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Osmotic swelling of unilamellar vesicles by the stopped-flow light scattering
method. Influence of vesicle size, solute, temperature, cholesterol
and three a,w-dihydroxycarotenoids
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a,w-Dihydroxycarotenoids are postulated to play the rdle of membrane remforcers in certain procaryotes,
like cholesterol in eucaryotes. In order to evaluate the rigidifying effect of these polyterpenoids on lipid
bilayers, osmotic swelling of unilamellar vesicles has been followed by measuring the light scattering
intensity changes in a stopped-flow apparatus. A model based upon the Rayleigh-Gans theory was
developped. It shows that the variation of light scattering intensity (A7 /1,) is proportional to that of vesicle
radius (AR /R,) for a given R, (initial vesicle radius). An emperical relationship between — A7 /[, and Z
(dissymmetry measured by light scattering) was established: — A7 /I, is proportional to (Z — 1). Therefore,
the value —AI/ (I, (Z — 1)) is independent of vesicle radius and can be used for the evaluation of bilayer
rigidity. The water permeability was measured and it was shown that it is the limiting factor of the kinetics
of swelling When incorporated into dimyristoylphophatidylcholine vesicles, cholesterol and a,w-dihydroxy-
carotenoids lower the water permeability and the value of —AI/(I,*(Z—1)). So, at least on model
systems, a,w-dihydroxycarotenoids exert on a phospholipid bilayer a reinforcement effect similar to
cholesterol.

Introduction study the effect of various postulated procaryotic

cholesterol surrogates like hopanoids and «,w-di-

Cholesterol 1s ubiquitous in eukaryotic cells
and 1s beheved to play the rdle of mechamcal
remnforcer of membranes Its effects on model
membranes have been described by a variety of
techniques (for a review, see Ref 1) In order to

* To whom correspondence should be addressed
Abbreviations DMPC, L-a-dimynstoylphosphatidylcholine,
Tris, 2-ammno-2-hydroxymethylpropane-1,3-diol, SUV, small
unilamellar vesicle, LUV, large unilamellar vesicle

hydroxylated carotenoids [2], we have studied re-
cently the osmotic swelling of vesicles [3] In this
paper, we present new developments of this
method and we study the influence of three dihy-
droxycarotenoids on the properties of a di-
mynstoylphosphatidylcholine bilayer These caro-
tenoids are models of carotenoids postulated to
reinforce membrane bilayers of prokaryotic cells
in a trans-membranal manner [2] We have proven
recently that they can be reincorporated in the
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Fig 1 Model for cholesterol and carotenoid msertion in a lipid
bilayer

hydrophobic core of hipid bilayers [4] (Fig 1)

We have employed the stopped-flow light
scattering method to follow the osmotic swelling
of unilamellar vesicles This method has been often
used previously several authors have been inter-
ested in the imitial swelling rate taken to be a
measure of water permeability [5], others have
studied the permeation of the solute responsible
for the osmotic pressure [6,7] However, the ampli-
tude of the hght scattering change (A47/1,) has
never been considered We have developped a
model relating the amphtude of swelling to the
elastic constants of the bilayer (unpublished data)

It was shown that the relative radius change
(AR/R,) depends on the vesicle radius We now
show the influence of the vesicle radius on the
amphitude change (A1/1;) and on the kinetics of
swelling We estabhish that the kinetics 1s indeed
controlled by the water permeabihty Finally,
applying the Rayleigh-Gans theory, we discuss the
relationship between AJ/I; and AR/R,

Experimental

Materials (3S,3'S)-Decaprenoastaxanthin was
prepared by the method described m Ref 4
(35,3'S)-Astaxanthin and (3R,3'R)-zeaxanthin
were kindly provided by F Hoffman-La Roche
(Basel) Cholesterol from Fluka AG (Buchs) L-a-
Dimyristoylphosphatidylcholine  (DMPC) from
Avant1 Polar Lipids Inc (Birmingham), was kept
at —20°C 1n chloroform solutions in sealed tubes
The punty of the lipids was checked by thin-layer
chromatography on F254 silica gel plates (025
mm thick) from Merck, Darmstadt (eluent

CHCY,/CH;0H /conc ammomia, 65 25 4, v/v)

