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Osmotically Induced Shape Changes of Large Unilamellar Vesicles
Measured by Dynamic Light Scattering

Jeremy Pencer, Gisele F. White, and F. Ross Hallett
Biophysics Interdepartmental Group and Department of Physics, University of Guelph, Guelph, Ontario N1G 2W1, Canada

ABSTRACT Static and dynamic light scattering measurements have been used to characterize the size, size distribution,
and shape of extruded vesicles under isotonic conditions. Dynamic light scattering was then used to characterize osmotically
induced shape changes by monitoring changes in the hydrodynamic radius (R,,) of large unilamellar vesicles (LUVs). These
changes are compared to those predicted for several shapes that appear in trajectories through the phase diagram of the area
difference elasticity (ADE) model (Jari¢ et al. 1995. Phys. Rev. E. 52:6623-6634). Measurements were performed on
dioleoylphosphatidylcholine (DOPC) vesicles using two membrane-impermeant osmolytes (NaCl and sucrose) and a mem-
brane-permeant osmolyte (urea). For all conditions, we were able to produce low-polydispersity, nearly spherical vesicles,
which are essential for resolving well-defined volume changes and consequent shape changes. Hyper-osmotic dilutions of
DOPC vesicles in urea produced no change in R,,, whereas similar dilutions in NaCl or sucrose caused reductions in vesicle
volume resulting in observable changes to R,,. Under conditions similar to those of this study, the ADE model predicts an
evolution from spherical to prolate then oblate shapes on increasing volume reduction of LUVs. However, we found that

DOPC vesicles became oblate at all applied volume reductions.

INTRODUCTION

Unilamellar vesicles have been the subject of a great deal of
experimental study due to their importance as drug delivery
systems (Gregoriadis, 1995) and value as model systems for
more complex biological membranes (Sackmann, 1995).
Membrane curvature and elasticity have been implicated as
important factors determining the stability and function of
both biological and artificial membranes (Sackmann, 1995;
Wood, 1999). Recently, there have been several demonstra-
tions of the importance of membrane curvature in biological
processes, such as the refolding kinetics of bacteriorhodop-
sin (Booth, 1997), and modulation of the activity of Phos-
pholipase A, (Burack, 1997). Consequently, studies of
membrane curvature play an important role in the elucida-
tion of membrane-related biological processes and the de-
velopment of liposome-based technologies.

Since the initial implication of the role of bending energy
in determining the shape of biological membranes (Hel-
frich, 1973), much effort has been spent in the construction
and study of theoretical models to predict observed shapes
and shape changes of membrane systems (Helfrich, 1973;
Svetina and Zeks, 1983; Seifert et al., 1991; Miao et al.,
1994; Jari¢ et al., 1995). Two models, the spontaneous
curvature (SC) model (Helfrich, 1973) and the bilayer cou-
pling (BC) model (Svetina and 7eks, 1983), have received
historically a great deal of attention. The SC model is
defined in terms of the energy cost associated with the
curvature at a point on the membrane surface. The BC
model, in contrast, is defined by the energy cost associated
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with the curvature-induced area difference between the in-
ner and outer monolayers of the membrane. Because these
models depend on different vesicle properties, their predic-
tions for the shape behavior of vesicles are qualitatively
very different (Seifert et al., 1991). In general, neither the
SC nor BC models alone are sufficient to describe mem-
brane curvature (Miao et al., 1994). More recently, the area
difference elasticity (ADE) model was developed, which
combines features of both the SC and BC models, and
represents a more complete model of membrane-bending
energy (Miao et al., 1994; Jari¢ et al., 1995).

To date, most experimental studies of vesicle shape have
been performed on giant unilamellar vesicles (GUVs) with
sizes ranging from 1 to 10 wm in radius (Dobereiner, 2000,
and references therein). Typical studies of GUVs are based
on optical microscopy measurements on single vesicles.
Bending elasticities of GUVs have been measured using
contour analysis of fluctuations (Dobereiner et al., 1997)
and using pipette aspiration measurements (Rawicz et al.,
2000). Microscopy measurements have been combined with
fluorescence measurements to correlate shape changes with
lateral phase separation within the membrane (Bagatolli and
Gratton, 1999). Attempts have been made to provide a
rigorous comparison between experimental results and pre-
dictions from the ADE model (Miao et al., 1994; Dober-
einer et al., 1997). Results from these studies have demon-
strated that GUV shape behavior is well described by the
ADE model.

There have also been studies on small unilamellar vesi-
cles (SUVs) ~15-nm radius and large unilamellar vesicles
(LUVs) ~50-nm radius. These studies fall into two classes:
measurements of shapes and shape changes (Talmon et al.,
1990; Hallett et al., 1991a; Lerebours et al., 1993; Mui et al.,
1993, 1995; White et al., 1996, 2000; Edwards et al., 1997;
Beney et al., 1998; Korgel et al., 1998; Jin et al., 1999) and
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measurements of shape fluctuations (Xu and Dobereiner,
1999; Brocca et al., 2000). It is commonly accepted that
vesicles prepared by extrusion in the presence of buffer or
impermeable solutes are not spherical (Mui et al., 1993; Jin
et al., 1999). In fact, a variety of studies have provided
evidence that vesicles extruded in the presence of solute or
buffer can be spherical (Edwards et al., 1997; Korgel et al.,
1998), prolate (Edwards et al., 1997; Jin et al., 1999), or
exhibit a variety of morphologies (Talmon et al., 1990; Mui
et al., 1993, 1995; Agirre et al., 2000). In the case of
nonspherical vesicles, it has been shown that exposure to
hypo-osmotic gradients results in a change to a spherical
shape (Mui et al., 1993; Jin et al., 1999). Exposure of
spherical vesicles to hyper-osmotic shifts results in changes
to vesicle shape or apparent size (Lerebours et al., 1993;
White et al., 1996, 2000; Beney et al., 1998). However, the
nature of these shape changes appears to depend on the
initial vesicle size, composition, or initial shape state. There
have been attempts in some of these studies (Mui et al.,
1995; Xu and Dobereiner, 1999) to make comparisons with
predictions of the ADE model. However, accurate compar-
isons were complicated by a polydispersity in vesicle shape
in the case of Mui et al. (1995) or low sampling size in the
case of Xu and Dobereiner (1999).

