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Snm~-anOe neutron seatter~g i been used to study sUueturd ie~ures oi lldell~ bilayer membrenes d 
dimydstoylphospimtidylcholine (DMPC) and DMPC mixed with various amount of cholesterol. The studies 
were recorded at a I~xed hydration level ol 17% 2HzO, i.e. just below saturation. Bragg r e ~  ~ves 
information on the ripple stmeha'e and on the bilayer periodicity. The crystalline L c phase, which was 
stabilized jdter long time storage at low temperature, exhibits major small angle scattering when cholesterol 
is mixed into the memlnxne. The interraediate P#, gel-phase, which is characteristic by the rippled mucna.e, 
is dramatieaUy stabiliml by the introduction d cholesterol. The ripple structure depends significantly bo~ 
on the cholesterol content and on the temperatme. At high temperatures, T> 15°C, the inverse dpple 
periodicity varies basically linearly with cholesterol content, and approach zero (i.e. pefiodidty goes to 
infinite) at 20 tool% cholesterol, apgoximtdy. At lower temperatm'es ti~ correlation is more coml~x. The 
data indicate additional phase ,tmundades below 2 tool% and at approx. 8 tool%. Secondary rippled slruetur~ 
are observed in the low temperatwre Lp,-phase for cholesterol content below approx. 8 lnO~. The data gives 
detailed insight into the pbOSl~tldylchollne cholesterol phase diagram, which is discussed on the basis of a 
simple model in which the cholesterol complexes are fixed to the ddect stripes of the rippled structure. 

!. Introduction 

Bi.o!~cal membranes are bilayers formed by 
hydrated phospholipids as the basic building unit, 
and various additives. From a physical point o~ 
view, the lipid bilayers are liquid crystals widun a 
smectic phase which depends on lipid composition 
and temperature as the most important parame- 
ters. A very important additive to the plasma 
membranes is cholesterol, which appear to have 
astonishing influence on the membrane properties. 

Comspoadence: K, Mortcnsen, Physics Department, Risa Na. 
tional Laboratory, Pustboks 49, DK-40CO Roskilde, Denmark. 

The study of interaction between phosphofipids 
and cholesterol have therefore recently attracted a 
lot of int-,...vests. 

The phase diagram of phosphollpid bilayers has 
been studied by numerous techniques. Most of t,he 
work have been concentrated on two of the phase 
transitions, and the corresponding three phases. 
These are the two crystalline solid (gel) phases 
with conformationaliy ordered acyl chains, de- 
noted Lp, and Pp. respectively, and the liquid 
crystalline phase with confonnationally disordered 
acyl chains, denoted Lo [1]. The transition at T m 
between the P~, gel.phase and the liquid L,. phase 
is the so.caUed main phase transition. At a lower 
temperature, T~. the bilayer undergoes a gel-gel 
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Fig. 1. Schematic illustration of the four phases, L¢, L~,, P~, and L,, of lameilar amphiphilic layers, as they conventionally are 
expected to be like. The observed transition temperatures of pure DMPC-d54 are included in the diagram. Arrows with solid lines 
represent quick kinetics involved in the phase transformation (of the order of minutes or less), while the arrows with broken lines 

represent slow kinetics (of the order of months). 

phase transition, which at the present, however, is 
not understood in detail. Conventionally, the pre- 
transition is associated with the ceases of the 
characteristic corrugated surface profile, the rip- 
pies, which frequently have been observed in the 
upper P~. phase [1-9]. However, both Sackmann 
et al. [3] and Coleman and McConnd [4] have on 
the basis of freeze-fracture electron microscopy 
studies, in addition observed modulated structure 
in the low temperature L,, pha~e, although the 
Lg, undulations might be different from those of 

the P~. phase. The present neutron scattering in- 
vestigation confirms these results of different kinds 
of ripples within the L~, and P~, phases. 

The present study strongly suggests that 
cholesterol tends to decrease the tilt angle of the 
acyl chain, for eventual to be orthogonal to the 
bilayer plane within the gel states. The obtained 
data show moreover marked variation in the rip- 
ple structure, which may indicate that the Pr 
phase in reality is composed of different phases, 
dependent on temperature and cholesterol con- 
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tent. These features can, though, also be due to 
changes in the physical parameters dominating the 
tipple formation. 

A third basic phase transition is observed when 
the material has been at low temperature for a 
long time. Then the hydrocarbon chains crystallize 
into a highly ordered phase, c~ed L c [10]. The 
kinetics involved in the creation of the L c phase 
depends on size of acyl chains and temperature. 
Typically, the time of Lo formation is of the order 
of days or months. The L c ~o L#, or L¢ to P#, 
phase trans;tions (depending in phosphatidylcho- 
line hydrocarbon length) are, on the other hand, 
quick. In Fig. 1 the four phases and the cone. 
sponding phase changes are schematically repre- 
sented. 

In dimyristoylphosphatidylcholine (DMPC), the 
subtransition temperature is above the pre-transi- 
tion temperature, T~ > Tp (Fig. I and Ref. 10). 
Details on the experimentally established phases 
are therefore critically dependent on the thermal 
history, of the sample. We have accordingly per- 
formed the series of measurements in well defined, 
comparable thermal cycles, as described below. 

Introducing cholesterol into the phosphati- 
dylcholine brayer causes remarkable behaviour. 
At low cholesterol concentrations a slight broad- 
ening of the main phase transition has been re- 
ported, whereas at higher concentrations the fiquid 
phase, of the bilayer is dramatically stabilized [11]. 
Mabrey et ai. found a slight depression of the 
main transition versus content of cholesterol, 
whereas Recktenwald and McConnel [13] did not 
see any change in the transition temperature up to 
20 mol~,, Knoll et al. [12] have on the basis of 
neutron scattering studies on liposomes in excess 
water pointed to hterM phase separation of the 
gel state leading to an immiscibility gap between 8 
and 20 mol~ cholesterol, approximately. 