Preparation of vesicles Small umlamellar
vesicles (SUVs) were prepared by sontcation (8]
(Branson Sonitfier B-30, power setting 5) A solu-
tion of the lipid 1n chloroform was evaporated to
dryness 1 vacuo without heating The desired
amount of buffer (350 mM NaCl/1 mM EDTA-
Na,/5 mM NaN; /10 mM Tns-HCl (pH 8), ‘Ul-
trapure water’ from Millipore) was added and
argon was bubbled through for 15 min The sam-
ple was sonicated shghtly above 23°C (phase tran-
sition temperature of DMPC) for 2 h It was then
centrifuged (10000 X g, 30 mun, 4°C) and the
supernatant was collected and filtered through
polycarbonate filters Large unilamellar vesicles
(LUVs) were prepared by a modified procedure of
the ether injection method [9,10] An ether-ethanol
solution of the hpid was injected (injection rate
02 ml/min), into 5 ml of buffer maintained at
60°C The volume ratio of ether and ethanol, and
the DMPC concentration 1 the 1njected solution
(1 mg/ml to 20 mg/ml) are varied to vary the
vesicle radun The vesicle suspension was dialyzed
against the buffer twice in 1 1 of buffer to remove
the remaining solvent (3 h, then overmght at 4°C,
dialysis tubing Spectrapor 2, Spectrum Medical
Industries, Los Angeles) The samples was then
filtered through polycarbonate filters (Nucleopore.
DMF, 08 pm, 04 pm and 01 pm filters. twice
through each) This procedure gives vesicles of
reasonable homogeneity as shown previously by
electron microscopy [4] The dissymmetry of the
vesicles (Z = I(45°)/1(135°)) 1s determined by
hght scattering using a photogoniodiffusiometer
Fica 42000 equipped with a 5 mW He-Ne Laser
vertically polarized (SA Optlas, France)

Unilamellar vesicles were prepared from
DMPC, or DMPC +30% molar additive, with
radu varying from 45 nm to 150 nm The smallest
ones were obtained by somication Their gel filtra-
tton on a Sepharose 4BCL column (Pharmacia
France SA, Bois d’Arcy) showed only one peak
corresponding to unilamellar vesicles free of multi-
lamellar structures [8] In the case of DMPC alone,
the dissymmetry of scattered hight was 1 35, corre-
sponding to a radius of 45 nm When prepared by
the same procedure, vesicles containing cholesterol
or carotenoids were always larger than those with
DMPC alone



To get larger vesicles we have combined two
known methods the ether mjection method [9]
and 1ts modification by Kremer et al [10] In this
method the vesicle distribution s affected by two
parameters the solvent in which hpids are
dissolved (ethanol gives smaller vesicles than
ether), and the lipid concentration 1n the injected
solution (hugher concentrations give larger vesicles
[11]) Kremer et al have studied the second
parameter 1n detail but they used only very low
concentrations of lipid which makes therr method
inconvenient By varying these two parameters we
got vesicles with dissymmetries between 4 and 20
(corresponding to a radwus of 85 to 110 nm) in
reasonable concentration

Stopped-flow measurements The optical part of
a Durrum-Gibson stopped-flow spectrophotome-
ter was modified (Fig 2) to measure the light-
scattering mtensity at nght angle The hght beam
1s a 6 mW He-Ne vertically polanzed laser of high
amplitude stability (Model 120S SA, Spectra
Physics, Les Ulis, France) beam amplitude noise
{1-100 kHz) <0 5% rms, beam amplitude ripple
(1-120 Hz) < 0 2% rms, wavelength A = 632 8 nm
Before each experiment the photomultiplier volt-
age 1s adjusted to get 200 mV output voltage with
a toluene solution With the buffer alone the out-
put tension s then 150 mV The scattering inten-
sity with vesicle suspensions 1s typically between 2
and 5 V Toluene 1s filtered through 0 5 pum Teflon
Filters (Millex SR, Millipore SA, France), vesicle

LASER

suspensions are kept at 40°C, degased under
vacuum, and filtered through 02 um poly-
carbonate filters just before the experiment to
limit noise due to dust and bubbles The noise of
the measured signal 1s about 1% of the signal 1n
the worst conditions (fast kinetics for which the
use of an electronic filter 1s not allowed) Typical
phospholipid concentration 15 107¢ M (007
mg/ml of DMPC) When temperature 1s not
specified, the experiment 1s run at 33°C