In this paper, we investigate osmotic effects on vesicle
shape using a system for which measurements are not
complicated by factors such as initial shape polydispersity
or complex lipid composition. In particular, we will follow
the methods used by Beney et al. (1998). We create shape
changes by diluting vesicles into hyper-osmotic media. Os-
motically induced volume changes result in vesicle shape
changes because of the relative incompressibility of the
membrane bilayer. By defining the state of the vesicles prior
to osmotic changes, we expect to be able to guide the
vesicles along specific trajectories in the ADE phase dia-
gram (Wortis et al., 1997). Static (SLS) and dynamic (DLS)
light scattering are used to characterize the initial state of
extruded vesicles, prior to hyper-osmotic dilution. DLS is
then used to measure osmotically induced changes to the
vesicle diffusion coefficients and corresponding hydrody-
namic radii. We then compare relative changes in hydrody-
namic radii to those predicted, based on induced volume
changes for several axisymmetric shapes appearing in the
ADE phase diagram.

MATERIALS AND METHODS

Preparation of extruded vesicles

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and I-stearoyl-2-
oleoyl-sn-glycero-3-phosphocholine (SOPC) were purchased from Avanti
Polar Lipids, Inc. (Birmingham, AL) and used without further purification.
All other chemicals were reagent grade. Extruded vesicles were prepared as
described previously (White et al., 1996). Lipids were shipped from the
supplier solubilized in methylene chloride and stored at —40°C. Lipid was
transferred to round-bottom flasks and methylene chloride was removed
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from solubilized lipid by a two-stage process, rotary evaporation followed
by vaccuum pumping. The lipid film was then dissolved under argon in
MOPS buffer (20 mM MOPS, 0.5 mM EDTA, pH 7.4) plus the appropriate
solute (NaCl, sucrose or urea). The dispersion was freeze—thawed ten
times, by alternating immersion of the round-bottom flask in liquid nitro-
gen and warm water at 37°C. The lipid dispersion was then extruded using
a hand-held extrusion device (MacDonald et al., 1991). To investigate
effects of the number of extrusion steps on vesicle shape and polydisper-
sity, four samples were prepared with successively greater numbers of
extrusions. The first sample was extruded seven times through a 200-nm-
diameter pore polycarbonate filter; the second was made by extruding the
extrudate of the first sample seven times through a 100-nm-diameter pore
filter; the third was made by seven further extrusions through a 100-nm-
diameter pore filter; the fourth was made by an additional fifteen extrusions
through a 100-nm-diameter pore filter. The polycarbonate filters were
replaced between each preparation. Vesicles used in the hyper-osmotic
dilution experiments were extruded using the maximum number of extru-
sion steps described above. Vesicles used for static and dynamic light
scattering were diluted from an initial concentration of 50 mg/ml under
isotonic conditions to a final concentration of 0.05 mg/ml in the appropriate
(iso or hyper-tonic) buffer solution.

Dynamic light scattering

DLS measurements were performed using a diode-pumped, frequency-
doubled Nd:YAG laser (A of 532 nm) and a Brookhaven digital autocor-
relator and software (BI-9000AT and 9kDLSW control program, BIC,
Holtsville, NY). All measurements were taken at a scattering angle, 6, of
90°. DLS measures the autocorrelation function g'(7), which is related to
the size distribution of vesicles in solution by (Johnson and Gabriel, 1994)

0

g"(n) = | mi P(g, T)G(T)e " dT, &)

0

where G(I') is the normalized number distribution function for the decay
constants I', m- is the particle mass, P(q, I) is the particle scattering factor
(as discussed in the following section), the decay constant I' = ¢*D, the
scattering vector ¢ = (4mn/A)sin(6/2), 6 is the angle between the incident
and scattered beam, # is the refractive index of the medium, and Dy is the
translational diffusion coefficient. D is related to the hydrodynamic ra-
dius, R,, by (Johnson and Gabriel, 1994)

p= T 2
T_67T’T]Rh, ()

where kg is Boltzmann’s constant, 7' is the temperature, and 7 is the
viscosity of the medium. For spherical vesicles, R, is equal to the outer
radius (which may also include a surface layer of bound water or solute).
However, for nonspherical vesicles, R, will depend not only on the vesicle
size, but also on the vesicle shape. The relationship between R;, and vesicle
shape is calculated for several shapes in Appendix A. Changes in vesicle
size or shape will result in corresponding changes the measured hydrody-
namic radius.

For the hyper-osmotic shift experiments, the diffusion coefficients of
vesicles were determined by fitting data using a third-order cumulant
expansion given by

In(g'(n) = —gD7+ 52 ¢'P + 0(F), ()

where (Dy) is the average translational diffusion coefficient, and the
relative variance of (D) is given by w,/(D;)?, which is often quoted as a
measure of the polydispersity, A? (Johnson and Gabriel, 1994). The aver-
age hydrodynamic radius determined by cumulants, which we will denote
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as (R,), is calculated from (D) using Eq. 2 and is related to the vesicle
number distribution G(R,) by

kT
(Ry) = ﬁ (Dp)™!

-1
o

= REIP(% Rh)mlz{hG(Rh) dR,

0

x| | Plg, RYG(Ry)my, dR, |, )
0
where G(R,) dR,, = G(I') dI" (Hallett et al., 1991b) and my,, is the mass of

vesicles with hydrodynamic radius, R,. The corresponding polydispersity
is related to the vesicle number distribution G(R,)) by

-1

R;Zp(q, Rh)méhG(Rh) dRh

%

A’ =

©

X || Pg, R)menG(Ry) dRy | — (Ry)* | [ (Ry)*.

(%)

Later in this paper, we will refer to the intensity-weighted size distribution,
which we define as G'(R) = P(q, RymiG(R). For sufficiently small parti-
cles, or small g, P(g, R) =~ 1, G'(R) ~ m¥G(R), and cumulants analysis
gives the z (mass squared) average hydrodynamic radius and polydispersity
(Koppel, 1972). However, for extruded vesicles (typically 30 nm or greater
in radius), the particle form factor makes a significant contribution to the
actual values of (R, and A? as determined by cumulants. Unless otherwise
stated, DLS results are averaged over ten consecutive measurements, and
error bars correspond to one standard deviation.