The ripple structure and the effect of cholesterol 
have already been studied by various groups, how. 
ever, with somewhat contradicting results. Studies 
based on freeze-fracture electron microscopy [3-5] 
and X-ray diffraction [1,2] result in ripple peri- 
odicity of 120/k for DMPC. Freeze fracture images 
of small vesicles, i.e. those with major curvature, 
show in addition regions of secondary ripples with 
wavelength of about 260 A. This long wavelength 
structure have not been reported in diffraction 

studies, presumably due to negligible content of 
the curved regions in the lamellar samples used for 
diffraction studies. Sackmann et al. [3], Copeland 
and McConnel [4] and Knoll et al. [81 found in 
some samples also long wavelength ripple struc- 
tures at temperatures well below the pretransition 
temperature. The P#. tipple periodicity was by 
Copeland and McConnei [4] and by Hicks et al. 
[6] reported to decrease with the content of 
cholesterol, and above 20 mol$, no rippling was 
observed. Knoll et al. [8], on the other hand, 

, found no change in periodicity for up to 8 mol~ 
cholesterol, and for x c > 0,08, x¢ being the mol~ 
of cholesterol, the observed tipple distance strongly 
fluctuates. 

The present work deals with neutron scattering 
studies on lamellar structures of perdeuterated 
dimyristoylphosphatidylcholine (abbreviated 
DMPC-d~ in the following) incorporated with 
various amount of cholesterol. The hydration 
(2H:O) level is fixed at 17%, i.e. just below satura- 
tion. The diffraction data gives direct information 
on the bilayer periodicity, and in particular infor- 
mation on the ripple structure of (DMPC-ds4)t_~,, 
+ (cholesterol),,~ versus content of cholesterol, x c, 
and temperature, 7'. 

The tipple structure is clearly seen in the P#, 
phase of the pristine DMPC.d~ material, how- 
ever, as in previously reported scattering experi- 
ments [1,2], only one kind of ripples appear in this 
phase. In the L#, phase, on the other hand, a 
secondary long wavelength ripple structure ap- 
pears, probably equal to that observed in some 
freeze-fracture studies [3,4,8]. These features are 
more clear in the samples of low cholesterol on-  
tent. In the 2 tools cholesterol bilayer material 
there is a distinct overlap in temperatures, where 
two kind of ripples are present. The 4 mol$ 
material shows also evidence of a secondary ripple 
at lov, temperature. In the ~amples with 8 mol$ 
cholesterol and more, there is no longer any evi- 
dence of the pre-transition, and in the 8 and 14 
mol~ cholesterol materials, the presumably 
primary tipple structure remains to the lowest 
temperatures studied (T-5°C).  The x~=0.18 
composition did not show any scatterinl~ peaks 
reflecting rippled structure. Still, however, major 
small angle scattering stlongly suggests some kind 
of fluctuating rippled structure, although they are 
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too disordered to give rise to Bragg reflections. No 
sign of ripples are observed for cholesterol content 
of 24 mol~. 

Generally, the introduction of cholesterol causes 
increasing ripple periodicity. However, as the 
cholesterol also gives rise to marked temperature 
dependence of the pcriodicity, the relationship 
between periodicity and cholesterol is certainly 
not trivial. 

The scattering data show ~ao evidence of rippled 
structure in the melted L,,-phase, nor in the crys- 
talline L~ phase. However, major small angle 
scattering at low temperatu:res indicates complex 
texture of the L~ phase, eventually resulting from 
some kind of cholesterol segregation. 

il. Materials and Methods 

H. ]. Materials and sample preparation 
Dimyristoyiphosphatidylcholine with perde- 

uterated fatty acid chains (DMPC-d54) was ob- 
tained from Avanti (Birmingham, AL) and 
cholesterol was ~btaine a _ from Serva (Heidelberg, 
F.R.G.). All lipids gave a single spot on thin-layer 
chromatography and were used without further 
purification. 

For sample preparation, DMCP-ds4 and 
cholesterol were dissolved in CHCI 3 solvent. The 
solvent was afterward evaporated under dry 
nitrogen atmosphere and subsequently further 
dried in vacuum !o remove traces of the CHC! 3 
solvent. 20~ 2H20 was then put into the composi- 
tion, and the sample was sealed and equilibrated 
in an oven at 50°C for 2 h. This preparation 
procedure yields a final water content of 17 wt%, 
(where 'wt' is with regard to the corresponding 
amount of non-deuterated water, H20 ). The 
lipid-cholesterol mixtures were finally filled into 
quartz cells, sealed and tempered at 80 °C for 8 h. 
The final amount of water was determined after 
the experiments using a Mitsubishi moisture-meter 
MCi model CA-02 according to the Karl Fischer 
method. 

11.2. Sample treatment 
The samples were contained in special made 

holders with quartz windows. The sample thick- 
ness was 0.2 nun axial the effective area seen by the 
neutrons was 6 mm diameter. The holders were 
one by one situated in a thermostated sample 

chamber, of which the temperature was controlled 
to 0.5°C. 

The data presented in this paper represent all 
samples, which have been stored at 5 °C for more 
than a month before the series of measurements 
were performed. This procedure was done to 
stabilize the crystalline Lc phase. The sample was 
then within approx. 15 h heated stepwise to 30 o C, 
which is well in the liquid L,. phase. At each level, 
scattering measurements were performed. After 
the heating to 30°C the sample was cooled to 
5 o C, while measuring, and successively heated a 
second time to 30°C. Generally, the data ob- 
tained during the cooling and during the second 
heating (marked metastable in the figures below) 
were equal, while the data of the initial heating 
(marked stable in the figures) showed different 
behaviour. Some of the materials were in addition 
measured shortly after preparation. These scatter- 
ing data were all in agreement with those of the 
later annealed (i.e., metastable) specimens, pre- 
sented below. Some of the samples were moreover 
studied a second time after storage at 5°C for 
months. Except for the sample with 4 moE$ 
cholesterol, the data was unchanged relative to 
that observed previously, including small angle 
scattering and properties on ripple. These features 
are in agreement with the slow kinetics involved in 
the formation of the crystalline L c phase, and 
quick kinetics in the annihilation of the Lc phase 
and in the pre and main phase transitions. Thus, 
we believe that the initial (stable) scattering curves 
represent data of the L c--* P~,-* L a phase di- 
agram, and the su~essive data (metastable) repre- 
sents the L~:, ~ P/v ~ L,, phase diagram. Some 
hysteresis was, though, found in the ripple and 
bilayer structure of pristine DMPC-ds4, and the 
sample with 4 mol~ cholesterol showed some hys- 
teresis in small-angle scattering at low tempera- 
tures. These features will be discussed below. In 
the 4 tool% material, the ripple was not observed 
when the sample was reexamined several months 
after the first study, thus pointing to some kind of 
degradation of that sample. 

