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The frequency-dependent complex viscosity of dispersions of various lipid vesicles was measured.
Two clearly distinguishable features in these curves could be observed, suggesting two relaxation
processes. The first relaxation time is shown to be dependent on the third power of the vesicle ra-
dius. This implies an elasticity of entropic nature, which is the result of the translational ordering
of the vesicles that are subjected to shear flow and forced out of their equilibrium distribution. A
comparison with linear viscoelastic measurements of dispersions of “real” hard-sphere (silica) parti-
cles shows remarkable agreement, and trends are extended. Furthermore, the measurements sup-
port theoretical work. For the second relaxation process, a linear dependency of the relaxation time
on the radius of the vesicle is observed. In addition, the relaxation time and the effective viscosity
were found to be linearly proportional. A combination of various similar theories that treat the dy-
namics of spherical capsules in terms of capsule wall viscoelasticity proved capable of explaining the
dependency of the second relaxation time on the product of radius and effective viscosity. The
second relaxation process was found to be pertaining to the surface shear viscoelasticity of the vesi-
cle wall. Thus, from the analysis of the data with theory, the surface shear modulus and the surface
shear viscosity of the lipid bilayer could be deduced. Furthermore, a small contribution of the cur-
vature modulus was detected in our measurements, for which an estimate could be given. With the
aid of literature data for the curvature modulus, the dilatational modulus, and the present value of
the surface shear modulus found in this work, Young’s modulus and the Poisson ratio of the investi-

15 SEPTEMBER 1990

gated bilayer could be established.

I. INTRODUCTION

The macroscopic rheological properties of dispersions
in a certain flow field are determined by the momentary
morphology of the constituents, the momentary texture
of the dispersion, and the relevant interactions on the mi-
croscopic scale. These rheological properties strongly de-
pend on the ratio of the time scales of observation and
the time scales of the microscopic processes that deter-
mine the momentary structure. An increased under-
standing of rheological phenomena benefits from the
availability of well-defined model systems and sophisticat-
ed measuring methods. Only quite recently has a very
good model system of a colloidal (i.e., submicron) hard-
sphere system become available (Van Helden et al.! and
Coehen and De Kruif?). The linear and nonlinear rheo-
logical behavior of this system is now well mapped out
experimentally (Van der Werff et al.’> and Van der Werff
and De Kruif*).

The complexity of a system starting with a colloidal
hard-sphere dispersion can be extended in three direc-
tions: adding attractive or repulsive interactions or al-
lowing deformability of the particles without accounting
for interparticle interactions. Here, deformability is con-
sidered. Unfortunately, only at very short time scales do
rubberlike colloidal spheres show interesting rheological
behavior due to deformability. According to Frohlich
and Sack,’ relaxation times can then be expected in the
order of 1X107!'!' s for incompressible spheres with
Young’s modulus of 5X 10’ N/m? [soft polyvinyl chloride

4

(PVC)]. Such short time scales are difficult to investigate
with rheological means. In the present paper deformable
colloidal spheres composed of a liquid enclosed by one bi-
layer of lipid molecules are studied. Such particles, called
vesicles, are well defined: They can be made mono-
disperse in sufficiently large quantities. When the disper-
sion is not flowing or is flowing slowly, the particles
behave effectively as spheres and only above a certain
rate of flow or, in harmonic experiments, above a certain
frequency, will the particles deform significantly. In the
following, measurements of the complex viscosity of lipid
vesicle dispersions between 70 Hz and 235 kHz will be
presented. According to the preceding considerations,
two relevant microscopic time scales can be expected.
One pertains to the distribution perturbation of the vesi-
cles (as was recently found for real hard spheres®) and the
other to the deformability of the vesicles. In Sec. II the
theoretical and experimental background of these time
scales is summarized. The preparation of the vesicles and
the measuring methods are described subsequently in
Secs. III and IV. Then, in Sec. V, the measurements and
the analysis give evidence that the mentioned microscop-
ic processes take place and, in addition, result in micro-
scopic parameters of elastic and viscous nature character-
izing the surface of the vesicle. Finally, in Sec. VI, the re-
sults are discussed.

II. THEORETICAL AND EXPERIMENTAL
BACKGROUND

In complicated fluids, like dispersions, various micro-
scopic processes can take place that counteract flow.
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These processes can be characterized with relaxation
times ranging from very long to very short. The visco-
elastic behavior of complicated fluids depends on the ra-
tio of these times (relaxation times) and the time it takes
to carry out an experiment, e.g., the time equal to the in-
verse of a certain rate of flow y or the time ! in a har-
monic flow experiment with angular frequency @. When
the microscopic times are shorter than the experimental
times, the fluid will not be different from the fluid at rest,
and, consequently, no change in viscosity below a certain
¥ or o is observed. When, however, the relaxation times
are larger than the experimental time scales, the flow will
impose a certain structure on the fluid that changes its
resistance to flow. Apparently, the viscosity of a compli-
cated fluid as a function of rate of flow or frequency
changes when the experimental time is close to the
characteristic time of a microscopic process.

The above-noted considerations sketch a general pic-
ture of the viscosity as a function of the ratio between the
relaxation time and the experimental time. We should
stress that we will be dealing with linear experiments, so
let us confine our attention to a harmonically oscillating
shear flow in the linear regime. In that case a linear rela-
tionship exists between the rate of shear and the shear
stress. Writing the relationship with complex quantities,
the complex viscosity

" (w)=7(0)—in"(0)

is defined: o*=n*y *, with y *=yexpliot), the com-
plex rate of shear, and o* =0 expliot +¢), the complex
shear stress. (¢ is the time, w the angular frequency, ¢ a
phase angle, and i>= —1.) In the linear regime, the fore-
going sketch about time scales does not only hold for the
real part ' of *, but now also for the imaginary part 5"’
of n*. The imaginary part 7'’ is pertaining to an energy
storage process during a cycle. From the theory of pas-
sive linear systems (see, e.g., Fliigge®), it follows that the
angular frequency dependency of %' and 7"’ for N relaxa-
tion processes can be written as

7' (w)=7,+ g GP—T; (1a)
p=1 1+CL) Ti
and
nu(w)z § —Ci_sz—'fi , (lb)
p=1 1+(l) Tﬁ

respectively, with relaxation time 7, and relaxation
strength G, representing the pth microscopic process and
7', the viscosity at infinite frequency. A few relaxation
mechanisms will be highlighted in Secs. IT A and II B.

A. Hard-sphere diffusion relaxation

In a shear experiment the equilibrium distribution of
the particles is disturbed, and, consequently, the entropy
decreased. Maximization of the entropy is the driving
force behind the relaxation of this imposed structure.
Thorough treatment of this problem should involve the
many-body distribution function. As hydrodynamics on
the many-body level is still a formidable problem which
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has not as yet been solved, we have to resort to theories
that use a pair-distribution-function approximation.

The first treatment of this pair approach was given by
Batchelor.” From the Batchelor theory, an average relax-
ation time 7, =(n,—7’,)/G’, stemming from the relaxa-
tion of a change of the pair distribution of hard spheres
can be deduced. [7; is the steady-state viscosity (no new
structure imposed), 7', is the viscosity at infinite frequen-
cy (new structure imposed), and G', the storage modulus
at infinite frequency.] This prediction holds in the limit
of infinite dilution. It could be expressed as

a’

7,=0.25 Dy’ ()
where the diffusion coefficient D equals kT /6mnya. Fur-
ther, 7, can be called the translational diffusion relaxation
time, a is the radius (for capsules like vesicles it is the dis-
tance from the center of the sphere to the outer surface of
the sphere), k the Boltzmann constant, T the absolute
temperature, and 7, the solvent viscosity.

According to the same source, the diffusion relaxation
strength G, at infinite dilution is given by the equation

’D
G,=3.92 20 3)
a
where ¢ is the volume fraction of the dispersion, i.e., the
ratio of the total volume that the vesicles occupy and the
total dispersion volume.