Intensity-weighted distributions of hydrodynamic radii for samples un-
der isotonic conditions were determined from DLS data using a discrete
Laplace inversion routine as previously described in earlier works (Hallett
et al., 1989, 1991b). These measurements give the relative intensity
weightings of vesicles as a function of hydrodynamic radius G'(R,,). From
these intensity-weighted distributions G'(R,,), vesicle number distributions
are calculated as described in the Theory section and Appendix B. For
isotonic samples, results of full inversions of DLS data are averaged over
three runs of at least 2 h each.

Static light scattering

SLS measurements were performed using a Malvern 4700 Series Spec-
trometer with a Siemens Helium-Neon laser (A of 632.8 nm, Malvern
Instruments, Worchestershire, UK). Measurements were taken for 6 rang-
ing from 30° to 140°. Calibration of the instrument was performed using
reagent-grade toluene. SLS data gives the time-averaged scattered intensity
from dilute particles in suspension as a function of scattering vector g,
given by

@) 2 py:
Sk k4NM2<ZZ+Z) P(g), (6)

where k = 2mny/A, m = n,/n,, n, is the medium refractive index, n, is the
refractive index of the particles, A is the laser wavelength, N is the number
concentration of particles, M is the particle mass, and the particle scattering
factor P(q) depends on particle size and shape.
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At low values of g, where, gR, < 1, we can approximate the scattering
factor P(gq) by a shape-independent function, the Guinier approximation,
given by (Guinier, 1994)

_ ZR 2
Plg) = exp("3g> , )

where R, is the polarizability-weighted radius of gyration. By fitting the
low g range of the SLS data, we can apply the Guinier approximation to
determine the radius of gyration. For polydisperse particles, the Guinier
approximation gives the z average of Ré, given by

0

R2mG(R) dR

(Ry) = Ow— (3)
miG(R) dR

0

We denote the experimentally determined radius of gyration as (R,) =
2\1/2
(R
We have also simulated SLS data using Rayleigh—Gans—Debye (RGD)
scattering factors for spherical and prolate vesicles. The normalized RGD
scattering factor for spherical vesicles is given by

3 2 -1 -1 2
o) - [ 3 ] [ NI NVICLI .

qu qv

where, u = R + #/2, v = R — t/2, R is the radius, ¢ is the membrane
thickness, and j,(x) is the first-order spherical Bessel function given by

. sin x
Jilx) = 2

COS X

(10)

X

The RGD scattering factor for prolate vesicles is given by

P(q) = [u i V]z l[uj‘;qg) - lefquV) 2 dr, (11)
where
U= \/agxz + b3(1 — x?),
V= \/a?x2 + b1 — x?),
u=aphi, v=ab?, ay=a-+t?2,
bo=b+ 12, ag=a—1t2, b=>b-—1t?2,

t is the membrane thickness, a is the length of the vesicle long axis (or
symmetry axis), and b is the length of the vesicle short axis.

THEORY

Predictions of the ADE model for vesicle
shape changes

The ADE model describes the curvature energy of a mem-
brane as the sum of two terms, one that depends on the
curvature at any point on the membrane surface, and a
second that depends on the curvature-induced area differ-
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ence between the inner and outer monolayers. This model
can be used to determine minimum energy shapes of vesi-
cles as a function of parameters such as the enclosed volume
V. The total curvature energy of a membrane as determined
by the ADE model is given by the surface integral (Jari¢ et
al., 1995),

RAVORATE ’
W_j R71+R72_C0

where k, is the local bending modulus, R, and R, are the
principal radii of curvature at any point on the membrane
surface, C, is the spontaneous curvature, D is the membrane
thickness, 4 is the average membrane area, A4 is the dif-
ference between the areas of the inner and outer monolay-
ers, A4, is the relaxed area difference, and « is the ratio of
the local, k., to nonlocal, &, bending moduli. The parameter
a provides a measure of the relative contributions of the
spontaneous curvature and relaxed area difference to the
bending energy and is typically of order 1 for phospholipid
membranes. The behavior of the ADE model tends toward
that of the SC model for a < 1 and toward the BC model for
a > 1.

The parameters in the ADE model are often reduced to
dimensionless (or “reduced”) quantities using a length scale
R,, which is defined by the average radius of a spherical
vesicle with surface area 4 (Wortis et al., 1997), given by

A 12
rR=()
The reduced spontaneous curvature is ¢, = R,C,, the re-
duced volume is v = 3V/47R>, and the reduced relaxed area
difference is Aa, = A4,/8wR,D. For spherical vesicles, v =
1 and Ag, = 1. The two parameters ¢, and Ag, can be
combined to give a single parameter Ad, = Aa, + co/27ma,
referred to as the effective reduced relaxed area difference.
Because the lipid bilayer is an incompressible fluid, the
average area of the vesicles, 4, is expected to remain fixed
at constant temperature and pH. Over the times scale of our
experiments, we expect no exchange of lipids between the
inner and outer leaflets of the vesicles (Wimley and Thomp-
son, 1990), so Ad,, will remain constant. A4 does, however,
change during osmotic upshifts and has a significant effect
on the determination of the minimum energy vesicle shape.
The volume, V, enclosed by the vesicles is constrained by
the osmotic pressure. An increase to the osmolyte concen-
tration of the external medium will induce a hyper-osmotic
pressure gradient across the membrane and will result in the
loss of lumenal water and a consequent reduction in vesicle
volume (White et al., 1996). Using the ADE model, it is
then possible to determine the minimum energy shape of a
vesicle as a function of the reduced volume, v.