11.3. Small.angle neutron scattering experiments and 
data evaluation 

The neutron scattering experiments were per- 
formed using the small.angle neutron scattering 
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(SANS) camera at the cold source of Ris~ Na. 
tional Laboratory. The neutron beam was mono- 
chromatized using a mechanical velocity selector, 
with a setup resulting in a resolution of d?~/~ = 
0.18. The 2.25 m collimation system had a 6 mm 
aperture in front of the sample and the entrance 
aperture after the velocity selector was 14 r~Jn. 
The distance between sample and detector tvas 
3.00 m. The scattering data were recorded ush~g a 
59 cm diameter area.sensitive 3He-proportional 
counter, and a beam-stop of 4 cm diameter was 
used to catch the direct beam. The n,~utron wave- 
length was ~--3.5 ~, for studies of the bilayer 
repetition length. For studies of the ripple struc- 
ture, ~, ffi 8 A, 15 ~, and 24 ]~ were used. The 
?, ffi 3.5 A, neutron spectra were recorded within 10 
rain, the ~, ffi 8 A spectra within 30 min, and the 
15 and 24 A spectra were recorded within 1-2 h. 

For the background correction, to be sub. 
tracted from the raw data Fdes, we used for the 
spectra obtained with neutron wavelength of 8 ,A 
or more the raw 30°C spectra of the samples 
themselves. These L,.-spectra showed no signifi- 
cant structure, except for minor small angle 
scattering dominated by artificial effects (window 
etc.), and incoherent scattering of the sample. The 
pure DMPC-d~ lipid showed though some unre- 
producible scattering at the smallest angles, maybe 
due to bubbles in the sample. Unfortunately, we 
therefore had to disregard the scattering data of 
that material for scattering vectors below q -- 0.011 
~,-t. For the spectra obtained using ~, = 3.5 ]~ 
neutrons, a modified version of the 30°C spectra 
were used, in which the (10)-bilayer Debye- 
Scherrer ring was eliminated by software. The 
two-dimensional scattering data were corrected 
for inhomogeneities in the detector efficiency by 
using the incoherent scattering from water, and 
finally they were 'normalized' by multiplication 
with a cotista~tt factor..This normalLTation-factor 
makes all spectra obtained to be directly compara- 
ble, as one intensity unit (arbitrary unit in the 
figures) are the same in all data presented below. 

All spectra obtained showed circular symmetry 
of the 2D-data fdes. After background correction 
and normalization the two-dimensional data were 
reduced by radially averaging, thus giving the final 
intensity (I) versus scattering vector (q) data pre- 
sented in the Figs. 2-8 and 11-17 shown below. 

IlL Experimental results 

The neutron scattering diffraction pattern shows 
Bragg reflections which we attribute to (1) the 
bilayer periodicity and (2) the rippled structure of 
the lamellar planes. The reflection peaks were 
fitted to Gaussian form, and the bilayer and the 
ripple periodicities were obtained using t~raggs 
law, d-- 2.~r/q. The bilayer reflections, which have 
wavevector of the order of q = 0.1 A-i is within 
the limited q range only.for data sets obtained at 
neutron wavelength 3.5 A-i. The ripple reflection 
was studied at suitable wavelength, typically 8 or 
15 ~,. 

The data exhibit features which will be dis- 
cussed in detail for each composition below. In 
the low temperature Lc phase, major small angle 
scattering dominates at q values below approx. 
0.04 ~-1, though somewhat depending on the 
sample. Only the phosphatid¥1choline bilayer with 
24 mol$ cholesterol shows no significant 
small-angle scattering after storage at 5 ° C. 

The Brag8 peaks related to the bilayer periodic- 
ity exhibit major temperature dependencies, which 
clearly reflect the transitions between the various 
phases. This is mainly marked in the bilayers with 
cholesterol. There they show in addition a depen- 
dence on the cholesterol content and give evidence 
of a phase boundary near 20 mol~ cholesterol. 

II1.A. Bilayer periodicity 
In Fig. 2 is shown representative neutron 

scattering results of DMPC with perdeuterated 
acyl chains (DMPC-d~) and various content of 
cholesterol, as obtained at T= !1°C and with 
neutron wavelength 3.5 ]~. The diffraction peak 
corresponding to the bilayer repetition length (the 
(10)-reflection) dominates the scattering pattern. 
Also the ripple structure ~ves rise to reflections in 
these spectra. For the bilayer system of 14 mo|~ 
cholesterol the ripple reflection is only badly re- 
solved in the 3.5 A spectra, and moreover it is 
partly covered by the beam stop. In Fig. 2, the 
x c = 0.14 data of q < 0.03 .A- t are therefore those 
obtained by 8 .A neutrons. No fitting parameters 
have been used to merge the two sets of data. 
Significant small angle scattering is observed in 
the 'stable state'. 
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(DMPC- ds~)~.xo (CHOLESTEROL).o 
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Fig. 2. Neutron scattering results, intensity versus scattering 
vector q of DM1PC-d54 with various content of cholesterol as 
obtained at T=I°C.  The data show both the Bragg reflection 
due to bilayet periodicity and due to tipple structure. The 
stable state represents initial set of data, following "l:e phase 
sequence L¢--* Pp,--* L,,, whereas the metastable state repre- 
sents data obtained during cooling from 30 o C, i.e. L= e; pp, e~ 

L,0,. 

For all measurements obtained, except that of 
the pristine DMPC-d:, 4, the spectra of the meta- 
stable phases were perfectly reproducible within 
the time of a temperature cycle from 30°C to 
5°C to 30°C (approx. 30 h), i.e., the data ob- 
tained during cooling and the successive heating 
were equal. 

