Right after the step strain, one often assumes that the
polymer deforms in an affine way [27]. Do we implicitly use
the affine deformation approximation for the MLV rheology?
A step strain for vesicle solution will induce a short but fast
bilayer movement, where the D terms dominate the left-hand
side of Eq. (19). Therefore, the initial layer displacements
will be proportional to D!.&, & (—Dy2/D11,1), which is
compatible with the incompressible constraints [see Eq. (B1)]
at both layers. In the small gap limit, D~' - &, behaves like
(0%, 1). Compared with the affine deformation u, o r,, or
in terms of our chosen variables (rlzul,rzzuz) x (p3,1), it is
clear that our theory does not use the affine deformation
approximation.

VIII. SUMMARY

In this work, we have calculated the slow relaxation rates
and the viscoelasticity of a dilute two-layer-vesicle solution.
In the model, the two vesicles are assumed to have the
spherical equilibrium shape, which makes the analytic flow
field tractable. We focus our discussion in the case where there
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is no osmotic pressure so the tension for both layers vanishes.
We also restrict our discussion to the case where the fluid in
the three compartment has the same viscosity. To relax these
two restrictions does not require a new calculation. Should a
need arise, the present calculation procedure can be carried
to those cases without any technical difficulty. Nonetheless,
the commonly encountered situations often obey these two
restrictions.

We have found the following results. (i) When the gap
between two vesicles is small, the two relaxation modes
consist of acombination between the squeezing and undulation
characters. The former involves the opposite layer distortions,
where the layer interaction drive the lubrication flow between
the two layers as expressed in Eq. (31). The latter, calculated
in Eq. (29), describes a relaxation driven by the layer bending
elasticity, whereas the lubrication flow is not required. We find
that for MLV with a small gap (p &~ 1), the slowest mode is
the squeezing mode for which the Poiseuille flow mobility
vanishes at the limit p — 1. The undulation mode appears to
be faster at a small gap.

(i1) At the other limit where the inner bilayer radius is small
p ~ 0, it is easier to understand the relaxation in terms of the
original variables u; and u,. Here the slow mode becomes the
relaxation of the outer bilayer, Eq. (32), and the faster mode is
the relaxation of the inner bilayer, Eq. (30).

(iii) When one decreases p, the relaxation spectrum changes
from (i) to (ii). The two dispersions change their characters
with p to avoid the relaxation rate crossing. The slow mode
can be approximated by Eq. (34) for the full range of p, where
an adiabatic approximation for the fast u; variable is made.
When the gap is mall, the slow mode is the squeezing mode.
As the gap increases, the slow mode eventually becomes the
outer layer relaxation mode.

(iv) At the low-frequency limit, the real part of the complex
viscosity approaches that of the corresponding hard-sphere
reference system. On the other hand, the real part of the
complex viscosity shows that the high-frequency viscosity
increment is between 12 and 16% of the hard-sphere viscosity
increment. The difference between the two limits comes from
the contributions of the two relaxation modes discussed above.

(v) For a fixed interaction strength Br23 /k, we find that
there is a crossover size ratio p* which describes the crossover
gap size. The slow mode is more difficult to excite when the
gap is smaller than p*. At a small gap, p > p*, the slow
(squeezing) mode has a small viscosity amplitude, while the
fast (undulation) mode has a large viscosity amplitude. For
large gap, p < p*, on the other hand, the slow mode has the
dominant viscosity amplitude. This shows that, for the MLV
with small gaps, the slow mode is not the most important mode
for viscoelasticity. In other words, the shear is not efficient to
excite the slow mode when the gap is too small.

(vi) The crossover size ratio p* depends on the interaction
between the two bilayers. If Brg /k increases, p* will increase
from 0.52 toward unity. The interaction parameter B can be
tuned, e.g., by adding block copolymers [28]. For strongly
interacting MLV which has large Brg /K, the crossover gap is
vanishingly small (p* — 1) so the slow mode is important for
viscoelasticity. For noninteracting MLV, the crossover gap is
0.48r,, about half of the outer bilayer radius. In this weakly
or noninteracting case there should be a higher possibility of
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finding MLV whose viscoelasticity is dominated by the faster
interbilayer relaxation. For neutral bilayers whose interaction
arises from the Helfrich repulsion, the more rigid lipid system
with a smaller gap might be a good candidate to observe the
fast-mode-dominated viscoelasticity, as discussed in Fig. 7.
For charged bilayers, a weakly charged system can also be used
for such study. As suggested in a recent theoretical paper [26],
the shear excited squeezing modes are important for MLV size
selection. It will be interesting to study a lamellar system where
the squeezing mode cannot be excited efficiently by shear.