T 5
+W(AA—AA0) )

(12)

(13)
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Measurement of vesicle shape changes

The interpretation of experimental data in terms of the ADE
phase diagram requires a priori knowledge of several pa-
rameters: the shape state of the vesicles prior to dilution, the
spontaneous curvature c,, the relaxed area difference Aa,,
and «. As will be shown in the next section, we have
carefully characterized the shape state of the vesicles prior
to dilution. We also use a single phospholipid species in the
preparation of vesicles, which limits the value of the spon-
taneous curvature to 0, because membrane asymmetry is
required for nonzero spontaneous curvature (Wortis et al.,
1997). We expect that the relaxed area difference Ag, will
be close to 1, because we have prepared nearly spherical
vesicles. The ADE phase diagram is generic for values of «
typical for phospholipids (Wortis et al., 1997), and the phase
diagram calculated for « = 1.4 (Jarié, 1995) is assumed to
apply to the DOPC vesicles in this study. Vesicle shapes are
determined by a comparison of the relative change in hy-
drodynamic radius R,/R, at a defined reduced volume v, to
those predicted for various axisymmetric shapes. This
method of shape determination is only applicable to the case
of osmotically induced shape changes because the method
presupposes that the initial vesicle state is spherical and that
the average surface area 4 does not change.

The initial hydrodynamic radius sets R, (because the
initial vesicle state is nearly spherical) and can be used to
calculate the vesicle surface area, 4. The reduced volume v
is determined by the imposed osmotic gradient and can be
defined as

V= V/Vo = Mext/Mints (14)

where V' is the enclosed volume, V), is the initial volume,
and the osmolalities of the vesicle lumen and dilution me-
dium (prior to equilibration) are M,,, and M., respectively.
Changes in R, can be compared to those calculated (as in
Beney et al., 1998, outlined in Appendix A) for the axisym-
metric shapes that appear in the ADE phase diagram as a
function of reduced volume at constant surface area.
Changes to R), are plotted relative to R, in Fig. 1. Although
unphysical, predicted changes in R, for vesicles where
volume changes are due to changes in surface area rather
than shape are also shown. We would expect, based on our
estimates of ¢, and Ag,, to measure a trajectory similar to
the one shown in Fig. 1.

Assessment of vesicle elongation

As discussed previously, an essential part of this study is the
preparation of a well-defined initial vesicle state to travel
along a precise trajectory through the phase diagram. There
have been many studies of the size and polydispersity of
vesicles prepared by extrusion (Hallett et al., 1991a, b; Ertel
et al., 1993; Kolchens et al., 1993; Hunter and Frisken,
1998; Korgel et al., 1998; Jin et al., 1999; Frisken et al.,

Biophysical Journal 81(5) 2716-2728
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FIGURE 1 Predicted changes of the relative hydrodynamic radii R,/R,

plotted for several vesicle shapes as a function of reduced volume v.
Specific vesicle shapes have been drawn next to the corresponding curves,
with their symmetry axes in the vertical direction. Also shown is an
estimate of the trajectory through the ADE phase diagram corresponding to
Ad, = 1. Line a, the region of stability of prolate shapes; b, the prolate—
oblate transition; and ¢, the region of stability of oblate shapes.

2000). Results of several of these studies demonstrate that
vesicle size and polydispersity decrease as a function of
increasing number of extrusions (Hunter and Frisken, 1998;
Frisken et al., 2000). However, little is known about the
effects of multiple extrusions on vesicle morphology.

It has been demonstrated previously (Jin et al., 1999) that,
for the case of spherical or prolate vesicles, vesicle elonga-
tion can be determined quantitatively by simultaneous mea-
surement of (R,), (R,), and A% by SLS and DLS. The
elongation ratio of prolate vesicles has been shown to a
good approximation to be

=493, P (15)
—In(p. = 1)°
where p~' is the elongation ratio, and p, is given by
pes%—;ﬂz[l —%A§+ 1.9A‘Z‘], (16)
where, following the notation of Jin et al. (1999),
(R)y = (R, (17)
which is equal to (R,), given by Eq. 8,
(R = <DT> :
B3 -1 ®
= Ry, 'm,G(Ry) dR, mewG(Ry) dR,
0 0
(18)
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FIGURE 2 Plots of theoretical calculations of the average hydrodynam-
ics radius as measured by cumulants analysis relative to the true z average
value as a function of scattering vector ¢. Vesicle number distributions are
represented using the log normal distribution. Three curves are shown
corresponding to vesicles with log normal size distributions, varying in size
with R, = 30, 50, and 70 nm. The number average polydispersity (relative
variance), A2, in each case is set to 0.1. The values for hydrodynamic radius
that would be determined at a scattering angle of 90° are indicated by the
open squares.

-1
o 0

mRhG(Rh) dRy,

0 0

(R);

mZRhG(Rh) dRy | — <R>ﬁ

(19)

It is important to note that the hydrodynamic radius and
polydispersity required for the evaluation of the elongation
ratio appearing in Eqs. 15 and 16 are the z (mass squared)
averages. As we have discussed in the Materials and Meth-
ods section, the measured values of (R,) and A? will only
correspond to the z average quantities for small vesicles or
small values of ¢. Figure 2 shows calculated values for (R,)
obtained by cumulants analysis for polydisperse spherical
vesicles, with Afl = 0.1, as a function of scattering vector ¢,
compared to the true z average quantities (where A? is the
number weighted relative variance). For calculations, we
use the log normal distribution to represent the vesicle size
distribution, given by (Jin 1999)

exp(—8%2) {
\/%R()a

In(R/R,)

where R, is the peak value and &” is related to the relative
variance A? by & = In(1 + A?). It is clear that (R,),
determined from cumulants analysis, deviates substantially
from the z average value for nonzero values of ¢. We have

G(R) =
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FIGURE 3 Plots of theoretical calculations of the apparent elongation
ratio, p~ ! (as given by Egs. 15 and 16) as a function of scattering vector ¢.
Calculations are based on results shown in Fig. 2 used with corresponding
values for (R,), calculated using Eq. 8. The values for elongation ratio that
would be determined using DLS measurements taken at a scattering angle
of 90° are indicated by the open squares.

also found similar results using the Gamma distribution
(Hallett et al., 1991b) and the Weibull distribution (Korgel
et al., 1998).

Deviations of both (R, and A from their true z average
values arise from effects of P(g) and can lead to significant
miscalculation of the elongation ratio as determined by Egs.
15 and 16. In Fig. 3, we plot the apparent elongation ratio as
a function of ¢ using values for (R,) and A? and (Ry)
calculated for polydisperse spherical vesicles using Egs. 4,
5, and 8. We find that, for nonzero values of ¢, the apparent
value of the elongation ratio is actually significantly larger
than the correct value, which is 1 for spherical, polydisperse
vesicles. Consequently, Egs. 15 and 16 are appropriate for
the determination of the elongation ratio of vesicles only
where P(g) does not affect the measured values (R, and A?,
i.e., either when the vesicles are small or ¢ is small. How-
ever, DLS experiments are normally performed at a scat-
tering angle of 90°, for which the corresponding ¢ is indi-
cated in Figs. 2 and 3.