III.A.I. DMPC-ds~ 
For Lhe pfist,_'pe DMPC-d~4 bilayer sample, the 

data of the second heating gave marked dif- 
ferences relative to those of the preceding cooling 
run. The data of the second heating showed results 
which to a large exterd are sitnilar to the initial 
run, presumably going through the phases L c --* 
P~, --, L=. The bilayer periodicity was exactly equal 
to that of the initial measurements, an~ the inten- 
sity showed temperature dependence similar to 
that of the initial data, although the absolute 

values were slightly smaller after the thermal treat- 
ment. These features are more clearly seen in Fig. 
3, which show the bilayer periodicity, and the 
corresponding peak intensity versus temperature 
for each of the samples examined. 

During the second heating of the DMPCds4 
sample, the reflection peak showed marked tails at 
the low-q side (Fig. 2, see also Fig. 5). This tail, 
which was not seen neither during the initial heat- 
ing, nor during the cooling of the material, ap- 
peared at 6 o C, approximately, and disappeared at 
roughly 140 C. 

The bilayer periodicity obtained from our nell- 
tron scattering studies on the pristine DMPC-ds4 
material are in good agreement with the results on 
DMPC obtained for 17% hydration [2]. Also the 
temperature dependence of the bilayer periodicity 
during the heating of DMPC-d~ is very similar to 
that observed by Janiak et al. [2], who, however, 
did not include the L c phase. Mattai et al. [9] have 
studied other phosphatidylcholine bilayer systems 
at some discrete temperatures, including the Lc 
phase, and also found results which qualitatively 
are equal to those of DMPC-ds4. 

Knoll et al., who studied DMPC in saturated 
non-deuterated excess water, H20, reported a re- 
duction in the main transition temperature from 
23.5°C to 17.5°C, when DMPC is substituted 
with the deuterated analog, DMPC-d~ [12]. In 
the present study, which deals with multi-lamellar 
structures below water saturation (20~), we find 
significant higher transition temperatures, namely 
values which are close to those of DMPC at high 
HeO-content. We believe that if the sample was 
saturated with 2H20 excess water, we would find 
values which are basically identical to those ob- 
tained in H20. The higher values actually ob- 
served are probably due to the water level below 
saturation. This is known to cause increasing tran- 
sition temperatures [14.1. For the pa' e; L, phase 
transition, the marked change in lattice parameter 
reveal a main-transition temperature of Tm = 
22°C. The L c .-, PF and the L#, e; po, phase 
changes are less clearly determined from the study 
of the bilayer repetition length, although modified 
behaviour are observed both in T dependence of 
periodicity and in the intensity of the correspond. 
ing Bragg peak at T= 12°C (see also the discus- 
sion below). 
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III.A.2. DMPC.df~ mixed with cholesterol 
]'he effect on the bilayer periodicity when the 

DMPC-d~ lamellar systems are mixed with 
cholesterol, is generally an enhanced lattice 
parameter, however, with a degree and functional- 
ity which markedly depends on which state the 
bilayer system is in. This is seen directly in Fig. 3, 
for example, but appears even more clearly in Fig. 
4a. 

In the liquid L,, phase, the bilayer periodicity 
changes gradually with content of cholesterol. For 
0 tool% we find the lattice parameter at 30 o C to 
be a = 52 ,A, and at the maximum cholesterol 
content studied, x c = 0.24, the bilayer periodicity 
has increased to 58 ,~. This increase could be due 
to stiffening of the fluid chains with inc,-easing 
cholesterol content. 

In the gel states, the dependence on cholesterol 
is markedly different. The major effect of 
cholesterol appears already in the low concentra. 
tion regime: In our study between the pristine 
material and the material with 2 tool% cholesterol. 
From 0 to 2 molg~ cholesterol, the lattice parame. 
ter is markedly enhanced, whereas it only depends 
sfightly on the further cholesterol content. Hui 
and He [15] found qualitatively similar results 
studying, presumably, the L e,, Pp, and L, phases 
of DMPC in H20. 

The Lp, to Pp, pre-transition is in none of the 
bilayer materials accompanied by significant 
changes in bilayer pedodidty, but perhaps a slight 
change in the slope of periodicity versus tempera- 
ture (Fig. 3). At the main transition, on the other 
hand, both the pristine sample and i~e materials 
with small cholesterol content show marked 
changes in bilayer repetition length. The samples 
with 2 and 4 molg~ cholesterol show modification 
in the periodicity quite similar to )hat of the 
pristine material, whereas further amount of 
cholesterol cause a reduced change of the lattice 
parameter. At cholesterol content above 18 tool% 
there is only minor, if any, changes. 

The most dramatic effect is seen in the crystal- 
line, stable L c phase (Figs. 3 and 4a). ]t appears 
from the temperature dependencies shown in Fig. 
3, that the characteristics of the sub-phase changes 
dramatically when small amounts of cholesterol 
(< 2 mol~) are induced. While the pristine 
DMPC.d~ material only shows a minor change in 
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Fig. 3. bilayer periodicity (left column) and peak intensity 
(right column) of DMI~.d~ with various content of 
cholesterol, as obtained from Gaussiem fits to the diffmctioa 
data of Figs. 2-8. Note the different scales on the intensity 
plot. The closed symbols represent dam of the stab!e state, 
whereas open symbols are those of the mctastable stare (see 

text). 

bilayer repetition length, when going from the 
crystalline sub-phase to the PB' 8el'p hase, the 
cholesterol induced bilayers show dramatic 
changes (Figs. 3 and 4b). For cholesterol content 
of 2 mol%, the change in the lattice parameter 
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observed is 8% (Fig. 4a). At higher cholesterol 
contents, the change at T s decre.a~ gradually and 
vanish at 20 tool%, according to extrapolation. 
Quite similar behavio~r ar~" seen when the materi- 
als change from the metastable L~, phase to the 

stable sub-phase. Differences in the crystalline 
sub-phase of DMPC-d~ and (DMPC-d~)1_xo + 
(cholesterol)x c, 0 < x c < 0.2, arc also manifested in 
the kinetics involved in the L c formation. Some 
hysteresis observed in the pristine material during 
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the thermal treatment indicates time constants of 
the order of several hours for the L c formation in 
agreement with previously published data, whereas 
the materials with cholesterol need months to 
form the sub.phase. 