Russel and Gast,? in their study into nonequilibrium
statistical mechanics of dispersions of hard spheres, fol-
lowing Batchelor, have taken into account pairwise addi-
tive hydrodynamics and a volume-fraction-dependent
equilibrium structure. Thus, they evaluated the volume
fraction dependency of the translational distribution re-
laxation strength G,.

Recently, their work was extended by Wagner and
Russel.’ They incorporated many-body thermodynamic
interactions. As this last interaction cannot be evaluated
exactly, it has to be estimated. A description is needed at
the three-particle level and for this, the three-particle dis-
tribution is approximated. This can be done in different
ways, depending on the criteria according to which a
series is ended (closure). Wagner and Russel have chosen
a Percus-Yevick-type closure, a closure based on a
modified superposition and one in between. It is not clear
in which concentration region the theories should be val-
id.

Careful study (Van der Werff et al.%) of the experimen-
tal linear rheological data of colloidal hard-sphere disper-
sions between volume fractions ¢=0.4 and 0.6 has
demonstrated that a consistent description of all complex
shear viscosity measurements could be given with

M 1
" Ne=G\1 ¥ S5 —> (@)
p=1 P tioT
with p representing the number of the relaxation time and
with M as the maximum number of relaxation times. G,
and 7, are experimental values characterizing the com-
plex viscosity. One notices that Eq. (4) implies that in
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Eq. (1), G,=G, and 7,=7,/p>. If M and o are large,
then

* =L, =111G 7% *(1—i) . (5)

This high-frequency behavior has been observed indeed
by Van der Werff et al.?

The theoretical G, and 7, may be compared with the
experimental G, and 7, deduced between ¢ =0.4 and 0.6.
No single theory that is known can satisfactorily account
for G, and 7, throughout these volume fractions. The
scaling with a’ is, however, confirmed. The fact that the
o~ /% dependency of n*—7’, is not predicted by any
theory is noteworthy. In the present study one of the ob-
served relaxation phenomena is attributed to the hard-
sphere distribution relaxation. The main justification is
that it corroborates the experimental data for 7, G, and
7', (Van der Werff et al.’).

B. Deformation relaxation

A vesicle in shear flow will be deformed if its surface is
not perfectly rigid. Vesicle deformation requires defor-
mation of the bilayer. Three bilayer deformation process-
es will be highlighted.

(1) Surface shear: This process involves surface defor-
mation at constant area. The elasticity pertaining to this
process is the surface shear modulus p. The dissipative
part of this process pertains to &, the surface shear viscos-
ity.

(2) Surface dilatation: This involves area changes
without shear. The surface dilatational modulus « and
the surface dilatational viscosity o pertain to this pro-
cess.

(3) Bending of the surface, involving the curvature
modulus XK.

In addition, local bending of the surface also brings a
possible interfacial tension into play since it influences
the local pressure difference across the interface.

In Fig. 1 the processes that involve properties (1), (2),

1
2
surface dilatation
3 N

bending

FIG. 1. Some possible deformation processes in the bilayer:
(1) and (2), top view; (3), side view. Circles model the section of
a lipid molecule.
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and (3) are illustrated. In order to calculate the linear
viscoelastic behavior of deformable droplets, the constitu-
tive equation of the droplet interface has to be defined.
For an infinitely thin flat surface the most simple linear
relationship between the surface stress tensor P and the
surface strain tensor E in a harmonic experiment in
Cartesian coordinates is given by

P=[y+(k+iootr(E)]1+2(u+iwf)E , (6)

where 1 is the unit tensor. E the deviatoric part of E, and
i?=—1. In curvilinear coordinates for a nonflat surface,
the expression is more complex but can be found in text-
books (e.g., Aris,!® page 232). If the curved surface has
finite thickness to first order, «, o, u, and § remain ap-
proximately the same for not too thick surfaces, while a
curvature term has to be included (De Bruijn and Melle-
ma'l). This latter term is characterized with what is
called the curvature modulus K, in physical chemistry
literature (e.g., De Gennes'? and Helfrich'®) and flexural
rigidity in mechanics literature (e.g., Kléman'¥). The
relevant curvature energy E. is

2
dA , (7

with 1/R | +1/R, the sum of the principal curvatures at
a point on the surface, 1/R, the spontaneous curvature,
and d 4 a surface element.

It has been demonstrated'’ that small deformations of
thin isotropic shells (thickness # is small with respect to
the inverse of the local curvature) can be described with
deformations of a shell with fixed thickness. Then the
shell can be characterized with its Young’s modulus E
and its two-dimensional Poisson ratio v (—1<v<1).
Here we assume that this approximation is also valid for
an insoluble layer (with the condition that E perpendicu-
lar to the surface is equal or larger than E along the sur-
face).

Expressed in E and v, for a layer of fixed thickness A,

_ En
K20+ (8a)
_ En
T2 (80)
and (e.g., Kléman'4)
3
KC=——Eh N (8c)
12(1—v%)

We see that K for an insoluble layer with thickness 4 is
not independent of x and .

The mechanical properties in Egs. 8(a)-8(c) occur in
the theories in which the relaxations of surface deforma-
tion are calculated and in which hydrodynamics is in-
cluded (Brunn,'® Felderhof and Jones,!” and Van der Lin-
den et al.'®). The implementation of such hydrodynam-
ics into a complete linear viscoelastic theory is more
difficult [Oldroyd,'*?° Barthes-Biesel and Chhim,?! vari-
ous papers by Takano and Sakanishi (e.g., Ref. 22) and
De Bruijn and Mellema'!']. To the best of our knowledge,
no coupling between surface motions of different droplets
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has been taken into account. To avoid repetitions of gen-
eral pictures of fluctuating capsules, for which we refer
to, e.g., Oldroyd,w'20 Oosterbroek and Mellema,?* and De
Bruijn and Mellema,!! we will select some relevant impli-
cations and results.

Various investigators (see Table IV) have found that
K.=(0.4-2.6)X10""J (Refs. 24-30) and x=~0.1 N/m
(Refs. 31 and 32) for egg yolk lipid (EYL) bilayer surfaces
(of which our vesicles are composed). The interfacial ten-
sion of the EYL bilayer is believed to be very small
[y <<1073 N/m (Refs. 26 and 31)]. For processes per-
taining to capsule dynamics we will use as radius the dis-
tance from the center of the capsule to the middle of the
wall, a,,. So a, equals a—1h, where h is the bilayer
thickness. The relaxation time 7, pertaining to « is
roughly a,,n/k (Oldroyd®® and Felderhof and Jones'?).
For a,, ~100 nm, 7,~10"2 Pas, and k~10"! N/m it
follows that 7,~10"°s. The complex viscosity 7* can be
measured in our laboratory up to 235 kHz. With our ap-
paratus our shortest observable deformation relaxation
time is 1/(2mX235X10°)~7X10"7 s. As we can also
learn from the onset of the transition, while not yet actu-
ally imposing frequencies corresponding to the relaxation
time, in practice we can already measure relaxation times
that are about one decade shorter than 7X 107" s, and so
are approximately equal to 1077 s. As 7, is in the order
of 107 s, this dilatational relaxation process is not ob-
servable by us.

The analyses given by Oosterbroek and Mellema,?* Fel-
derhof and Jones,!” and De Bruijn and Mellema'! show
that if K./a’ is much smaller than « (K, /a2 is here
107* N/m and k=0.1 N/m), the observed transition at
the lower frequency is determined by ¥, u, and K, while
the not observable one at the higher frequency is deter-
mined by « only. It also follows that x >>pu, and, conse-
quently, the relevant relaxation time is that at what is
called in literature constant surface area. This is only
true in first order of deformation of the surface since, ob-
viously, exact area conservation only holds for k — 0. If
the dilatational relaxation process could be observed, the
fact that k >>u would mean that the « transition would
be well separated from the lower-frequency deformation
transition (pertaining to v, 4, and K ).