ACKNOWLEDGMENTS

We thank M. Cates and S. Fujii for many useful discussions.
We also acknowledge the support from the National Science
Council of Taiwan and the Center of Theoretical Physics of Na-
tional Taiwan University. S.K. also acknowledges support by
a Grant-in-Aid for Scientific Research (Grant No. 24540439)
from the MEXT of Japan, and the JSPS Core-to-Core Program
“International research network for non-equilibrium dynamics
of soft matter.”

APPENDIX A: SOLUTION OF STOKES EQUATION

For the incompressible solenoidal flow, the velocity can be
expressed as

v=VXx (V¥ xr)+V x (¢r), (A1)

where the scalar functions i and ¢ are the defining function
for the poloidal and toroidal flow fields, respectively. Note
that our definition of the defining function differs by a factor
r compared with the ones in the book by Chandrasekhar [29].

For an incompressible fluid, the divergence of the pressure
gradient vanishes, i.e.,

VZp =0. (A2)

Therefore, the pressure gradient is also a solenoidal field
and can be described by the above decomposition. Since
the toroidal part can be written as (V¢) xr, the con-
dition 9p(dy, p) = 0,(dpp) requires that dp(—sin€ &) =
0y (¢ / sin @) or L?¢ =0, where

. 1 o (. @ 19
L =———(sinf— ) - ——.
sind 90 00 sin% 6 9 g2

Hence, the pressure gradient is only poloidal and written as

(A3)

Vp=Vx(VV xr)
L*w 91 9 orw) 1
r rdo or

W)

= wrsin@ dep or

. (A4)

where W is the defining function of V p. Comparing the § and
¢ directions, we can set

Ay
T or

for these two directions. The Laplace equation for the pressure
Eq. (A2) then implies that

1 0
——|r
r2 or

(AS5)

2 72
,0 (r\Il)> _Laewy A6)

ar? r2 or
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Therefore, the radial component of the gradient pressure can
be either expressed as LW /r or 32(r ). The latter expression
is consistent with the identification Eq. (AS).

For the velocity field, we will drop the toroidal part by
setting { = 0. This is justified because the tangential force field
is a surface gradient and drives only the poloidal flow. To obtain
the defining function v, we take the curl of Eq. (5) to get V x
V2y = 0. Since V?>v = —V x V x v holds for incompressible
flow, we have

VXxVxXxVxVx[Vx(@r)]=0, (A7)

where, in the square bracket, an equivalent form of Vi X ris
used. As detailed in Ref. [29], each curl will switch poloidal
and toroidal parts. The double curl will preserve the type and
modify the defining function by —V?2. The curl of Eq. (5)
becomes V x (rV*y) =0 or

Vi = 0. (A8)

To find the coupling between the pressure p and the velocity
poloidal function v in Eq. (5), we rewrite —V?>v =V x V x
V=V x[V(=V2¥) xr]. Equation (5) then is satisfied when

—W + Vi =0.

Here we prefer to use p instead of W. Operating the above
equation by L?/r and substituting the combination L>W/r by
d, p, we obtain

op
P

= nL?>V?y.
or

(A9)

Using the standard method of separation of variables, the
general solution of Eqs. (A2), (A8), and (A9) are

17=1m4—§:(p;rﬂ+p&r4fﬁnm, (A10)
w Z lﬁlmr +WH 71 1)lem
Im
1 l+2 7l+1
+ Z Pim” + plm Im:
nQRl+2)2I+3) 25l —1)
(A11)

where Y;,,(0,¢) are the spherical harmonics.

APPENDIX B: THE SURFACE INCOMPRESSIBLE LIMIT

The surface incompressibility condition also constrains the
velocity field as

2v,(ry)

+VL-vi(r)=0 (BI)

atboth r = ry and r,. Because the fluid is incompressible, i.e.,
V .v =0, Eq. (B1) can also be expressed as the equivalent
form,
Ovr(rn)
ar
at the bilayers. We prefer this condition because it simplifies
the calculation.

We now consider the relaxation rates of a small perturbation
described by the spherical harmonics Y7,,(6,¢). To simplify
the notation, we drop the subscript “Im” of the coefficients
vl ¥, pl.. and pJl . For the region within the bilayer 1

=0, (B2)
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O<r<r), we set Y/l =0 and p;} =0 to drop the
functlons which are singular at r = 0. We denote v and
p,lm as w}\ and pg, respectively. The 2D incompressibility
condition Eq. (B2) relates the two remaining coefficients as

2
r

— Ll
2921 + 3)(I — 1)
In terms of the radial velocity amplitude v;, we can further
express the pressure coefficient as

p . nQL+3)1 - D!
PA = ] (5]

Yy = (B3)

(B4)