In this study, vesicle elongation is determined using a
modification of the approach of Jin et al. (1999). Rather
than use cumulant analysis to measure (R,) and A%, we
perform a full inversion of the autocorrelation function to
determine the intensity-weighted distribution of vesicle hy-
drodynamic radii G'(R),). The weightings in this distribution
are a convolution of three terms, the relative number, the
square of the mass, and the form factor of vesicles with
hydrodynamic radius, R;,. To determine the true z average
values of R, and A2, the vesicle form factors, P(q, R;), must
be corrected for in the relative weightings of the distribution
G(R,). Because we do not know a priori the vesicle shape,
DLS measurements alone are insufficient to determine the
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true z average values of R, and A%. However, it is possible
touse DLS and SLS data together. For simplicity, we follow
Jin et al.’s (1999) assumption that a collection of vesicles
will have a fixed axial ratio and have a distribution only in
their mass. This assumption leads to a set of possible
corrections to the measured intensity distribution G'(R,),
which are described in detail in Appendix B. To determine
the elongation ratio of a particular sample, we compare SLS
data to theoretical data generated from DLS measurements.
We use the intensity-weighted size distribution G'(R),) de-
termined by DLS to calculate a set of hypothetical number
distributions of equivalent radius, R, (given by Eq. 13). The
number distributions G(R,) each correspond to a set of
vesicles with a fixed value of axial ratio, and the determi-
nation of possible solutions to G(R,) is described in detail in
Appendix B. The number distributions G(R,) are then used
with the appropriate form factors, given by Egs. 9 and 11, to
generate theoretical SLS curves for a series of values of axial
ratios. The best agreement between the predicted and measured
SLS results indicates the correct value for the axial ratio.

RESULTS AND DISCUSSION

Qualitative assessment of effects of extrusion on
shape and polydispersity

The effect of increasing extrusion steps on measured values
of (R,), (Ry), and A? has been qualitatively characterized. In
the case of polydisperse spherical vesicles, there will be a
difference between (Rg> (corrected for membrane thickness,
f) and (R, due to the difference in the relative weightings of
vesicle sizes in the experimentally measured quantities (as
given by Egs. 4, 5, and 8). This difference will decrease as
the polydispersity decreases. For prolate vesicles, the dif-
ference between (R,) and (R,) depends on the vesicle ellip-
ticity, increasing with increasing ellipticity (Jin et al., 1999).
In general, a separation of effects of size polydispersity and
vesicle shape is nontrivial. It is, therefore, essential to use
vesicles that are as monodisperse as possible. The goal is to
produce vesicles for which ((R,) + #/2)/(R,,) is as close to 1
as possible, indicating low-polydispersity, nearly spherical
vesicles.

Guinier plots of SLS measurements for DOPC vesicles
extruded in sucrose buffer using a series of extrusion steps
as described in the Materials and Methods section are
shown in Fig. 4. Cumulants analysis of DLS measurements
and Guinier analysis of SLS measurements are also sum-
marized in Table 1. Increasing numbers of extrusion steps
resulted in progressively smaller values for both (R,) and
(Ry). The difference between (R,) and (R, also decreased
with increasing extrusion steps. Extrusion steps were in-
creased until a value for ((R,) + #2)/R,) close to 1 was
achieved.

Biophysical Journal 81(5) 2716-2728



2722
-9
-10 A
=
(.5 .11 4
C
2
£
= -12 4
- e extr. 29x100
v extr. 14x100
-13 - m extr. 7x100
+  extr. 7x200
—— Linear Regression Fits
-14 T T T T
5.0e-5 1.5e-4 2.5e-4 3.5e-4 4.5e-4 5.5e-4
2 2
g (hm”)

FIGURE 4  Guinier plots of SLS data measured using vesicles in isotonic
sucrose. Each curve (in ascending order from bottom to top) corresponds
to a successively larger number of extrusion steps as described in the
Materials and Methods section. Also shown are fits using the small-angle
Guinier approximation.

Measurement of vesicle size, polydispersity,
and shape

Vesicles used in the hyper-osmotic upshift were further
characterized by comparing SLS and DLS data as discussed
in the Theory section. A reliable determination of the ves-
icle size distribution or polydispersity information from
DLS data often requires many hours of data collection, as
opposed to only a few minutes for the determination of the
average radius (Kojro, 1990; Ertel et al., 1993). DLS mea-
surements were performed on vesicles prepared in 0.1 M
NacCl, 0.05 M sucrose, or 0.1 M urea under isotonic condi-
tions. We performed DLS measurements over the course of
approximately 30 h and saw no change in the size or
polydispersity during this period. Intensity distributions for
each sample are shown in Figure 5. Also shown are fits to
the intensity distributions using the log normal distribution.

For both samples, a series of number distributions with
varying axial ratio were calculated as outlined in the Theory
section. These distributions were then used to generate
theoretical SLS curves, which were plotted against mea-
sured SLS data as shown in Figs. 6, 7, and 8. We find, based
on our comparison of simulated and measured SLS data,
that DOPC vesicles extruded in NaCl, sucrose, or urea have
an axial ratio close to 1. The corresponding number distri-
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FIGURE 5 The intensity-weighted distributions in hydrodynamic radius
plotted for DOPC vesicles in 100 mM NaCl, 50 mM sucrose, and 100 mM
urea. Each distribution shown is the average of three distributions deter-
mined from three corresponding sets of 2-h DLS measurements. Also
shown are fits to the distributions using the log normal distribution given
by Eq. 20.

butions are plotted in Fig. 9. These number distributions are
used to calculate the number-averaged radius, z-averaged
radius, polydispersity, and z-average radius of gyration for
all three samples, shown in Table 2.