Surface deformation can be expanded in a series using
spherical harmonics Y, with m=0,%=1,...,+/ The
deformation with the lowest energy (the largest relaxa-
tion time) is the Y,,, mode. Combining recent calcula-
tions (Felderhof and Jones,!” Schneider et al.,** and
Milner and Safran®) with the pioneering work of Ol-
droyd,? the relaxation time for this mode can be given as

(239, +321n¢)a,, + 16§
T= 9)

K. 2.2
24{y+2p+ [6—Coa,, +1Chas 1}
a

2
m

(n; and 7, denote the viscosities inside and outside the
capsule, respectively, and C, is the spontaneous curva-
ture, defined as —2/a,, where a, is the natural radius of
the bilayer). The intrinsic viscosity [7] is defined

[7]= lim "o .
6—0 Mo

(10)
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For o << 7! it equals
[n]=3 (11)
and for o >>7"}, from Oldroyd,*°

, 23m, —16m,+ 16 /a,,
223y, +32n,+16¢ /a,,

[nl= (12)
The effect of this deformation relaxation is hard to detect
at low volume fractions. At higher volume concentra-
tions the effect may be observable but (9) is no longer val-
id. Neither can viscosities any longer be simply ex-
pressed as n=1,(1+#[n]). If one assumes that the de-
formation relaxation of an individual droplet is not cou-
pled to that of others except through the influence of
their presence in its ambient fluid, (9) can be modified for
higher volume fractions by replacing 7, by the effective
viscosity of the dispersion. The effective viscosity is
defined as the viscosity at the relevant frequency, so, e.g.,
7' (1/7T4e), With 74 the deformation relaxation time (see
also Sec. VB). According to Krieger and Dougherty,**
the expressions for the viscosities at higher volume frac-
tions valid for @ <<77 ! and w >>7"! are related to the in-
trinsic viscosities (11) and (12). They obtained the follow-
ing useful equation for the viscosity 1 of a dispersion of
hard spheres:

n=mnol1—k,]

and pointed k, out as the reciprocal of the maximum
packing fraction. It can be derived by a mean-field argu-
ment, as shown by Ball and Richmond.’®> They pointed
out, however, that k, might be slightly dependent on the
volume fraction.

The constant k,, is certainly also dependent on the mo-
mentary microscopic structure and, consequently, on the
microscopic flow field. To be more precise, deformable
spheres behave at low frequencies as hard spheres only if
any elastic constant is present in the sphere surface. If,
however, the frequency is high enough such that the local
microscopic flow field is strong enough to overcome the
elastic counterforce in the surface [this implies that in
n*(w) a deformation transition occurs], then a significant
flow field is set up inside the droplet which changes the
flow field outside the droplet with respect to hard spheres
(Oldroyd!®?® and Oosterbroek and Mellema??). Thus, for
deformable droplets at high frequency, k, need not be
equal to the k, valid for hard spheres.

b7k (13)

III. LIPID VESICLES

A. Structure

Vesicles are spherical capsules of which the surface
layer is made of biological material. Mostly, the layer
consists of various kinds of lipids, sometimes with added
cholesterol. The vesicle surfaces have this in common
with the walls of various cells in living bodies. A study
into the behavior of synthetic lipid membranes is a study
into a model system for biological membranes and there-
fore can contribute to the understanding of the processes
that occur in organisms.
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The pharmaceutically used word “liposome” applies to
spherical capsules of which the wall usually consists of
more than one lipid bilayer. To stress the fact that the
structures studied here have one bilayer only (are uni-
lamellar), we use the word (lipid) vesicles. Vesicles are
dispersed in aqueous environment and contain the same
in the inside region. As lipids are strong amphiphiles,
they associate in water to minimize their energy: aliphat-
ic tails group together and only the hydrophilic head
groups expose to water. The spherical bilayer belongs to
the possible configurations. The innermost and outer-
most regions of this bilayer are polar and in contact with
water. The inside consists of the apolar, hydrophobic
parts of the lipids and is shielded from water. See Fig.
2(a) for the essentials of the lipid vesicle.

The lipids that form a vesicle can vary greatly in struc-
ture and size but among the most commonly used are the
phosphatidyl cholines, the structure of which is displayed
in Fig. 2(b), where the R groups are long aliphatic chains.

A lipid bilayer of pure lipids in aqueous environment
displays a remarkable and sudden change in structure
and rigidity at a certain temperature, the transition tem-
perature T.. Below T,, the bilayer is a quite rigid struc-
ture, in which the lipid tails are rather rigidly aligned.
This is called the gel state. Above T, the bilayer sudden-
ly becomes much more liquid, the lipid tails become more
flexible, tails of opposing monolayers interdigitate, and
lipids on the whole are more mobile. This condition is
called the liquid crystalline state. T, is very sharply and
precisely defined for each lipid assembly, but in the case

vesicle

bilayer

40-100 nm 2.5 nm
lipid molecule polar head
® apolar tail
0
I
R, -C-0
CH, ®/ (?\ &%
Ry=C-0-CH-CH,-0-P-0=-CH,-CH, - N~ CHy
] - I - ]
0
®) e\o ) CH,

FIG. 2. (a) Structure of a vesicle and bilayer; (b) structure
formula of the phosphatidyl choline molecule.
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of a mixture of lipids, there exists a T, trajectory. In gen-
eral, T, is increased by longer hydrocarbon chain lengths
and by less unsaturated bonds therein.

B. Preparation

The lipid vesicles of the present study were prepared
according to the detergent removal recipe of Zumbuehl
and Weder.’®* The vesicles consisted of a mixture of
lipids: mainly unsaturated lipids extracted from egg yolk
(EYL vesicles) (egg yolk lipids purchased from Lipid
Products Ltd., United Kingdom). Bilayers of these lipids
display a transition temperature trajectory and are in the
fluid crystalline state from about 5°C. The lipids have
hydrophobic tails that contain 16, 18, or 20 carbon
atoms. The unsaturated lipids can have one to four unsa-
turated bonds per aliphatic chain. Due to the unsaturat-
ed bonds in EYL lipids, they degrade quite rapidly. Care
must therefore be taken to prevent long-time exposure of
EYL vesicles to raised temperatures and oxygen.

Phosphatidyl choline lipids, which are used in this
study, have no net charge. To prevent coagulation of the
vesicles, a charge carrier in a mole fraction of 10% was
included in the vesicle surface. The carrier used here is
the tris salt of cholesteryl hemisuccinate (purchased from
Sigma Chemical Company) and is negatively charged in
the used buffer.

In the detergent-removal process, so-called mixed mi-
celles are formed that consist of the material that is to be
included in the vesicles bilayer and a detergent. Most
detergents are molecules that have a polar head group
and one more or less hydrophobic tail. It is important
that they can associate with lipids as well as with water,
making them very useful as solubilizing agents for lipids.
Unlike lipids they are usually soluble in water. The na-
ture of the detergent can have a significant influence on
the vesicle formation: Factors affecting this formation
are the critical micellar concentration (CMC), the pres-
ence of charge on the detergent head group, and the so-
called hydrophile-lipophile balance (HLB) of the deter-
gent.

After dissolving lipid and charge carrier together with
the detergent [sodium cholate (purchased from Merck,
Federal Republic of Germany)] in a chloroform-methanol
mixture, the organic solvent is evaporated and on the in-
side of a round-bottomed flask a film is formed that is
dried thoroughly. This film is dissolved in a buffer and a
clear solution of small bilayer platelets (mixed micelles) is
formed. The buffer that is used in this study is an isoton-
ic phosphate buffer of pH 7.4 and an osmolarity of about
0.26. After the formation of mixed micelles, the solution
is injected in cells that can each contain about 6 ml and
that are separated from the dialysate by a membrane with
a molecular weight cutoff of 5000 (Diachema, manufac-
tured by Dianorm, Federal Republic of Germany).
Eleven cells can be inserted in a device that slowly rotates
in a glass tube which contains buffer that is continuously
refreshed. In a thermostatted bath two such tubes can be
placed, so that in each preparation cycle 132 ml of vesicle
dispersion can be prepared. Dialysate volume is 1000
times the volume of the mixed micellar solution and dur-
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ing 24 h the detergent is extracted from the micelles.
During this process, the mixed micelles associate and,
eventually, in a first-order process, form closed structures
(vesicles). In a subsequent second-order process, excess
detergent in the bilayer of the formed vesicles is washed
away.