Results and Discussion

Light scartering stopped-flow experiments and theo-
retical simulation

Stopped-flow experiment Fig 3 shows the pro-
portionality between scattered light and vesicle
concentration 1 the range typically used (02
mg/ml to 0 01 mg/ml of phospholipid) It shows
that 1n this range the measured intensity corre-
sponds only to light scattered by the vesicles, and
that there 1s no multiple scattering After rapid
mixing of a suspension of vesicles (in 350 mM
NaCl buffer) with the same volume of 50 mM
NacCl buffer, there 1s a decrease 1n scattered hight
which corresponds to the swelling of vesicles and
to inflow of water into the vesicles (Fig 4) we
have shown by dynamic hight scattering that under
these conditions, the vesicle radius increases of
about 1% to 5% depending on the mitial radiwus
(unpubhshed data) Furthermore, a decrease n
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y

Fig 2 Light scattering stopped-flow apparatus The photomultiplier (PM) detects scattered light at 90° from the incident beam The

beam 1s a 6 mW He-Ne laser vertically polanzed
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DMPC vesicles Z =41, DMPC concentration ¢ =2 mg/ml,
I usier Scattered hight by the buffer alone, I ... scattered
light by toluene (as reference), I scattered hght by the vesicle
solution

scattered hight when the vesicles swell can be
anticipated by the Rayleigh-Gans theory of hight
scattering (see below)

The scattered hight decreases exponentially with
ume (Fig 5), the kinetics can thus be char-
acterized by the reaction half-time ¢, ,, This can
be affected by the polydispersity of vesicles and
an aggregation phenomenon The aggregation of
vesicles gives rise to an increase of scattered light
and could be observed in the case of high con-
centrations of salt (> 350 mM) and of phospholi-
pid (> 02 mg/ml) It has a charactenstic time of
several seconds

The relative amphtude change Al/I,= (1, —
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Fig 4 Recording of scattered light versus time dunng vesicle
swelling upon osmotic pressure, NaCl mside 035 M, NaCi
outside 0 2 M, vesicles made of DMPC + 30% molar cholesterol,
Z=17
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of Fig 4

I,)/1, 1s independent of vesicle concentration, 1t
1s proportional to Ac (inside minus outside salt
concentration), and therefore to the applied
osmotic pressure

LiCl and NaCl give the same Al/I, We have
tried also molecular solutes (glucose, glycerol, eth-
ylene glycol), all of which give rise to vesicle
swelling

In the case of ethylene glycol, we observed a
two step kinetics first a decrease of scattered hight
(t),, =300 ms for a DMPC + 30% molar
cholesterol membrane) followed by an exponential
increase, back to the imtial intensity (¢, ,, = 30 s),
corresponding to the diffusion of ethylene glycol
through the membrane

Theoretical simulation of vesicle swelling It 1s
important to known the relationship between the

Fig 6 Model of hpid vesicle structure, n, 1s the refracuve
index of the solution outside of the vesicle, n, 1s the refractive
index of the solution inside of the vesicle, n, 1s the refractive
mdex of the lipid bilayer, R is outer radius of the vesicle, aR
15 mnner radius of the vesicle



intensity change and the radws change m the
experiment Several authors [5,6,11], following
Bangham et al [12] have assumed that the turbid-
1ty 7 1s reciprocally proportional to the volume of
the liposomes Yoshikawa et al [13], however,
have appled to theory of Mie to large multilamel-
lar vesicles and have shown that 7 1s reciprocally
proportional to V'*/?, V being the total volume of
the vesicles

We have apphed the Rayleigh-Gans theory to
unilamellar spheres of radius R The model we use
1s described in Fig 6 The intensity of scattered
light 1s proportional to

% 2
1(6) ~ [/ g(r) smhr/hr dnridr 1)
0

where s = (4wn_/\) sin(8/2), A 1s the incident
wavelength 1n vacuum, § 1s the angle of observa-
tion measured from the incident beam, and g(r)
18

g(r) ~[n?(r)=n] 2
For the model of Fig 6, we get
1(8) ~ [(n? — n2)(sinh aR ~ haRcosh aR) +(n3 = n})
X(sinh R — hRcosh R —sinh aR + haRcosh aR)] ’