The intensity of the Bragg peak of the bilayer 
periodicity gives additional eviden~:e of some of 
the phase transitions (right column of Fig. 3 and 
Figs Ac and 4d). Introduction of 2 mol~ 
chol~'sterol causes dramatic increase in intensity in 
all phases (Fig. ~), whereas further content of 
cholesterol causes the intensity to decrease. In the 
low temperature L¢ phase the relationship be- 
tween the intensity and the cholesterol con~ent is 
near linear. The other phases might indicate some 
kind of change in relationship close to 8 mol~. No 
marked change in behaviour is observed near 20 
mol~ cholesterol. 

In all of the brayers with cholesterol content 
less than 20 moist (0 < x c < 0.2), a sub-transition 
is clearly observed as the scattering intensity drops 
markedly going from the L¢ phase to the PB' 
phase (Figs. 3 and dd). A maximum in this change 
of intensity is observed near 8 toeing. Near the 
main.transition a drop in intensity is observed for 
the compounds with cholesterol coatent less than 
8 mol~. The 2 mol~$ material exhibits though in 
addition a marked minimum in intensity during 
the initial heat-treatment, whereas the successive 
meast!rements show a more regular drop near T~. 
The bilayer sample with 4 mol~$ cholesterol shows 
only a drop in intensity during the initial run, but 
no major changes in the succeeding studies. For 
samples with more than 8 mol~ cholesterol there 
is no significant changes in peak-intensity near 
Tm, except for eventual minor modification in the 
slope of the peak-intensity versus temperature. 
These properties point to some kind of phase 
boundary near 8 mol~$ cholesterol. 

III.A.3. Discussion of the results based on bilayer 
periodicity 

The gradual decrease in the modification of the 
lattice parameter at the main transition and totally 
absence of any changes for cholesterol content of 
20 mol~ and more, is in agreement with the result 
of Hui and He [15], who concluded that the change 
from the gel state to the fluid state are no longer 
distinctive when the cholesterol content reaches 20 

mol%. This result is moreover m agreement with 
other physical results as for example the role of 
cholesterol in regulating membrane fluidity (for a 
recent review, see Ref. 16). Our results indicate 
that also the crystalline sub-phase is suppressed at 
cholesterol content of the order of 20 reel%. 

The contiauous decrease in intensity of diffrac- 
tion line with increasing cholesterol content sug- 
gests that the molecular arrangement becomes in- 
creasingly disordered. For extracting maximum 
knowledge from this, one must of course include 
the changes in structure factor as due to different 
scattering length of cholesterol and DMPC-d~. 
Moreover it is necessary to include assumptions 
on the interbilayer correlation between cholesterol 
positioning. This discussion goes beyond the aim 
of the present report. 

The gradual increase of the bitayer repeat spac- 
ing observed in the liquid Lo phase may be due to 
stiffening of the fluid chains with increasing 
cholesterol content. The much stronger increase 
which are observed when small amounts of 
cholesterol are induced in the lamellar gel struc. 
lures, is probably due to reduced tilt angle of the 
rigid aeyl chains in these phases. This is in agree- 
ment with the conclusion of Hui and He [15] and 
with the model of Presti et aL [17]. If this interpre- 
tation is correct, then the further increase of the 
gel-state bilayer thickness after inducing 
cholesterol beyond 2 mol~ might be due to fur- 
ther decrease in the tilt angle (see Fig. 4a, L#, and 
PD' phases). 

In this light, however, i: i~ ~iffic',zI: t~ cxpla~a 
the even stronger increase ,3f the bilayer repeat 
distance in the crystalline L. phase, which was 
observed when 2 mol~ cholesterol was added. In 
the L c phase, the acy! chains are namely supposed 
to be perpendicular to the membrane plane al. 
ready in the pristine material [18], and changes in 
flit angle can accordingly not explain increase in 
bilayer repetition length. One should note that the 
changes of the sub-phase is not 'only' a modified 
lattice parameter. The tt.~nperature dependence of 
the observed bilayer periodicity of DMPC-d54 is 
qualitatively different from that observed in th,," 
materials incorporated with cholesterol (Fig. 3). 
One could wonder whether the pristine material 
really is in the crystalline L c phase. But our data 
of DMPC-ds4 are in perfect agreement with the 
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previously reported crystallographic data, includ. 
ing the L~ sub-phase [9,18], and, moreover, the 
sub-phase of pure DMPC-d~ seems to be created 
on a much smaller time scale than that of DMPC- 
d54 with cholesterol, as mentioned above. It there- 
fore seems that the sub-phase of DMPC-d54 with 
cholesterol is substantially different from that of 
pure DMPC-d~ bilayers. The relevant question is 
of course, where are the cholesterol molecules 
situated when the bilayers are in the crystalline 
sub-phase? The observation of major small angle 
scattering, which will be discussed further below, 
might include information on this. A possible, but 
probably unlikely interpretation of the scattering 
data is that cholesterol segregates in regions be- 
tween the two amphiphilic monolayers. Alterna- 
tively cholesterol might change the hydration of 
the meltilayers. 

Independent of the nature of the changes in the 
changes in bilayer repetition length, the study 
gives valuable information on several details on 
the phosphatidylcholine-cholesterol phase di- 
agram, as already emphasized. These axe the value 
of the sub- and the main-transition temperatures 
versus cholesterol content; the phase boundary at 
very low cholesterol content (xc < 0.02), which in 
the gel-states probably reflects modification of the 
hydrocarbon-chains tilt angle; and the phase 
boundary near 20 mol~ cholesterol. Moreover 
there seems to be indication of changes in be- 
haviour near 8 mol~g cholesterol content. These 
features, which are included in the phase diagrams 
shown in Fig. 15, will be further discussed below. 