The whole prepration procedure is carried out at room
temperature, which is well above the transition tempera-
ture, as it should be. After the preparation procedure,
the vesicles are stored in a nitrogen atmosphere and a
cool place (T'=4°C).

In the present study it will prove to be of vital impor-
tance to change the radius of the vesicles. An adaptation
of the basic detergent-removal technique has been pub-
lished by Schwendener et al.}’” where mixtures of
different length alkyl glucopyramosides were chosen as
detergent to form vesicles with radii to anywhere between
40 and 100 nm. In the present case different ratios of n-
heptyl 3-D glucopyranoside and n-octyl B-D glucopy-
ranoside were applied (purchased from Serva, Federal
Republic of Germany). For the larger radii the recipe is
slightly altered in that a film is formed of only the lipid
and charge carrier and that the detergent is added to this
with the buffer. See Table I for an outline of the prepara-
tion conditions. It should be noted that the alkyl glu-
copyranosides dialyze much more rapidly than the sodi-
um cholate. According to Weder and Zumbiihl,*® only
when we are dealing with sodium cholate as detergent,
may we expect some of it to still be present in the bilayer
after 24 h of dialysis.

The preparation that we carried out yielded vesicles in
a volume fraction of 3% to 8%, depending on the vesicle
radius. For viscoelastic measurements the vesicle disper-
sion should be concentrated. Volume fractions of at least
25% are necessary. Concentration takes place in an Am-
icon Ultra Filtration device in which the buffer is forced
through very small holes (radii ca. 10 nm) in a membrane,
leaving the vesicles in a more concentrated state. As this
takes quite a while (up to two days), the device is pressur-
ized with nitrogen, and cooled to about 10°C to prevent
deterioration of the vesicles during concentration.

The preparation technique described here offers one of
the most reliable routes to concentrated dispersions of
unilamellar, monodisperse lipid vesicles, properties that
are very important in the present study.
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C. Characterization

The radius of the vesicles was obtained from dynamic
light-scattering experiments. A sample of vesicles diluted
with buffer to a volume fraction of about 0.5% was put in
a laser beam and the 90° light scattering detected with a
photomultiplier. The signal is Fourier transformed and
in a curve fit the Fourier transform (FT) analyzed. The
frequency where the FT height is halved is characteristic
for the diffusion time of the vesicles. Together with
known temperature, buffer viscosity, index of refraction
of the buffer, and laser wavelength, we can then calculate
the radius of the, supposedly, monodisperse vesicles. The
error in this determination is typically 10% for vesicles of
40 to 100 nm radius.*

A direct way of accurately establishing the volume
fraction ¢ of a vesicle dispersion is not trivial. The
volume fraction can be estimated with a dry-weight
method. With this method, ¢ is calculable if we know the
lipid density in the bilayer, the bilayer thickness, and the
vesicle radius. The uncertainties in these quantities, how-
ever, lead to an estimation of ¢ with large error margins.
Here, we will determine ¢ by means of a measurement of
the steady-state viscosity 7, and a relationship between
7o and ¢ that is known to exist from the literature. For-
mally, we hypothesize that vesicles behave as hard
spheres under steady shear at low rates of shear and use
the experimental relationship between 7 and ¢ for hard
spheres (Van der Werff and De Kruif*) to determine ¢.
Subsequently, this information is used in the analysis of
the linear viscoelasticity measurements from which we
conclude (Sec. VB) that the hard-sphere hypothesis
correctly explains the experimental data.

IV. VISCOELASTIC MEASURING APPARATUS

For the study of the viscoelastic behavior in the fre-
quency range of 70 Hz to 235 kHz, we have available two
different types of apparatus, viz., the torsion pendulum
and the nickel tube resonator. They have been described
by Blom and Mellema*® and Oosterbroek et al., *! respec-
tively. Basically, with these instruments a harmonically
oscillating shear is imposed on the dispersion. One term
in the equation of motion is expressed in terms of the
complex fluid impedance. Consequently, frequency and
half-width of the resonance peak are influenced by the

TABLE 1. Preparation conditions for the five vesicle samples. In the first column an identification
number of the vesicle dispersion is given. In the second column, the preparation method is indicated.
A, the film contains lipids and detergent, and buffer is added to it. B, the film contains only lipids and
the detergent is added to it with the buffer. L is the lipid concentration, L :D is the molar lipid to deter-
gent ratio for the following detergents: I, sodium cholate; II, n-octyl B-D glucopyranoside; I11, n-heptyl
B-D glucopyranoside. a is the vesicle hydrodynamic radius.

L L:D a
No. Method (mmol/ml) I 11 111 (nm)
1 A 0.013 0.5 36
2 B 0.013 0.6 0.2 60
3 B 0.013 0.53 0.24 65
4 B 0.013 0.4 0.35 70
5 B 0.013 0.25 106
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properties of the fluid. For the determination of the
steady-state shear viscosity a Contraves Low Shear
viscometer was used.

A. The torsion pendulum

This pendulum is a cylindrical mass suspended from a
heavy base plate by a torsion rod. The rod is made of a
special material, called Thermelast, of which the temper-
ature dependency of the torsion constant is strongly re-
duced. To the inside of the cylindrical mass is glued a
magnet so that external excitation coils can induce a rota-
tion. The pendulum rod will perform a torsion motion.
The pendulum resonates with a characteristic frequency
and half-width which will change according to the nature
of the fluid in which it is immersed. The fluid impedance
becomes part of the equation of motion.

In Fig. 3 a schematic drawing is presented of this
measuring device. The base plate should be heavy so that
its moment of inertia is large with respect to that of the
cylindrical mass in view of suppressing the influence of
external vibrations. The container in which the sample
can be injected is thermostatted, as is the whole base
plate, to prevent any major temperature leak. As the
cylinder performs its oscillations, a second set of coils
monitors the motion.

Basically, two measurements are required to determine
the viscoelastic properties of a dispersion at a certain fre-
quency. First, a measurement in air is performed, after
which a measurement in the sample shows to which ex-
tent the position and half-width of the resonance peak
have changed. The desired values of the viscous and elas-
tic parts of the complex viscosity can then be determined.

The measurement of resonance peaks is largely compu-
terized in that the computer first roughly searches for the
position and half-width of the resonance peak and, after
that, accurately scans the peak. Computation of the
complex viscosity is done as well by the computer. The
four torsion resonators that are used in this study oscil-
late with frequencies of about 70, 280, 690, and 2340 Hz.
The amount of sample needed is about 20 ml for the first,
15 ml for the second, and 5 ml for the third and fourth
resonators, respectively.

/— base plate
Z

torsion rod

I sample holder

L cylindrical mass
ol | With magnet
0SS e
—= coils

FIG. 3. Torsion pendulum.
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B. The nickel tube resonator

The nickel tube resonator is a hollow tube, 40 cm long,
that is vertically suspended in a sealed glass tube, which
is immersed in a thermostatted bath. See Fig. 4. The
sample, about 15 ml, can be injected into the glass tube
after which it completely surrounds the nickel tube.