[+ 3)

where n_ 1s the refractive index of the solution
outside the vesicle, n, 1s the refractive index of the
solution mside the vesicle, n, 1s the refractive
index of the lipid bilayer, R 1s the outer radius of
the vesicle, and aR 1s the inner radius of the
vesicle

The first term 1n brackets (Eqn 3) corresponds
to hight scattered by the aqueous interior of the
vesicle, when not of the same refractive index as
the outside medum, and the second term corre-
sponds to light scattered by the membrane The
scattering factor P(8)= I1(8)/I1(0) 1s

P(0)~1(8)/[(n}=n2)a®R> +(n - n2)(1- o) R?]’
4)

When n, 1s equal to n_, the result agrees with

TABLE 1

DISSYMMETRY (Z = I(45°)/1(135°)) vs RADIUS(R)
FOR UNILAMELLAR VESICLES OF DMPC

This table was computed using Eqn 3 taking wavelength
A = 632 8 nm, bilayer thickness = 3 nm

R(nm) VA R(nm) Z R(nm) V4

10 101 70 242 975 793
20 106 75 284 100 934
30 115 775 309 1025 111
35 121 80 339 105 136
40 129 825 374 107 5 169
45 139 85 415 110 216
S0 151 875 464 1125 285
55 167 90 523 115 393
60 186 925 595 120 919
65 21 95 683 1297 0

that of Seufert [14] and of Chong and Colbow
[15] In the conditions of the swelling experiments
we have shown numerically that both therms are
important

Starting from Eqn 4 with n; =n, we have
computed tables of dissymmetry Z = I(45°)/
1(135°) versus radws, for A = 632 8 nm, taking 3
nm for the bilayer thickness (Table I)

Radu estimated by this method and by the
classical method of the Zimm plot are 1n reasona-
ble agreement as long as the dissymmetry 1s not
too high (Z <10) For example, for Z=157, a
radius of 59 nm was found by the Zimm plot and
of 52 nm according to Eqn 3 For larger vesicles
the polydispersity has a more pronounced effect
and cannot be neglected for our preparations

During the osmotic swelling experiment, the
value of n, 1s determined by the external
concentration Just after muxing, n, 1s the value
corresponding to the salt concentration ¢; of the
preparation (350 mM) Assumung that, during
swelling, the bilayer volume remains constant, one
can calculate the evolution of R, a and n, from
the imitial values R,, «, and from the relative
change 1 volume AV /V,

R(1-oa’)=R}(1-a}) )
R*=R}(1+ AV/V,) (6)

where R, and ¥V, are imnitial values (before swell-



TABLE 11

RELATIONSHIP BETWEEN RELATIVE LIGHT SCATTERING INTENSITY CHANGE (41/1,) AND RELATIVE RADIUS

CHANGE (AR /Ry,)

Swelling of DMPC vesicles (in 350 mM NaCl) after mixing with the same volume of 50 mM NaCl, imual vesicle radius R, = 40 nm,

wavelength A = 632 8 nm, scattering angle 6 = 90°

100AR /R, 01 02 05
—-10041/1, 0067 0133 0333

0 667 134 339 691

mg) of R and V (V 1s the total volume of the
vesicle)

o= (a3 +AV/Vy) /(1 +48V/V,) @)
nlz_n(2)=(n1+n0)(c—cexl)dn/d( (8)

where dn/dc 1s the refractive index increment of
sodium chloride (dn/dc=01 cm’/g), c.,, 15 the
external sodwum chloride concentration, and ¢ 1s
the internal sodium chlonde concentration (func-
tion of time)

¢~ Cou= o @y /(@ +AV/Vy) = Cou (9)

Supposing n, 1s constant during the swelling and
equal to 146 [14,16]. n, 1s also constant for dilute
solutions of vesicles

Using Eqns 3 and 7-9 1t 1s possible to get
numerically the change of scattered light for a
given set of R,, R, ¢, ¢, For example, for
vesicles of radius R, = 40 nm, we have computed
the relationship between relative radius change
(AR/R,) and relative light scattering change
(al1/1,) (Table IT)

Several conclusions can be drawn from these
results

(1) This model predicts correctly the order of
magnitude and the sign of the lght scattering
change for AR/R, positive, Al/]; 1s negative