III.B. Ripple structure 
In Figs. 6-9 are shown the neutron scattering 

spectra, intensity versus scattering vector, for 
pristine DMPC-d~, and DMPC-d~ incorporated 
with 2, 4, 8, and t4 mol% cholesterol, as obtained 
at temperatures between 5 and 30°C. The q ranges 
covered are of the order of 0.007-0.070 ~ -  1. Most 
of the samples did not show any changes in the 
scattering related to the ripple between the mea- 
surements obtained during cooling after annealing 
to 30 ° C, and the successive heating. These are the 
2, 8, 14, 18 and 24 mol~ materials. The pure 
DMPC-d~, on the other hand, showed marked 
changes in the scattering between the cooling and 
the successive heating procedure, as also observed 

in the investigation of the scattering pattern ob- 
tained at larger q values, discussed above. The 4 
mol~ material showed in additio¢ some <.hanges 
in the small angle-scattering observed between the 
two series of measurements, however, this did not 
affect the ripple structure. 

Ripples are observed in bilayer blends with 
cholesterol content of 0, 2, 4, 8 and 14 mol%. The 
18 mol% material showed no Bragg reflection, 
which could be associated with rippled structure, 
but a marked small angle scattering is probably 
related to distorted ripple structure with no 
long-range correlation. The 24 mol~ material 
showed no evidence of ripple reflections even at q 
values up to 0.004 A. -1 (as obtained with 24 A 
neutrons). Introduction of cholesterol causes 
marked temperature dependencies in the ripple, 
which may indicate substantial different physical 
properties involved in stabilizing the ripples of 
fipids with and without cholesterol. 

At low temperatures, below 9-14°C depending 
on composition, two well separated kind of ripple 
Bragg reflections are observed in materials of 
cholesterol content up to 4 mol~, however with 
marked different temperature dependence. The 
long wavelength ripple corresponds probably to 
the undulations observed previously in low-tem- 
perature freeze-fracture studies [3,4,8], and which 
seems to be different from the long-wavelength A 
types of ripples, which sometimes are observed in 
freeze-fracture studies in the Pp, phase [4-7]. 

III.B. L Ripple structure of DMPC-d~4 
In Fig, 5 are shown the ~attering data ob- 

tained of DMPC-d~ using 8 A wavelength neu- 
trons. The data shows the initial study (a) pre- 
sumably following the phase sequence L c --, Pp, -, 
L,, the succeeding data set obtained during cool- 
ing the sample (b) and the final set obtained 
during second heating (c). Fig. 10 shows the result- 
ing peak intensity and ripple wavelength using 
gaussian fits to the scattering functions. 

In the studies performed following the phases 
L~ .-, Pp, --, L° (the stable state), ripple structure is 
observed between 13.80C and 19.7°C, both tam- 
peratures inclusive. The spectrum at T= 11.8°C 
may also indicate a very weak ripple reflection, 
whereas the spectrum at T=21.8°C show no 
evidence of ripples. The ripple periodicity changes 
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Fig. 5. Neutron scattering results, intensity versus scattering vector of DMPC-ds4, as obtained using 8 ~, neutrons. The data show the 
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which is the tail of low q side of the bUayer reflection, and the small.angle scattering observed at the same temperatures. 

markedly within the 12-20°C regime, na~nely 
from being 123 ~, at 11.8°C to be 142 A at 
19.2°C. 

in the L~,--* Pp,--L° (metastable) state, the 
ripple reflection intensity shows marked time de- 
pendent changes near 9°C, probably reflecting 
the Lp,-P r pre-transition. Just below the main 
phase transition, the ripple wavelength shows a 
distinct decrease. In the low temperature metasta- 
ble Lo, phase, a secondary reflection appears in 
the scattering data, corresponding to a ripple 
structure with period 260 A. The intensity of that 
tipple is relatively small, and vanishes at T = 9 o C. 
Near the main phase transition, the primary ripple 
structure disappears relatively abrupt. Near the 
pre-ttansition t~mperature, the ripple properties 
seem to change more gradually, however, as the 

tipple structure below Tp is only slowly decaying 
with time, a qualitative description of the DMPC- 
d54 pre~transition is not possible on the basis of 
the present data sets. 

III.B.2. Ripple structure of DMPC-ds, with 2 
tool% cholesterol 

Only some features of the ripple structure of 
DMPC-d54 with 2 mol% cholesterol are obviously 
similar to those of the pristine material. The 
scattering data as obtained using 8 ~, and 15 ,~. 
wavelength neutrons ate shown in Fig. 6, and in 
Fig. 10 is shown the resulting peak intensity and 
tipple period. 

In the stable state, the rippled st:~cture appear 
between T--16.1 and 21.8°C, i.e. between the 
sub. and the main-transition. However, while the 
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ripple periodicity of pure DMPC-d54 was increas- 
ing monotonously within this phase, the general 
tendency of the 2 tool% sample is decreasin~ 
value. The ripple wavelength varies between 170 A 

o 

and 153 A, the minimum being below the main 
transition temperature, namely at 20.8 ° C. 

In the metastabie state, L B, e; p~, e; Lo, the 
primary ripples appear between 8°C and 22°C. 
There was no difference in the observations oh= 
tained during cooling and during heating the sam- 
pie, and there was no sign of a time dependence as 
that observed in pure DMPC-d~. After a week at 
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5 °C, there was still no sign of the stable state, 
which however was regained after months at thi3 
temperature. The ripple wavelength decreases very 
steeply near the pre.transition temperature, Tp ffi 
9 o C, and it becomes less T-dependent at higher 

temperatures. Just below the main transition tem- 
perature, Tm= 22° C, the wavelength is increasing. 

The intensity of the ripple reflection shows 
characteristic behaviour, with art overall maximum 
intensity at T= 14°C, and hint of a second maxi- 
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mum near 19°C, which is the maximum of the 
ripple structure of the stable state data. 

At T= 20°C there is a distinct change in the 
temperature dependence of the ripple peak inten- 
sity, but compared to the pure DMPC-ds4 
material, the intensity decreases more gradually. 

Below the point of maximum intensity (14°C), 
a secondary long wavelength reflection appears in 
the scattering data, indicative of an other kind of 
ripple. A secondary low T ripple was also ob- 
served in pure DMPC-du, however, while that 
was rather weak, the secondary ripple of DMPC- 
d~ with 2 mol~ cholesterol becomes even more 
intense than the primary Pa' tipple. The low-tem- 
perature secondary rippl/z have a wavelength of 
360 A at 4~C, and it decr.e~es to 220 A at 
14.5 ° C. After a week at 5 o C, there was n'o change 
in the observed structure. Knoll et al. [8] reported 
also evidence of a secondary ripple at low temper- 
ature of a simiIar lipid composition. 