Nickel is a magnetostrictive material. This means that
the length of it increases along the magnetization direc-
tion as it is magnetized. The nickel tube that is used here
has a permanent magnetization in the tangential direc-
tion along the tube wall. Placed coaxially along the sym-
metry axis of the tube is an excitation coil that, according
to the applied frequency, superimposes an oscillating
magnetization in the tube wall which is directed along
the length of the tube. Together, these magnetizations
result in a spirally oriented magnetization which is
periodically directed towards the top and bottom of the
tube. As the nickel tube elongates in the direction of the
magnetization, the tube is forced on a torsional motion
with the frequency of the signal in the excitation coil.
However, due to boundary conditions, not all frequencies
that are imposed will result in proper resonance waves
that fit along the tube. There is, e.g., the condition that
the tube, which is suspended on threads that hold the
tube at length 1 and 2, has motional nodes there, as any
actual movement at those sites will result in distorted
motion. Furthermore, as the ends of the tube are uncon-
nected, motional antinodes appear there and, lastly, as
the excitation coil is situated at the center of the tube, a
motional node should appear there, because motional
modes mean maximum torsion and therefore most
effective excitation. The registration coil is situated at +
or 2 of the length of the tube. This is an ideal place for it
since the restriction of a motional node appearing there
happily means maximum torsion at that site, and, there-
fore, a measuring optimum. The result of the boundary
conditions is that the tube will display a number of excit-
ed torsional modes that start with a frequency that corre-
sponds to 45 wavelengths fitting along the length of the
tube. From there on, every frequency that corresponds

-
nickel tube
U= coil
Vou 7Y ];
v v B — coil
n 1
glass tube
c .
-+ —— fluid

FIG. 4. Nickel tube resonator.
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to (4+3n)+1 wavelengths along the tube is effectively
excited. With one instrument, in this way, the fluid can
be harmonically sheared with frequencies ranging from 4
to 235 kHz. From the possible feasible frequencies, in to-
tal 12 frequencies are, as a rule, used.

Unlike the material of which the torsion pendula are
made, the frequency dependency of nickel on tempera-
ture is quite large. It is therefore important to have the
apparatus thoroughly thermostatted. The temperature
coefficient 8f /(f8T) of nickel is 17X 1073°C™! (f is the
frequency, T the temperature). Therefore, in order to ob-
tain the frequency with an accuracy of better than
0.0002% (which is necessary for complex viscosities to be
calculated with an accuracy of 1%), the temperature
should remain constant to within 0.01°C. This is easily
attainable.

L1550
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Measurement and calculation are computerized. As is
the case with the torsion resonator, the computer
searches roughly for the position and half-width of each
of the 12 resonance peaks, and, after that, scans the peaks
more accurately. For each frequency the viscous and
elastic parts of the complex viscosity are calculated.

V. MEASUREMENTS AND RESULTS
A. Analysis

Linear viscoelastic measurements were carried out over
the entire frequency range of 70 Hz to 235 kHz and at a
temperature of 10.0°C. The measurements show that for
dispersions of lipid vesicles in water, two relaxation pro-
cesses take place: The viscous part of the complex viscos-
ity n*(w) decreases in two steps. See the figures of 7*
that are presented in this paper: Figs. 5(a)-5(c).

10f

10° 10
(©

10* ) .1)10‘ 10
w (s

FIG. 5. (a) The relative complex viscosity n* /no=(n'—in"")/n with 7o=1.35 mPas of the 36-nm radius vesicles for $=31%,
27%, and 24%. (b) The relative complex vicosity n* /mo=(n'—in")/n, with 7,=1.35 mPas of the 70-nm radius vesicles for
¢=51%, 44%, and 39%. (c) The relative complex viscosity n* /1,=(n'—in"")/n, with 7,=1.35 mPas of the 106-nm radius vesicles

for $ =41%, 33%, and 28%.
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The measurements of %' and 7"’ by themselves give a
rough picture of the rheology of the fluid during oscilla-
tory shear. In order to be able to deduce quantities from
the viscoelastic measurements pertaining to micro-
structural properties as mentioned in Sec. II, the complex
viscosity has to be analyzed. As will be found, the first
relaxation process pertains to the self-diffusion of the
vesicles in the dispersion. As has been proved experimen-
tally by Van der Werff et al.,’ this process of entropic re-
laxation is characterized by a series of relaxation times
[Eq. (4)] rather than by a single time. It is found that the
second relaxation process pertains to the viscoelasticity
that characterizes the lipid bilayer of the vesicles. There
is no reason to assume that only one deformation relaxa-
tion time process is involved, so for the second transition
in 9* as a function of frequency a set of related times is
also taken into account. Thus, phenomenologically, the
governing equation for the real and imaginary parts of
the observed complex viscosity are

(w)=n,+ § Crimi ﬁv‘, CoTai (149
K e Sttt S 1+e’
and
M wGllT%l N wG2 'T%
)= b Al A (14b)
K ,gl 1+a)2'r%,,- j§l 1+a)21'%,j

It has been demonstrated experimentally by Van der
Werff et al.’ that for diffusion relaxation

aw =71,1i_257'11"2

and G, ;=G, ; =G,. Such a relationship is not known to
exist for the deformation relaxation. In addition, there is
the difficulty that the relevant observed transition in n*
could only be measured partially. Therefore, the analysis
allows only an estimation of the longest relaxation time
and the limit n),. The estimation is systematized by as-
suming that the contribution of the shorter time process-
es with respect to the largest one is the same as in the
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diffusion case:

72,1:72,11'_2572]—2

and G, ;=G,,;=G,. This may introduce a systematic
error. This problem will be considered in the discussion.
Thus five parameters determine the fit to n*: 7,
71, G|, 75, and G,. The fitting of the parameters of Eq.
(14) to the data is carried out in a simultaneous fit to 7’
and 7"’ in order to get full advantage of the fact that in-
formation in the 1’ data adds to information in the 7"
and vice versa.

As we now have the explicit expression that 1'(w) and
7" (@) must obey, the viscoelastic measurements on lipid
vesicle dispersions can be fitted and the relevant data ex-
tracted. We have fitted the complex viscosity, including
100 times for both the first and second transition. In
Tables II and III for a number of vesicle dispersions a
survey is given of the fitted relaxation times and strengths
for the various processes as well as some relevant expres-
sions, among which are the scaled relaxation times and
strengths. One may notice that

M=Net 26,7t 2 Gy T (15a)
i J

and

M="Net 2 Ga,70;
J

(15b)

where 7, represents the plateau value of 7'(w) between
7o and 7., .

B. The first relaxation process

Looking at Table II, one of the most prominent prop-
erties of the relaxation spectra is the way in which the po-
sition of the first peak shifts with varying vesicle radius.
In Table II we have used the radius that was determined
by dynamic light scattering. The first relaxation time and
strength are functions of the third power of the radius.

TABLE II. Characteristics for the first relaxation process. In the first column an identification number of the vesicle sample is
given. a is the hydrodynamic radius, ¢ is the volume fraction, 7, is the stationary viscosity, 7, is the plateau viscosity,
Mot =N T %(77{)—77;,1), and 7, is the buffer viscosity at 10°C: 1.35 mPas.

a ¢ iq s Mer, 1 Ty G,

No. (nm) (%) Mo 7o  (mPas) (s) (Pa) kTT,/6mmea®  a’G,/kT¢* G,/nkT
la 36 31 3.41 2.63 4.26 95+1.1Xx10°° 6.9+0.8 0.31+0.10 0.86+0.33 1.11£0.38
1b 36 27 2.50 2.17 3.24 1.0+0.2X107* 2.6x0.6 0.33+0.12 0.43+0.18 0.49+0.19
1c 36 24 1.96 1.83 2.59 1.1+£0.4x 10~ 8.8+3.4X10"! 0.36+0.17 0.18+0.09 0.18+0.09
2 60 34 4.39 3.10 3.12 5.7+0.6 X 10" 1.9+0.2 0.41+0.13 0.89+0.33 1.27+0.42
3 65 32 3.76 2.87 4.68 7.5+0.8 X 107* 1.0£0.1 0.42+0.13 0.69+0.26 0.92+0.30
4a 70 51 29.4 6.76 29.5 4.1+0.3X1073 4.6+0.2 1.83+0.57 1.56+0.56 3.33+1.07
4b 70 44 11.7 5.17 12.9 1.9+0.1Xx 1073 2.9+0.2 0.83+0.25 1.31+0.47 2.41+0.77
4c 70 39 6.82 4.12 8.01 1.7+0.1Xx 1073 1.3+0.1 0.75+0.23 0.77+0.28 1.261+0.40
Sa 106 41 7.83 4.62 9.14 3.3+0.3x1073 8.1+0.7x 107! 0.43+0.14 1.47+0.54 2.534+0.81
Sb 106 33 4.20 3.24 5.24 2.9+0.4X107? 2.7+0.3%x 107! 0.38+0.12 0.77+0.29 1.06%0.35
Sc 106 28 2.58 2.24 3.33 9.9+2.8X10°* 2.8+0.8X 1072 1.28+0.53 0.11+0.05 0.13+0.05
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TABLE III. Characteristics for the second relaxation process. In the first column, an identification number of the vesicle sample
is given. a is the hydrodynamic radius, ¢ is the volume fraction, 7, is the plateau viscosity, 7. is the infinite frequency viscosity lev-
el, N2 =mn"%+2(np—n'%), I equals (23, +327.4) (@ —1h) (h is the bilayer thickness), and 7, is the buffer viscosity at 10°C: 1.35