(n) It shows that for small changes of R, Al/]
1s proportional to AR/R,, and the value of the

TABLE II1

proportionality constant & 1s 0 67 for R, = 40 nm
But the sensitivity k depends on the radius

Al/Iy=—k(Ry) AR/R, (10)

Table III shows the values of k calculated by a
simiiar procedure for each radius

When R 1s small, & tends to be 0, and thus 1s
the ongin of the pomnt (Z=1, AI/I;=0) 1n Fig
7

In the case of an exponential change

(1)~ Iy=AI(1—exp(—t/7)) (11)
Eqns 10 and 11 imply that
R(1)— Ry=AR(1-exp(~1t/7)) (12)

The functions I(r) and R(¢) have the same time
constant (1) Therefore, the measured time con-
stant 1s the time constant of swelling To our
knowledge this 1s the first demonstration of this
frequently used assumption

This sumulation clearly shows that the sensitiv-
ity of this method depends on vesicle radius It
was confirmed by the following experimental re-
sults

Influence of the vesicle radwus on the amplitude
change of hight scattering

The amplitude change 1s related to the elastic
properties of the bilayer However, 1t 1s not a

RELATIONSHIP BETWEEN INITIAL RADIUS(R,) AND SENSITIVITY(k(Ry)) Al/Iy=—k(Ry) AR/Ry

Values of k(R,) were computed from Eqns 3 and 7-9

Ry (nm) 10 20 30 40 50
A(Ry) 011 025 043 067 097

70 80 90 100 110 120
177 23 29 37 48 63
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Fig 7 Influence of vesicle radius on the relative light scatter-
ing amphtude change (A1/1;) Vesicles made of DMPC +30%
molar cholesterol, prepared in buffer+350 mM NaCl Rapid
mixing with NaCl 50 mM

direct measure of the elastic constants because 1t
depends also on the 1nitial radius We have mea-
sured A1/1, for vesicles (made of DMPC + 30%
molar cholesterol) of different sizes The results
are presented in Fig 7 It establishes an empirical
relationship between —AI/I, and Z, the dissym-
metry measured by hght scattering —41/1; 1s
proportional to (Z — 1) for Z <15

Since we know the relationship between 41/1,
and AR/R, for a given R, (Table III) and the

Ln AR/R

xe)
L
v

4 46 48
Ltn R

Fig 8 Relationship between relative radwus change (AR /R,)
and 1ntual vesicle radius (Ry) 1n the range of radius exper-
mented These data show that AR /R, 1s proportional to R}
(AR /Ry~ R{), with n between 3 and 4 linear
regression over all pomnts (n=39), — — — lnear regression
excluding data for large Z (2 points) (n =3 4)

relationship between Z and R (Table I), we can
plot the results as In AR/R, vs In R (Fig 8)
Despite the scattering of the points, 1t appears
that the radwus change could be described by a
power law A R/R,~ R” with n between 3 and 4
More accurate measurements are requested to
draw more precise conclusions

However, as —Al/(1, (Z - 1))1s independent
of the vesicle radius, 1t can be taken as a measure
of membrane ngidity For example

for DMPC bilayers
—Al/(I, (Z-1))=31

for DMPC + 30% molar cholesterol
-AI/(I, (Z—-1))=14

Results obtamed by this more empirical ap-
proach will be discussed in the following para-
graphs

Water permeability of DMPC-cholesterol bilayers

The permeability coefficient values obtained
for planar bilayers by a method using osmotic
shocks are different from those obtained with the
highly curved bilayers of sonicated vesicles by
exchange of 1sotopes [17] Is this due to curvature
effects or to the method employed? Indeed, in the
case of the osmotic shock method, the presence of
the osmotic pressure could affect the bilayer prop-
erties In order to discnminate between these two
effects, we have tried two different methods on the
same preparation of vesicles The first method 1s
the method developped by Lawaczeck [18] by
rapid mixing of vesicles prepared 1n an H,O buffer,
with a simular 1sotonic solution prepared 1n *H,0,
one gets an expernimental signal (change of
scattered hght), corresponding to the exchange
between H,O mside and 2H,0 outside the vesicle.
The rate constant 1s a measure of water permeabil-
1ty through the membrane We have tried this and
the osmotic shock method, on DMPC + 30% molar
cholesterol vesicles This series of experiments was
run only for vesicles of large size (Z = 14, 15, 18)
as, for smaller sizes, the signal in the 2H,O experi-
ment 1s too small The half-time of the kinetics
found by either method 1s the same ¢, , =200 to
250 ms