Measurement of shape changes using DLS

The primary purpose of this study was to determine the
effects of osmotically induced volume reductions on the
shape of LUVs using DLS. In particular, we investigated
effects of hyper-osmotic dilutions on R, of DOPC vesicles
using two-membrane impermeant osmolytes, NaCl and su-
crose (Paula et al., 1996, 1998) and one-membrane per-
meant osmolyte, urea (Paula et al., 1996) as a control. Shape
changes were expected to be induced by hyper-osmotic
dilution of vesicles in the membrane-impermeant solutes,
NaCl and sucrose, whereas no changes were expected for
dilutions in the membrane-permeant solute, urea. For each
sample, DLS measurements were performed immediately
after dilution and again after 12 h to verify that there was no
time dependence in the measured hydrodynamic radii that
could result from slow relaxation due to solute leakage or

TABLE 1 Effects of extrusion passes on apparent ((Ry) + t/2)/(R,,) for DOPC vesicles extruded in sucrose
Extrusion Passes (R,) (nm) (R, (nm) (R + 112)KRy,)
7 X 200 nm 140.2 98.2 1.44
7 X 200 nm + 7 X 100 nm 100.2 84.6 1.20
7 X 200 nm + 14 X 100 nm 87.4 76.6 1.16
7 X 200 nm + 29 X 100 nm 82.8 £ 1.6 73.84 *0.28 1.14 = 0.03

Details concerning the method of extrusion are given in the Materials and Methods section.

Biophysical Journal 81(5) 2716-2728
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FIGURE 6 Plots of theoretical SLS intensity curves calculated using
number distributions calculated using a range of axial ratios (as described
in the Theory section) from DLS for DOPC vesicles prepared in sucrose
buffer. Also shown is actual SLS data for the same sample. Data is shown
normalized to the scattered intensity at 90°.

lipid flip-flop. In this case, measurements are an average of
at least 10 runs of 5 min each.

Figure 10 shows results of DLS measurements on DOPC
vesicles exposed to hyper-osmotic solutions of urea. As
expected, there is no change in the measured hydrodynamic
radius either immediately after dilution or after the samples
have been allowed to sit for ~12 h. Figure 11 shows DLS
results for DOPC in hyper-osmotic solutions of NaCl mea-
sured immediately after dilution and again after 12 h. In this
case, we see that the measured hydrodynamic radius grad-
ually decreases with decreasing v and follows the behavior

3.0
N ® DOPC in NaCl Buffer
2.5 4 . ab=1
\\\ ......... ab=15
LN ——-ab=2
2.0 4 -
<.§\' — - ab=25

1.0 A
~~. 2 e 4
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0.0 T T T v T :

20 40 60 80 100 120 140 160
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FIGURE 7 Plots of theoretical SLS intensity curves calculated using
number distributions calculated using a range of axial ratios (as described
in the Theory section) from DLS for DOPC vesicles prepared in NaCl
buffer. Also shown is experimental SLS data for the same sample. Data is
shown normalized to the scattered intensity at 90°.
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FIGURE 8 Plots of theoretical SLS intensity curves calculated using
number distributions calculated using a range of axial ratios (as described
in the Theory section) from DLS for DOPC vesicles prepared in urea
buffer. Also shown is experimental SLS data for the same sample. Data is
shown normalized to the scattered intensity at 90°.

expected for oblate vesicles. For each hyper-osmotic shift,
the hydrodynamic radii show no change between the initial
and final measurement. Also shown in Figure 11 are similar
results for DOPC vesicles in sucrose. In sucrose, the DOPC
vesicles also appear to become oblate over the full range of
volume reductions and also show no change after a period
of 12 h.

Comparison of the measured shape trajectory
with predictions of the ADE model

The ADE model predicts that, for ¢, = 0, Agy = 1, and a =
1.4, vesicles should first become prolate for v > 0.75 then

0.08 o DOPC in sucrose Buffer
v DOPC in NaCl Buffer
L s DOPC in urea Buffer
e - - =
_ 0.6 1 F \: — 86=2.35n1=18.0, R, = 69.5
2 e | 8=240,M =148, R, = 64.7
g ——-06=2.48,n1=154, R, =64.7
= ;
o 0-04 4
=
k<
&, N
0.02 4 ;/
]
0.00 wnded \‘é«== :
50 75 100 125 150

FIGURE 9 Plots of number distributions of hydrodynamic radii for
vesicles prepared in sucrose, NaCl, or urea buffer. Also shown are fits to
the distributions using the Weibull distribution, as described in Korgel et
al. (1998).
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TABLE 2 Number (R,), and Z average (R,,), hydrodynamic
radii, number average polydispersity A2, and radius of
gyration (R,)*, calculated from number distributions shown in
Flg. 9

Buffer  (Ry), (nm)  (Ry), (nm) A} (RY* (nm)  (R)* (nm)
Sucrose 85.5 88.0 0.007 86.4 84.2
NaCl 77.8 79.7 0.006 77.9 75.4
Urea 78.4 80.2 0.006 78.5 78.2

Also shown are values for the radius of gyration <R}>,>Jr determined from
SLS measurements.

oblate for v < 0.75 (Jari¢ et al., 1995). However, the
measurements indicate that DOPC vesicles exposed to hy-
per-osmotic stress are oblate over the full range of volume
reductions. These results bring into question the accuracy of
the estimates of ¢, and Ag, and the assumed value of a.
Therefore, before any conclusions are made concerning the
possible disagreement between the predictions of the ADE
model and our results, it is necessary to examine the pos-
sible effects of varying ¢,, Aa,, and «.

As discussed earlier, we have assumed that ¢, = 0 be-
cause we are dealing with a single lipid system. It has recently
been demonstrated that preferential solute interactions or solute
asymmetry can induce a change in spontaneous curvature
(Dobereiner et al., 1999). It is possible that a solute gradient
across the membrane could have the effect of producing a
nonzero spontaneous curvature, if the solute were to preferen-
tially associate with the membrane rather than being excluded
from the surface. However, measurements using two very
different solutes, NaCl, an ionic solute, and sucrose, a sugar,
produced identical results. This leaves little reason to believe

1.2

R/R,

094 ... oblate .
——- externally budded -~ T
— -~ internally budded ~ ©
~— - spherical @]

e immediate dilution

o after ~ 12 hours
0.7 - ; r T .