III.B.3. Ripple structure of DMPC-ds4 with 4 
mol~ cholesterol 

Fig. 7 shows the scattering data of DMPC-d54 
incorporated with 4 mol~ cholesterol, and Fig. 10 
includes the resulting ripple periodicity and 
scattering peak intensity plotted versus tempera- 
ture. In the stable state, the ripple could dearly be 
identified between T= 16 and 19°C, although 
very weak relative to that of the other samples. 
Below 16°C, the scattering was dominated by 
small angle scattering. The ripple structure ob- 
served is similar to that observed in the metastable 
state at the same temperatures. 

In contrast to the properties of the primary 
ripple of the two materials discussed above, 0 and 
2 molto cholesterol, the 4 mol~ bilayer has a 
ripple-reflection intensity, which decreases gradu- 
ally within the whole temperature regime of the 
metastable state, in which it is observed, i.e. 
10.0-19.3°C inclusive. At 20.2°C, the tipple 
structure can no longer be seen, but already well 
below this transition temperature, the reflection is 
rather weak. This markedly different from t.he 2 
molto sample discussed above: and also from the 
samples e r more cholesterol, which all shows tend- 
encies of local minima in ripple amplitude well 
below the main transition temperature. The ripple 
periodicity varies monotonically between 270 A at 

10°C and 170 ,~, at 20°C, though with a much 
more steep temperature dependence at low 7'. 
Below T= 10°C, a different kind of scattering 
prevents us from observing the primary r;pple. 

Reversible structure in the small angle scattering 
curve at 10°C indicates the existence of a sec- 
ondary ripple like that observed in the 2 mol~ 
material. However, even with k = 2,0, ~, neutrons, 
we were not able to resolve the reflection, and at 
lower temperatures, the reflection could not be 
seen at all, presumably due to some kind of tex- 
ture giving rise to major small angle scattering in 
this temperature region. The secondary ripple 
periodicity was estimated to be of the order of 500 
A at 10°C. 

III.B.4. Ripple structure of DMPC-d54 with 8 
moi~ cholesterol 

Fig. 8 shows the scattering data of DMPC-ds4 
with 8 mol~ cholesterol, and in Fig. 10 is shown 
the derived peak intensity and the related tipple 
periodicity as obtained using gaussian fits. In the 
stable state, the ripple structure is observed be- 
tween 15.0 and 19.2°C, both temperatures inclu- 
sive. In the metastable state, tippled structure is 
observed at all temperatures below 19.2°C. The 
ripple periodicity as obtained in the metastable 
state is 288 A at T= 5°C. It decreases to a 
nfinimum of 211 ,~ at 16.7°C, and increases again 
to 233 A at 19.2 ° C, which is just below the main 
transition temperature. 

As it was observed in the study of the x c = 0.02 
bilayer membrane, the characteristics of the tipple 
studied in the stable state is also present in the 
data of the metastable state within the relevant 
temperature region. 

III.B.5. Ripple structure of DMPC-d54 with 14 
mol~ cholesterol 

In Fig. 9 is shown the scattering data of 
DMPC.d54 with 14 reels cholesterol, and Fig. 10 
includes the resulting data using Gaussian fits. 
The ripple structure shows some similarity with 
that of 8 mol~, although there is only a hint of the 
intensity minimum, which was so pronounced in 
the xc = 0.08 sample. In the stable state, tippled 
structure is observed between 15.7 and 18.8°C, 
whereas in the metastable state it is observed at all 
temperatures studied below 18.6"C. In the recta- 
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stable state there is in addition some weak, but 
reliably scattering up to q = 0.04 ,~-s, which may 
indicate minor inhomogeneities in the samples. 

The ripple reflection in the stable state is pro- 
nounced weaker than that of the metastable state. 
While the ripple periodicity of the stable state was 

longer than that of the metastable state for 2 and 
8 tool% cholesterol, it is markedly smaller in the 
14 mol~ sample. In the stable state the ripple 
periodicity shows moreover drastically tempera- 
ture dependence, as it is 331 ,~ at T= 15.7°C and 
increases to 452 ~, at T= 18.8°C. Eventual time 
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dependence on the ripple period in this region was 
not studied. 

In the metastable state, the observed scattering 
peak intensity related to the rippled structure is 
very large, even larger than that of the (10)-bilayer 
repetition peak (see Fig. 2). The intensity de- 

creases gradually with increasing temperature, but 
might give a hint of a local minimum just below 
the main transition, as already mentioned. The 
metastable t ipple periodicity shows a marked 
minimum of 440 A close to T -  15°C. At 6.2°C 
the ripple period is 536 A, and at T= 18.6°C, 
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which is just below the main transition, the peri- 
odicity is 525 A. 

II1.B.6. DMPC-d54 with 18 and 24 moPS 
cholesterol 

The DMPC-ds4 lameilar bilayers with 18 and 
24 mol% cholesterol did not show any evidence of 
well defined tippled structure in the scattering 
poattern, obtained within the q-range 0.003-0.15 
A -~ studied. But the x c = 0.18 sample exhibits 
significant small-angle scattering below T= 
17.7°C which probably reflects fluctuating rip- 
pied structure, however with a regularity in wave- 
length, and correlation length which is too small 
to give rise to real Bra~ peaks. This is in agree- 
ment with freeze-fracture studies, which exhibit 

major dis:ortion in the ripple structure above 15 
mol% cholesterol [4,6]. 

The x, = 0.24 mixed bilayer did neither show 
any evidence of rippled structure nor small angle 
scattering, which also is in perfect agreement with 
freeze-fracture mic~oscopy studies. 