mPas.
’7;1 7’; ’ -9 -7
a (nm) ¢ (%) — — Ne,2 (mPas) I(107° Pasm) 7, (1077 s) G, (kPa)
7o Mo
la 36 31 2.63 2.0+0.2 3.24+0.7 4.51+0.7 2.75+1.00 1.97+£1.27
1b 36 27 2.17 1.7+0.3 2.7+0.7 3.95+0.8 2.18%+1.29 1.81+2.08
Ic 36 24 1.83 1.6+0.2 2.3+0.4 3.56x+0.5 2.18+1.47 1.00+1.24
2 60 34 3.10 1.8+0.1 3.6£0.4 8.41+1.0 4.69+0.61 2.26+0.49
3 65 32 2.87 1.8+0.1 3.4+0.2 8.76+1.0 4.29+0.39 1.98+0.27
4a 70 51 6.76 0.310.6 6.2+2.7 15.6+6.9 4.54%0.50 11.6+2.14
4b 70 44 5.17 1.6+£0.2 5.4+1.0 13.7£2.1 5.20+0.40 5.71+0.70
4c 70 39 4.12 1.5+0.1 4.410.4 11.6t1.4 4.68+0.25 4.54+0.37
S5a 106 41 4.62 1.3+0.1 4.7+0.5 18.9+2.4 6.88+0.36 3.87+0.30
5b 106 33 3.24 1.4+0.1 3.5+0.2 14.9+1.6 4.93+0.22 3.09+0.21
5c 106 28 2.24 1.3+0.1 2.6+0.2 11.9+1.3 4.12+0.37 1.85+0.29

This is predicted for diffusion relaxation. This dependen-
cy is illustrated by plots of 7*(w) for vesicles with
different radii at about the same volume fraction (Fig. 6).
Next, the influence of the volume fraction is con-
sidered. In Figs. 5(a), 5(b), and 5(c), we see plots of n*(w)
of dispersions of vesicles of radius 36, 70, and 106 nm,
each for three volume fractions. Note that the relaxation
strength decreases unproportionally with the volume
fraction: for 70 nm, as ¢ decreases 51% —44% —39%, the
corresponding G, decreases 4.6—2.9~1.3 Pa. The vesicles
of 106 nm show that for further reduction of the volume
fraction, the first relaxation transition decreases in height
even more completely out of proportion with the de-
crease of volume fraction: As ¢ decreases
41%-33%-28%, G decreases 0.8—0.3-0.03 Pa. From
these figures it can safely be suggested that no process in-
volving individual vesicles can be responsible, but that
the process pertains to the interactions between the vesi-
cles. This disproportionate effect of ¢ on relaxation
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FIG. 6. The relative complex viscosity n* /n9,=(n'—in"") /71,
with 7,=1.35 mPas of three vesicle dispersions (¢=0.32):
, la (36 nm); — — —, 3 (65 nm); —-—, 5b (106 nm).

strength has been predicted by theories on diffusion relax-
ation (Batchelor,’ Russel and Gast,® and Wagner and
Russel’) and supported by experiment (Van der Werff
et al’). The effect has been described by the increasing
hindrance the diffusing particles experience from each
other. Thus we now have two clues as to the nature of
the first relaxation process. Some others can be given as
well.

The relative viscosity of a dispersion of hard spheres in
the limit of zero shear rate and zero frequency deter-
mined by Brownian motion and hydrodynamic interac-
tions as a function of the volume fraction was measured
by Van der Werff et al.’ and theoretically approached by
Batchelor,” Russel and Gast,® Wagner and Russel,’ and
semiempirically by Mooney** and Krieger and Dougher-
ty.>* At high frequencies another relative viscosity level
of hard spheres is measured, determined by hydrodynam-
ic interactions. The value of this level was predicted very
well up to 45% by the theory of Beenakker.** The high-
frequency relative viscosities of vesicle dispersions, which
are here the viscosities after the first relaxation (the pla-
teau viscosity, 7,), agree well with the experimentally
determined viscosities given by Van der Werff et al.>*
(see Fig. 7). The line drawn in Fig. 7 is the fitted Krieger
and Dougherty relation® with [9]=2.5 [Eq. (13)].

2y '
b .j.-.‘?'
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FIG. 7. Relative plateau viscosity (relative with respect to
the solvent viscosity) for vesicles (O) and 7', for silica particles
(® vs volume fraction. The dotted line is a fit according to the
empirical expression by Krieger and Dougherty (Ref. 34) (with
[7]1=2.5), yielding K, =1.21. Bars indicate typical errors.
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In Figs. 8(a) and 9(a), the values of the expressions
kTt /6mnga’ and a®G,/kT¢>, respectively, have been
plotted for the measurements on various vesicle samples,
together with the measurements on silica particles, re-
ported by Van der Werff ez al.>* It can be seen that the
scaled relaxation times and strengths of silica particles
and vesicles corroborate each other.

As Fig. 8(a) suggests, the scaled relaxation times seem
to be constant for low volume fractions, after which,
around ¢=0.5, a sharp rise is observed. The ¢=0 limit
for the expression, as derived by Batchelor [Eq. (2)], is
0.25. The present figure suggests this limit to be
0.35+0.1: a first corroboration of theory by measure-
ments. The sharp increase of kT'1,/6mn,a’ for high
volume fractions seems to be entirely due to the sharp in-
crease in the effective viscosity experienced by a sphere
during short-time self-diffusion, resulting in high relaxa-
tion times. The plot of kT, /6mnqa’ versus ¢ [Fig. 8(b)]
is therefore flat for high ¢, as already noted by Van der
Werff et al.® (the effective viscosity 7.4 a particle experi-
ences during a transition in 77* can be stated as

Ng=n" (0>7 N+ (0<<r™ H—nle>7r"")]

because this approximately is the viscosity 1’ at the larg-
est relaxation time if the used series of relaxation times is
taken into account).

The relaxation strength shows a clear increase for
higher values of ¢ (¢ > 0.4) [Fig. 9(a)]. The comparison
of the present results with theory can only be done if the
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FIG. 8. (a) Scaled hard-sphere relaxation time kT'r,/6m1.a’
vs volume fraction for dispersions of vesicles (O) and for silica
particles (®). < denotes the Batchelor limit. Bars indicate typi-
cal errors. (b) Scaled hard-sphere relaxation time k77, /671 .qa°
vs volume fraction for dispersions of vesicles (O) and for hard
spheres (®). Bars indicate typical errors.
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FIG. 9. (a) Scaled hard-sphere relaxation strength

a’G,/kT¢* vs volume fraction for dispersions of vesicles (O)
and for silica particles (®). < denotes the Batchelor limit. Bars
indicate typical errors. (b) Scaled hard-sphere relaxation
strength G /nkT, here assumed to be equal to G,/nkT vs
volume fraction for dispersions of vesicles (O) and for silica par-
ticles (@) with various theories included: ——, Russel and
Gast; — — —, Wagner and Russel (superposition Percus-
Yevick-type closure); —-—-, Wagner and Russel (modified su-
perposition). Some representative error bars are shown.

given G in theories is identified as G|, wich has not yet
been proved, but which is assumed here. The comparison
is shown in a graph of G, /nkT versus ¢, in Fig. 9(b). It
can be seen that the G, measurements of the vesicle and
silica dispersions agree roughly with the predictions for G
from Wagner and Russel’ in case the superposition
Percus-Yevick-type closure is used.