1.0 0.9 0.8 0.7 0.6 0.5 0.4
[urea],/[urea]

0.8 A

out

FIGURE 10 Hydrodynamic radii of vesicles extruded in 100 mM urea
and diluted hyper-osmotically into urea, plotted versus the ratio of the
initial internal and external urea concentrations, [urea];,/[urea],,,. Data are
plotted for vesicles immediately after dilution and approximately 12 h after
dilution. Also plotted are curves showing predicted changes to hydrody-
namic radii for several axisymmetric shapes, assuming a reduced volume
equal to the ratio of the initial internal and external urea concentrations,
[urea];,/[urea] .

in
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FIGURE 11 Changes to hydrodynamic radii of DOPC vesicles prepared
in 100 mM NaCl (circles) or 50 mM sucrose (squares) due to hyper-
osmotic upshifts in NaCl. Data are plotted for vesicles immediately after
dilution (closed symbols) and ~12 h after dilution (open symbols). Also
plotted are curves showing predicted changes to hydrodynamic radii for
several axisymmetric shapes.

that our observations could be the result of a solute-induced
change to the spontaneous curvature.

There is some evidence that vesicles prepared by extru-
sion can have a distribution of relaxed area differences Aa,,
rather than all vesicles achieving the equilibrium value (Mui
et al., 1995). Such a distribution would be expected to result
in a distribution of shapes upon hyper-osmotic shift with a
corresponding average hydrodynamic radius intermediate
between those predicted for single shapes. The value of the
observed R, would depend on the relative abundance of
each shape state at a particular reduced volume. Because the
measured hydrodynamic radii lie on the oblate line for all
volume reductions, the presence of any other shapes is
likely to be insignificant. Thus we conclude that the area
difference Agq, is likely to be nearly uniform.

The final parameter to be considered is «, the ratio of the
nonlocal k. to local %, bending moduli. Although the fea-
tures of the ADE phase diagram (such as phase boundaries)
are generic for all values of a (Wortis et al., 1997), their
positions in the phase diagram will depend on the particular
value of . The ADE phase diagram to which we have
referred has been calculated for o« = 1.4, because this was
the original estimate for SOPC (Miao et al., 1994). How-

TABLE 3 Experimental measurements of the elastic and
stretching moduli of SOPC and DOPC and corresponding
estimates of «

Lipid k. (1071°0) K (mN/m) D (nm) a
SOPC* 0.90 * 0.06 200 + 13 285+15 14
DOPC' 0.85 +0.10 265 + 18 269 + —0.4 1.8
*Miao 1994.

TRawicz 2000.
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ever, there have been more recent measurements of the
nonlocal bending modulus k., the area compressibility K,
and bilayer mechanical thickness D (Rawicz et al., 2000)
which can be used to estimate a from the relation a =
KD?/4mk, (Miao et al., 1994). Table 3 summarizes the
results of these measurements and corresponding estimates
of a for SOPC and DOPC. Our estimate of « from this data,
apope = 1.8, is somewhat larger than the value 1.4 used to
construct the ADE phase diagram. An increase in « results
in a shift of the ADE phase diagram toward behavior
characteristic of the BC model, which predicts only oblate
vesicles under the conditions of our experiments (Seifert et
al., 1991). We can speculate that an increase in « would
cause a shift of the prolate—oblate transition (Fig. 1, line B)
to higher values of v. For sufficiently large values of «, the
prolate—oblate transition should effectively vanish. Because
we cannot distinguish between prolate and oblate vesicles
for v larger than 0.9, it is possible that the prolate—oblate
transition has either shifted out of the range of sensitivity of
our measurements or has disappeared altogether.

CONCLUSIONS

In this study, low polydispersity vesicles were needed to
investigate effects of hyper-osmotic stress on vesicle shape.
By performing a large number of extrusion steps, it was
possible to produce vesicles that were nearly spherical and
had a very narrow size distribution (as shown in Fig. 9).
Vesicle shape changes were measured as a function of
reduced volume by comparing relative changes to the hy-
drodynamic radius with those predicted for several axisym-
metric shapes as a function of reduced volume with constant
surface area 4. We found very close agreement between our
results and the predicted changes to relative hydrodynamic
radii corresponding to oblate vesicles.

As part of this study, our results were compared with
predictions of the ADE model. A necessary part of this
comparison required that we make certain assumptions
about properties of our vesicles, that a« ~ 1.4, Aa, = 1, and
¢y = 0. For estimated values of «, Aa,, and ¢,, the ADE
model predicts that prolate shapes should appear in the
region v > 0.75 and oblate shapes should appear for v <
0.75. However, only oblate shapes were observed for all
imposed changes to the reduced volume. Although there are
several possible explanations for the apparent discrepancy
between these results and the predictions of the ADE model,
we propose that it is a consequence of the difference in
values of a between DOPC (« = 1.8) and that used to
construct the phase diagram (a = 1.4).

Dynamic light scattering has been demonstrated to be an
effective technique for studying shape changes in LUVs.
However, more work is required in determining the effects
of changes in « on the ADE phase diagram, and the effects
of a variation in lipid composition on shape changes. Cur-
rently, we are performing measurements on a variety of
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lipid species expected to span a range of values of «; this
should allow a better test of the ADE model, because a
variation in « should produce a variation in measured shape
behavior of hyper-osmotically stressed vesicles.

APPENDIX A

Calculation of vesicle hydrodynamic radii as a function of reduced volume
depends on several assumptions: that the vesicles are spherical prior to
exposure to an osmotic gradient, that the surface area of the membrane
remains constant, and that the vesicles act as ideal osmometers (i.e., the
final volume enclosed by the vesicles is determined by the imposed
osmotic gradient. The hydrodynamic radii for four possible vesicle shapes:
prolate ellipsoids, oblate ellipsoids, externally budded vesicles, and inter-
nally budded vesicles, have been calculated as follows.