For the region exterior to the bilayer 2 (r, < r < 00), the
coefficients ‘ﬁ/lm are zero, except w%o, which needs to be chosen
to give the far flow Eq. (8). Comparing the radial component
v, from Eq. (8) and L?y/r, we set 3, = I'/3. We also set
pL, = 00 p does not diverge at r — 0o, and denote | and
p}in as wg and pg, respectively. Then the 2D incompressibility
condition Eq. (B2) relates the two remaining coefficients as
217(21 - DI+ 2)
Using the radial velocity amplitude v,, we can express the
pressure coefficient as

w0l = D + 2
Pe = I+1

1
= 1—‘81281710

Ve = B (BS)

C+

vy — 103 T8128m0.  (B6)

For the region between the two bilayers (r; < r < 1),
the expressions are more complex. The incompressibility
Eq. (B2), evaluated at r; and r,, provides two conditions
between the four coefficients,

vy = Fiipg + Fipg.

B7)
vy = Fa1pg + Fapg,
where
. r221+3 _ 21+3
1= -
277(21 4 3)(1 )( 2[+1 121+1)
Fio = rzz_rlzzll 241y
217(21—1)(1—1)( + 1*) B8
21+1 21+1( 2 r2) (B8)
Fy rno\n 1 7
£y = r12r221+1 ”22 12/+1 |
22— 1)1+ 2) (Pt =)

We prefer to use the variables v and v, instead of P}s and pg.
The pressure coefficients then can be expressed as

Py = Grv + Gava,
. (BY)
pg = G21v1 + Gpova,

where
4+ 12)r %2y

Gn= IL {(—8° -

— @+ 6t [121 + Dr — (1 +2)21 — Dr3 ]},
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Gio = — {(=81% — 41 + 12)r 31+

1Gy
— (6] + Hri'r 121 + Dry — @ +2)21 — Dri]},
4] —2
Gy = —((1 : 1)();'1 )
+ (212 +l _ 3)r]3[+2r221+2 + (2[ 4 4)r{+1r§l+3},
4] —2
2= e [ 3 D
+ (212 +l _ 3)r§>l+2r]21+2 + (21 4 4)ré+lr;¥l+3},
(B10)
with
GO — r§1+4[4p + 4p4[+3 _ (Zl + 1)2[02[4-4
—(6—81 —81%)p**?* — 21+ 1)*p¥].  (B11)

When the two bilayer are well separated (r; < r;), both
G, and Gy, become small. In this limit, G|, becomes the
coefficient of Eq. (B4) with r; replaced by r,, whereas Gy
becomes the coefficient of Eq. (B6) (without the I' term) with
r, replaced by ry.

APPENDIX C: THE STRESS AND THE TENSION
PERTURBATION

The radial component of the normal stress appears in
Eq. (6). From its component form o,, = —p + 2109, v, and the
2D incompressibility condition Eq. (B2), it is just the negative
pressure. Therefore, the stress differences at the two bilayers
are

O‘rr(rr) - arr(r;) = Z [(p,IA - pé)r{ - p]ISSIrlilil] Yim,

Im
0 (ry) — 0, ry) = > [pirs + (g — PO "] Vi
Im

(ChH
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The large bilayer stretching modulus E suppresses the
surface density perturbation. For the slow relaxation, we will
take the limit £ — oo to eliminate the parameter E. Within
this limit, both ¢; and ¢, approach unity, so the tension
perturbations éy; and y, become the Lagrange multipliers.
The values of the Lagrange multipliers then are determined
by Egs. (7) and (11) instead of their original definitions, as
discussed below.

In Eq. (7), we are interested in the difference between the
tangential stress across the bilayer. We express the tangential
stress as a function of v,

N . 02 Ay W
01 =009 + @0,y =nVL [Vm + (L7 — 2)7i| ()

We now replace 32y using Eq. (A9), and limit our discussion
to the / # 0 mode. The velocity field V x (Vi x r) has
components similar to those of Eq. (A4). We can use
the r component v, = L2y//r to eliminate ¥ as (r/L%)v,

o}
4 r dv,
2 — = | U — 2 o . C3
+n( L2) anar] (€3)
where L2 — I(I + 1) for spherical harmonics with nonzero /.
Because v, is continuous across the bilayer and 9, v, vanishes
on the bilayer, only the first term can differ across the bilayer.

This is the only important term for the tension perturbation in
Egs. (7) and (11),

r2 ap
=V, |——
oL L|:L2 ar

r2 ap r2 ap
SYp=—2 | — = = . C4
s L2(8r>,;+L2<8r>,,, 9

‘We then obtain
I I I
_ Pa = P 2141 |, PB -1
8]/1—;(—14_1 r +Tr]>Ylma

(C5)

I
p _ Pc— P —
3y, = E <_l +B1r221 Ly rc 7B ; Br21> Yim.
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