According to the theory of Batchelor,” Ga3/kT$* [Fig.
9(a)] should have 0.21 as the ¢ —0 limit: The actual oc-
currence of this limit cannot be discarded. The weighed
mean of the points below ¢ =0.3, is namely,

G,a’/kT¢$*~0.25+0.1 .

C. The second relaxation process

Viscoelastic measurements on vesicle dispersions also
in principle provide relaxation times for a process per-
taining to the deformation of the vesicles in shear flow.
In Sec. II B it has been pointed out that the (elastic) con-
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stants that are probably responsible for the observed re-
laxation process at the highest observable frequencies are
Y, u,and K.

The dependency of Eq. 9 on several parameters is com-
plicated. In Table III it can be seen that the considered
relaxation time 7, is approximately proportional to the
radius at the same volume fraction ¢ and not much
influenced by ¢ at the same radius. The former observa-
tion one would expect if ¥ +32u is significantly larger
than K, /a?. The latter observation one would expect if
the relaxation of individual droplets is measured. In that
case the influence of other droplets can be compensated
for by replacing 1y by 7.4 in (9). Thus a plot of 7, versus
(23n; +327.4)a,,, as is shown in Fig. 10, is appropriate to
find other dependencies. No overall dependency on a;} is
seen, implying that K /a2, <<(y +2p). The influence of
K, is the strongest for small a,, values. Assuming the
influence of K, negligible for (237, +327.4)a,, larger than
6X10"° Pasm, a straight line through the 7, values of
these points has a gradient 24(y +%,u)_1 and an ordinate
cutoff of 16£(y +2u)~". It follows that

y+2p=(1.91£0.4)X10*N/m
and

£=(5.91t2.0)X10 " Ns/m .
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FIG. 10. Deformation relaxation time 7, vs (2375, +327.4)a,,
to determine y + %,u. and ¢.

With literature values of K, in Table IV, it can be verified
that the assumption turns out to be justified.

The two-dimensional microviscosity 7,,;. within the bi-
layer (the bilayer conceived as a two-dimensional contin-
uum) can be obtained by dividing { by the membrane
thickness (5 nm). Thus,

Nmic = 120240 mPas .

We have established a value for the quantity y +2pu.
We cannot specify how this quantiy is distributed among
y and u. However, if we take a look at the literature (see
Table IV), it can be seen that only very small values have

TABLE IV. Literature values of some bilayer mechanical constants for egg yolk lipid bilayers. As-
terisk denotes upper limit; double asterisk is for varying lipid composition, including mixed unsaturated

brain lipids.

Bilayer mechanical Literature
property values Unit Reference
Curvature 1-2 10717 Schneider et al. (Refs. 24 and 25)
modulus K, 0.4-0.5 Faucon et al. (Ref. 26)
2.3+£0.3 Servus et al. (Ref. 27)
0.4 Engelhardt et al. (Ref. 28)
1.1 Duwe et al. (Ref. 29)
1.28+0.25 Bivas et al. (Ref. 30)
0.5£0.5 Present work
1.8x1.1 Present work and literature
Surface shear 50-130* 107" Ns/m Waugh (Ref. 46)
viscosity § 53 Wu et al. (Ref. 47)
6 Wu et al. (Ref. 48)
12 Wu et al. (Ref. 49)
5.8+2.0 Present work
Microviscosity 180 mPas Bhattacharyya et al. (Ref. 50)
120+40 Present work
Surface tension y <1072 1073 N/m Kwok and Evans (Ref. 31)
<1073 Faucon et al. (Ref. 26)
Surface shear 3.0£0.7 1073 N/m Present work
modulus p
Dilatational 140 1073 N/m Kwok and Evans (Ref. 31)
modulus « 70-150** Mueller and Chien (Ref. 32)
80+50 Present work and literature
Young’s modulus E 2.3+0.5 10° Pa Present work and literature
Poisson ratio v 0.93+0.03 Present work and literature




42 LINEAR VISCOELASTIC STUDY OF LIPID VESICLE . ..

been published for the interfacial tension of lipid bilayers
[y <<1073 N/m (Refs. 26 and 31)]. So, in the case of a
negligible y, we can give

©=(2.9+0.6)X10"* N/m .

From the deviations of the linear relationship of 7,
versus (237, +327.4)a,, the value of K. can be found us-
ing the deduced y +Zu and ¢ values. From Eq. (9) it fol-
lows that the quantity

(237, +32n.0)a,, + 165

Y= —16, 16
7'2 " (16)
equals
24K (6—Cya,, +1Cial)/al .

Two options for C, are interpretable. If the bilayer is
composed of two identical layers, the spontaneous curva-
ture C, equals 0. This is generally assumed. On the oth-
er hand, considering the preparation method it is not im-
probable that the layers are not identical but composed
such that the spontaneous radius is identical to the pro-
duced radius, so C, equals —2/a,,. In Fig. 11, Eq. (16) is
plotted versus 1/a2. When C,=—2/a,, [a,=a,, in Eq.
(9)], it results in

K.=(0.3£0.3)X107 " J .

The other case (C,=0) gives

K.=(0.5£0.5)X10" " J .

Apart from the relaxation time, the real part of the
complex viscosity at low and high frequencies (with
respect to 75 !) can in principle also give information
about a microstructural constant. Unfortunately, only
intrinsic viscosities have been derived theoretically exact-
ly. In Sec. VB 7, has been demonstrated to pertain to
hard spheres with only hydrodynamic interactions. In
the semitheoretical expressions for this plateau value
(Krieger and Dougherty>?), k, is not known exactly, but
is expected to be close to the inverse of the maximum
volume fraction 0.74 but not necessarily equal to it. The
measurements of 7, versus ¢ can be used to determine k,

4
/2% (10*m?)

FIG. 11. Plot of [(23n, +327g)a,, +165]/7,—16u (=Y) vs
1/a2 to determine K,. Rightmost point is the average of the
three Y values for the 36-nm vesicles. Left error is typical for
the points with the exception of the right one.
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vs ¢ to determine the volume-fraction dependency of §,,,. This
plot may be extrapolated to yield the actual .

by fixing [n,]=3. It follows that, fitting to Eq. (13),
k,=1.21,

which is indeed different from (0.74)”!. This fit of Myl
versus ¢, according to Eq. (13), can be found in Fig. 7, in
which data for hard spheres are also included.

The limit n’, is determined by spheres which are
slightly ellipsoidally deformed. As pointed out in Sec.
I1B, k, is for 0, probably different from k, for ;. Con-
sequently, by substituting k, from 7, in the 7, expres-
sion as given by Eq. (13), only an apparent intrinsic
viscosity [, J,pp is deduced which is still ¢ dependent.
One can notice that [7.],,, is dependent on a,, [Eq.
(12)]. Substituting a deduced [, ],,, in Eq. (12), using
the relevant a,, value, an apparent § (§,,,) can be de-
duced which is still dependent on ¢:

a,, %[77'3; ]app(55’70) _77]0

p 16 1_%[77; ]app

(17)

If the used k, from the hard-sphere viscosity accounts for
the major part of the ¢ dependency of 1, the dependen-
cy of §,,, on ¢ may be so weak that an extrapolation of
Capp to #=0 is possible to deduce §. In Fig. 12 §, is
shown as a function of ¢. The ¢ dependency as found

seems to be liiear. Extrapolating to ¢ =0, one finds
£=(5.7t1.1)X10 9 Ns/m ,

which is in agreement with the { deduced from the 7,
measurements. The uncertainty in this value is, apart
from the statistical accuracy, related to the linear extra-
polation. Because of the likeliness that the increase of
Capp Will weaken as the volume fraction decreases, this
found { value might be too large, its lower boundary be-
ing about 4X10 ! Ns/m. Its agreement with the ¢
value from the 7, measurements, however, supports the
linear extrapolation.