Ellipsoids

Calculation of the hydrodynamic radii for prolate and oblate ellipsoids
follows that of Beney et al. (1998). For both prolate and oblate vesicles, we
define the symmetry axis as a and the perpendicular axis as b. In this
notation, for prolate vesicles, a is the semimajor axis and b is the semim-
inor axis, and for oblate vesicles, @ is the semiminor axis and b is the
semimajor axis. The corresponding eccentricity parameters are defined as

bZ 12
€pro — <1 - az) >

a2\ 12
€obl — 1_ﬁ s

for prolate and oblate vesicles, respectively. For both cases, an eccentricity
of 0 corresponds to spherical vesicles. The hydrodynamic radius for a
prolate vesicle is given by (Berne and Pecora, 2000)

1 a(l + ey,) -1
Ripro = [aepm In b .

The corresponding volume and surface area are given by (Beney et al.,
1998)

(A1)

(A2)

(A3)

Viro = 3 mab?, (A4)
ab

Apo = 277(b2 + - sin"epm) . (A5)
pro

The hydrodynamic radius for oblate vesicles is given by (Berne and Pecora,
2000)

1 bey, |
. bI:| . (A6)

Rhobl = [be tan

obl

The corresponding volume and surface area for oblate vesicles are given by
(Beney et al., 1998)

Vo = 3 mab? (A7)
do = 2l LT e A8
obl = 21T 2eq n I —ew/’ (A%)

To determine the relationship between vesicle hydrodynamic radius and
reduced volume, we calculate both quantities over a range of ellipticities.
Because there exists the constraint of constant surface area, the semimajor
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axes of the prolate and oblate ellipsoids can be defined in terms of the
corresponding ellipticity parameters, e, and e, and area, 4:

) -12
T )
pro >
€pro

Apro = A”z[Zﬂ' {(1 — ef)m) +

(A9)

1 ezbl l €obl -2
— 412 ° °
bobl =4 |:27T {1 +( 2€0b1 )ln(l Conr . (AIO)

The relationship between the hydrodynamic radii and corresponding ves-
icle volumes can be determined by calculating R, and the corresponding V'
over a range of ellipticities. Results for prolate and oblate vesicles are
plotted in Fig. 1.

Externally budded vesicles

For externally budded vesicles, the effective hydrodynamic radius can be
calculated as a collection of » attached, arbitrarily sized beads, given by

(Richards, 1980)
n 2
i=1

Rh = n n s
Db
where 7 is the total number of beads, b; is the radius of bead 7, and r;; is the

distance between the centers of beads i and j. We will restrict our consid-
eration to a vesicle with one external bud. In this case, Eq. A1l simplifies to

(Al1)

0+

R, = -
PR 2P )

(A12)

where r, is the radius of the parent vesicle and r, is the radius of the budded
vesicle, so that, in the case of a spherical vesicle with radius ry, r; = r,
r, = 0, and R, = r,. In this calculation, we assume that the neck attaching
both vesicles is small. The constraint of constant surface area defines the
relationship between 7, and r,, given by

7y = w/rg — rf.

The corresponding volume of the externally budded vesicle can be ex-
pressed in terms of , and r, as

(A13)

_ 4 3 2 2)3/2
Vext_gﬂ-[rl + (7”0_’”1) ] (A14)
We can then determine the relationship between the hydrodynamic radii
and corresponding vesicle volumes by calculating R, and the correspond-
ing V over a range of r,. The hydrodynamic radii of externally budded
vesicles as a function of reduced volume are plotted in Fig. 1.

Internally budded vesicles

For the case of internally budded vesicles, it is assumed that the hydrody-
namic radius will correspond to that of the external vesicle and that the
neck between the two vesicles is small. In this case, the restriction of
constant surface area relates the smaller vesicle radius and larger vesicle
radius in the same way as for externally budded vesicles,

R,=r,= \rﬁ — r%. (A15)

Biophysical Journal 81(5) 2716-2728

Pencer et al.

In this case, however, the reduced volume is defined by the difference
between the larger and smaller vesicle volumes and is given by

S

Again, we can then determine the relationship between the hydrodynamic
radii and corresponding vesicle volumes by calculating R, and the corre-
sponding V over a range of r;. The hydrodynamic radii of internally budded
vesicles as a function of reduced volume are also plotted in Fig. 1.

Vi = 3717 — (7 — (A16)

APPENDIX B

As discussed earlier, an essential part of this study is the characterization
of the state of extruded vesicles prior to hyper-osmotic dilution. To
determine vesicle number distributions from the measured intensity distri-
bution, following the work of Jin et al. (1999), it is assumed that, although
vesicles are polydisperse, every vesicle in the system will have the same
axial ratio. This assumption allows us to correct for effects of ellipticity in
both the apparent hydrodynamic radius and relative weighting of each size
given by the intensity distribution.

For the purposes of computation, it is convenient to redefine the
intensity-weighted size distribution in terms of the equivalent radius, R,
(given by Eq. 13), rather than the hydrodynamic radius R,. From Eqs. A5
and A9, we find that, for fixed axial ratios, R, is related to R, by

\/7 12

sin”'(epr)

a \/Ee |:(1 - pro) L —

1+ ey

X In =
I —e

pro
Using this equation, we can then redefine the intensity-weighted size
distribution in terms of the equivalent radius R,. For each value of R, we
calculate the vesicle surface area 4, which is proportional to its mass.
Using the area 4, the ellipticity e, and Eqs. Al and A9, it is possible to
determine values for the long and short axes, @ and b, which are then used
in Eq. 11 to determine the vesicle scattering factor P(g, R,, €,). The

vesicle number distributions are then calculated for specific values of axial
ratio, by dividing the intensity weighting of each R, by 4> and P(q, R,,

pro P

(BI)

epro)'
SLS measured from polydisperse vesicles is equal to the mass-squared
weighted average of the scattering factor P(q, R,, e,,,) given by

©

(P(q.Rusepo)) = | MiaP(q.Repo) G(R,) dR,

0

-1
o

X || mxG(R,) dR,|
0

(B2)

where my, is the mass of vesicles with equivalent radius R,, and R, has
been corrected for the vesicle thickness 7, which is assumed to be 4 nm. The
number distribution G(R,) is modeled using the Weibull distribution (Kor-

gel et al., 1998) given by
6—1
W@RF&
mn

For each value of axial ratio a/b (or corresponding ellipticity, e,,), theo-
retical SLS curves are calculated using the number distributions deter-
mined above and Eqs. B2 and B3.

Yoo

8
) . (B3)
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