This shows that, in the case of swelling upon



osmotic pressure the water permeability 1s the
limiting factor

Furthermore, 1t appears that the water permea-
bility 1s affected by vesicle size (see Table IV, the
results for DMPC + 30% molar cholesterol of
Various sizes)

Influence of bilayer composition

Table IV summarizes our results in the study of
the influence of the bilayer composition The first
six lines show how cholesterol influences bilayer
ngidity —AJI(I, (Z - 1)) and water permeability
(t,,,) As expected, cholesterol apparently 1n-
creases the bilayer ngidity —AI/(I, (Z-1))1s
14 to 17, instead of 37 for DMPC alone The
water permeability of the DMPC bilayer increases
of a factor 50 at the phase transition (¢, ,, 1s 40 ms
at 33°C and 2000 ms at 15°C with DMPC vesicles
having Z =10) as was shown previously by
Lawaczeck [19] It 1s interesting to note that with
cholesterol (30%), the water permeability (¢, ,, =
100 to 200 ms) 1s intermediate between that of
DMPC alone, respectively, above (¢, , =20 ms
and below 7, ,, = 2000 ms) the phase transition It
fits well with the idea that cholesterol has an
ordering effect of DMPC above the phase transi-
tion

Finally, the effect of these carotenoids (asta-
xanthin, zeaxanthin, and decaprenoastaxanthin)
on a DMPC bilayer have been compared As was
shown 1n Fig 1, they enter the bilayer in a trans-

TABLE IV

membranal manner and they stabilize both halves
of the bilayer Therefore, one should compare 30%
molar cholesterol to 15% molar carotenoid How-
ever, 1t 1s impossibie to incorporate more than 8%
of the C,, carotenoids in a DMPC bilayer [4]
They all have an effect sumilar to cholesterol they
lower the water permeability and have an effect
on the swelling amplitude corresponding to a
nigidification

This work shows that the stopped-flow hght
scattering method 1s well adapted to the measure-
ment of water permeability and the evaluation of
bilayer ngidity The amphitude of the light scatter-
ing change, which had never been studied, was
interpretated by two distinct approaches

The theoretical simulation of the vesicle swell-
ing makes it possible to compute radius change
from the measured intensity change and allows
further theoretical studies On the other hand, the
calibration curve (Fig 7) allows direct comparison
between vesicles of different radius This more
empirical approach has been used to compare the
reinforcing effect of cholesterol and three carote-
noids on model membranes These compounds
lower the water permeability and the amphtude of
swelling These two parameters are indications of
membrane reinforcement So, at least on model
systems, incorporated bipolar-carotenoids exert on
the bilayer a mechanical role simular to cholesterol
[2] However, the solubility of the carotenoids 1n
DMPC bilayers 1s hmited [4], and we are currently

SUMMARY OF THE EXPERIMENTAL DATA CONCERNING, RELATIVE LIGHT SCATTERING AMPLITUDE CHANGE
(41/1,), WATER PERMEABILITY (1,,,) AND BILAYER RIGIDITY (41/(J; (Z-1))), FOR VESICLES OF A GIVEN
COMPOSITION AND DISSYMMETRY (Z), AT A GIVEN TEMPERATURE

Composition Temp z —-Aal/l, 2 —Al/(Iy (Z~1))
°0 (%) (ms) (%)
DMPC 33 37 10 20 37
DMPC 15 10 21 2000 23
DMPC + 30% molar cholesterol 33 42 55 70 17
33 7 102 90 17
33 9 115 115 14
33 15 195 260 14
DMPC + 6% molar Cyyastaxanthin 33 43 10 25 3
DMPC +10% molar Cpastaxanthin 33 65 7 55 13
DMPC + 8% molar Cy,astaxanthin 33 8 165 45 24
DMPC + 8 5% molar C,yzeaxanthin 33 93 17 30 21




studying the effect of natural bacteriocarotenoids
on diphytanyl lecithins bilayers and simular model
systems closer to natural bacterial membranes
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