The relaxation strength of the second relaxation pro-
cess is dependent on ¢. No theories are available that
calculate G, for fluctuating capsules in finite volume frac-
tions. Neither can existing theories that calculate 7, and
the viscosity levels 7, and 7', for $—0 (like Oldroyd’s)
be simply modified to account for any found G, for ¢’s in
the measured volume-fraction range.
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V1. DISCUSSION

In the complex viscosities as a function of frequency of
dispersions of vesicles, two transitions can be discerned.
The lowest frequency transition is convincingly interpret-
ed as due to diffusion relaxation of hard spheres. The be-
havior of vesicles as hard spheres can easily be under-
stood if an elastic constant, e.g., dilatational modulus or
shear modulus, is assigned to the insoluble vesicle surface
and the diffusion relaxation is slower than the deforma-
tion relaxation (Oldroyd'®?® and Oosterbroek and Melle-
ma?®). The confrontation between theory and experiment
raises questions which have been pointed out before (Van
der Werff ez al.’) but which have not yet been answered
satisfactorily. The higher frequency transition pertains
to deformation relaxation. An analysis problem is that it
can only be partially measured. The first assumption that
we used was based on the empirical fact that in rheology
a single relaxation time process has never been observed
alone. What is observed usually is the onset of one relax-
ation time process followed immediately by a set of other
processes that possibly pertain to it. This leads to an
asymmetric 17*(w) transition like those drawn in Figs.
5(a)-5(c). A few factors can in principle cause an asym-
metric transition here.

(1) The vesicle dispersions produced by the methods
described in Sec. III are never 100% monodisperse. With
light scattering we could demonstrate that the relative
standard deviation is 10%—15%. Though this broadens
the 7'(w) transition, even possibly asymmetrically, it
seems improbable that this effect is significant since in the
hard-sphere transition, @ plays a role and no clear devia-
tion from the measurements done with the very mono-
disperse silica particles could be noticed.

(2) Another aspect is the possible excitations of higher
deformation modes of the droplet surface. Higher defor-
mation modes are calculated in several papers (Felderhof
and Jones,'” Van der Linden et al.,'® Schneider et al.,**
and Mellema et al.*’). Two possibilities arise: (a) The de-
formation modes may be present due to thermal fluctua-
tions around a spherical shape and sensed in oscillatory
shear flow and (b) the vesicles may be deformed per-
manently at rest (thermal fluctuations zero) and forced to
change shape in oscillatory shear flow. The former case
has previously been considered for interfacial tension
alone (Mellema et al.*). It turns out that, in case of elas-
tic constants also, such higher modes are negligible in the
present vesicle case. The argument reads as follows (see
Mellema et al.*’): The deformation energy of a mode is
proportional to an elastic constant e (e.g., i, k, K. /a2, or
a combination of them), to a2, and the amplitude (the
coefficient in the spherical harmonic series for the
description of the shape) of the fluctuations squared.
That energy is at thermal equilibrium proportional to kT
(equipartition law). The relaxation strength for each
mode is also proportional to ea? and the original ampli-
tude squared with the exception of the lowest energy
mode which is mainly proportional to ez’ only. The
largest contribution comes from the deformation of the
equilibrium sphere (the lowest energy mode) being pro-
portional to ea?, while the higher modes are proportional
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to kT. Thus the individual relative contribution to the
relaxation strength of a higher mode with respect to the
lower is approximately kT /ea’. Using the given con-
stants p=3X10"* N/m, k=0.1 N/m, and K /a} ~1075
N/m (for 100-nm vesicles, ea,i then equals 7000kT,
24X 10* kT, and 24kT, respectively), clearly higher
modes are negligible. The case of permanent deformation
cannot be excluded a priori but is very improbable be-
cause the always present thermal fluctuations allow the
energy source to fade away any local presence of
enhanced energy.

(3) Another possible cause which may lead to an asym-
metric transition in 1* as a function of frequency is the
(1—i)w~ '/ dependency of 5* of the hard-sphere behav-
ior at high frequencies (Van der Werff et al.’). If this
dependency extends beyond frequencies at which the de-
formation relaxation occurs, (in Ref. 3, no indication of a
limit was found), the observed deformation transition
may be a single relaxation process on top of a (1—i)w ™ '/?
background. Thus, to get still more insight into the
consequences of our choice to systematize the procedure
for the estimation of the longest relaxation time 7,, an
analysis has also been carried out with a single relaxation
time for the deformation transition in two cases: (1) the
hard-sphere tail (1—i)o~!/? is cut off before the onset of
this time and (2) the tail is present as background. It fol-
lows that in case of the presence of the tail,

©=(3.2+0.6)X 1072 N/m
and

£=(6.312.0)X10"1° Ns/m ,
and in the absence of it,

u=(2.940.5)X10"° N/m
and

£=(5.1+1.7)X10 " Ns/m .

Clearly, these are similar results. They do not even differ
significantly from

p=(2.910.6)X10"° N/m
and
£=(5.912.0)X10"° Ns/m ,

the result from the analysis where 100 deformation relax-
ation times have been taken into account (see Sec. V C).
Surveying these analysis results, one may conclude that
the possible systematic error due to the analysis pro-
cedure falls within the statistical error boundaries, unless
more exotic influences of shorter time processes are
present. Consequently, we propose as best values

©=(3.0+0.7)X 1072 N/m (18a)
and

£=(5.8+2.0)X10"1° Ns/m . (18b)

The values of 7', in Table III have to be considered
with suspicion, as 7', is much more sensitive than 7, to
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the choice of the number of times. However, as we have

shown, the information to be drawn from 7/, is scarce.

So, uncertainties in ', do not influence our conclusions.
Now we are able to find E and v values using some

literature data. From Table IV we conclude that for
egg-yolk-lipid bilayers K, varies between 0.4 and
2.6 X107 J and « varies between 0.07 and 0.15 N/m. In
Fig. 13, E (v) functions are plotted according to Egs. 8(a),
8(b), and 8(c) using in each the u, k, or K, boundary
values from (18a) or literature data. Each E (v) function
plotted this way defines an area in which E and v values
are possible, given the boundary values of u, k, or K.
The following E and v values can now be deduced as
these determine the region in the plot that is shared by all
three E (v) areas:

E=(2.3£0.5)X10° Pa
and
v=0.934+0.03 .

The Poisson ratio pertains to two-dimensional deforma-
tion. One may observe that the values for u are vital in
this case, as they rigorously restrict the common area of
and K, alone, which would extend from v=0.12 to v=1.
The elastic constants corroborate each other when

p=(3.0£0.7)X107> N/m ,
xk=0.08+0.05 N/m ,

and
K.=(1.8x1.1)X107 7 J .

Apart from these elastic constants, the surface shear
viscosity has been found. Its value, (5.8+2.0)Xx107'°
Ns/m, agrees very well with literature values in Table
IV. This agreement further justifies the analysis.

Another aspect has to be considered yet. The prepara-
tion of the vesicles requires detergent that should be re-
moved completely. For different radii, different deter-
gents are used which may not have been completely re-
moved: in particular, sodium cholate (see Sec. III). Con-
sidering the results (Fig. 10), within the accuracy no indi-
cation is found for a possible difference in composition of
the vesicle surface. Also the agreement of the deduced
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material constants with literature values from differently
prepared EYL bilayers sustains this view.

VII. CONCLUSIONS

Summarizing, we conclude that vesicles show hard-
sphere behavior in oscillating flow at lower frequencies,
but are deformed at higher frequencies. Newly deduced
is the surface shear modulus of EYL bilayers. The found
surface shear viscosity is in agreement with literature
values. The shear modulus provides the additional infor-
mation to be able to extract from literature the Young’s
modulus and the surface Poisson ratio for EYL bilayers.
Thus, also the surface dilatational modulus and curvature
modulus consistent with the found surface shear modulus
could be given. One may notice that this is the first time
that with bulk rheological means surface rheological pa-
rameters are deduced. These parameters are established
for such tiny particles that other methods are hard to im-
agine.
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FIG. 2. (a) Structure of a vesicle and bilayer; (b) structure
formula of the phosphatidyl choline molecule.