III.R7. Discussion on the ripple structure of 
DMPC-ds4-cholesterol mi~ed membranes 

In the cholesterol indu~l bilayer membranes, 
one may note that the properties of the ripple 
reflection observed within the stable states to a 
large extent also are present in the metastable 
data, as mentioned above, and which clearly ap- 
pear from Fig. 10. If one subtracts the ripple 
reflection intensity observed in the stable state 
from that of the metastable state, one actually 
ends up with rather regular tipple behaviour, 
without the irregular I vs. T functionality directly 
observed. This could indicate that two different 
types of mechanism tend to stabilize the tipple 
structure. One type seems to be present only at 
high temperature (T> I5°C), and a second type 
seems to be most important at lower temperatures. 
One could argue that in the high temperature end 
of the metastable P#. phase, two types of domain 
exist, which each includes tipples of either the 
high temperature type or the low temperature 
type. But the ripple periodicity of the stable and 
the metastable states is clearly distinguishable, as 
can be seen by putting the scattering data of the 
metastable state on top of that of the stable state 
(Figs. 5-9) and which also clearly appear from 
Fig. 10. Therefore, it rather seems that *.he rippled 
structure gradually develops from a low tempera- 
ture kind of undulation to an other kind of undu- 
lation at high temperature. It seems fikely, that the 
high temperature ripple state is dominated by 
physical properties similar to those of the pristine 
DMPC-ds4 bilayer membrane, i.e. the A/2.type 
of ripples according to the notation of Riippel and 
Sackmann [5]. At low temperatures, on the other 
hand, the ripples might well be intrinsically stabi- 
lized by the cholesterol, as the cholesterol-lecithin 
system tends to 'phase-separate' in microscopi- 
cally ordered domains. For convenience, we will 
here denote the proposed two k;,",~.~ cf undulated 
structure as PB' and P~,, ripples for those at high 
and those at low temperatures, respectively. 
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It is interesting to note, that the 4 mol% bilayer 
compound is different from that of the others, by 
not showing hint of a local minimum in intensity, 
fike that observed in the other materials. From the 
discussion above it could seem as if the normal P/3' 
ripple by some reason has not developed in the 
x c = 0.04 sample, and that the tipple structure we 
observe up to the main transition temperature is 
the low T cholesterol ripple: Pp,,. As ~escribed 
above, there was some problem with the x~ -- 0.04 
sample, which for example did not show any 
ripple reflections after storage for some more 
months. 

As already mentioned, it has previously been 
anticipated that the ripple periodicity of lamellar 
bil=,yee systemz is inversely proportional to the 
cholesterol content [4]. The present studies show, 
however, that Ois conclusion holds only for re- 
stricted temperatures as the temperature depen- 
dence of the periodicity varies differently with 
temperature for the various compositions (Fig. 
10). In Fig. 11 is shown the inverse ripple peri- 
odicity versus content of cholesterol as determined 
at various temperatures, The interconnecting lines 
drawn between the q-values at various cholesterol 
content is uncertain, of course, as we in principle 
do not known which ripples are of the 'same 

physical origin' when there is more than one rip- 
ple present. 

At temperatures above approximately 15°C, 
i,e. when the P~, ripples are present according to 
the discussion above, the linear relationship be- 
tween ripple periodicity and cholesterol content 
observed by Coleman and McConnei [4], is also 
observed in our studies. However, at lower tem- 
peratures, the P~,, ripples show marked deviation 
from linearity. At cholesterol content below 8 
tool%, approximately, the ripple period stays rela- 
tively constant, whereas at higher cholesterol con- 
tent it follows the relationship observed at high 
temperature. 

Several attempts have been made to explain the 
mechanism of forming the rippled structure of 
phospholipid bilayers [3,5,19-21]. The theories in- 
clude a variety of models based on the packing 
competition between the molecular head groups 
and the hydrocarbon chains; elastic energy con- 
sideration ieading to curved regions and precursor 
chain melting has been suggested as the driving 
force of the undulated structure. Although it pre- 
sumably is of major relevance for the detailed 
physical understanding of the cholesterol-phos- 
pholipid interaction, in this report we will not 
discuss details on the mechanism behind the rip- 
pie formation in pristine lamellar structures, but 
restrict ourselves to a discussion on the modifi. 
cations which cholesterol appears to give rise to. 

In several of the models proposed, one may 
notice that near the peaks and/or the valleys of 
the zigzag structure, there is extended space avail- 
able for the hydrocarbon chains. The chains are 
therefore probably highly distorted, and perhaps 
even melted in these regions. The rippled phase 
may thus be viewed as consisting of stripes of 
disordered or melted acyl chains separated by 
solid ordered regions. Our experimental findings 
clearly indicate that the cholesterol molecules in 
some way order regularly in the ripple structure. 
This is supported by the regular variation of ripple 
wavelength and ripple intensity with cholesterol 
content. On this basis we propose a model in 
which the cholesterol molecules (or complexes) are 
fixed to the distorted stripes. In Fig. 12 we show 
schematically the model, which is inspired by the 
one of Coleman and McDonnal [4]. For cholesterol 
content less than 8 mol% the cholesterol-corn- 
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content above 8 tool% contains saturated, i.e. connected, stripes of complexes. Above 20 tool% cholesterol, approximately, the defect 
stripes overlap, and there is accordingly no ripple structure left. For simplification, we have neOected eventual asymn~try in the 

ripple structure. 

plexes are randomly distributed within the defect 
lines, and the amount of cholesterol is still not 
large enough to form continuous domains. Macro- 
scopic physical properties like viscosity etc. are 
therefore basically equal to those of the pure 
DMPC-lamellar material. Above 8 mol~, how- 
ever, the cholesterol complexes form large con- 
nected domains (stripes) which give modified 
properties revealing the liquid fike character of the 
phase of cholesterol complexes. Since the stripes 
i~ these re~ons are 'saturated' with cholesterol, 
we will index the phases with a c: P~, and P~,,, 
respectively. Above 20 mol~ cholesterol, ap- 
proximately, the 'defect stripes' overlap, and there 
is accordingly no solid ordered gel-regions left, 
and thereby no ripples either. The saturated 
cholesterol stripes observed between 8 and 20 
mol~ cholesterol contain according to the present 
model 20 mol~ cholesterol. Thus each complex 

consists of phosphatidylcholine and cholesterol 
molecules in the ratio 4:1. 

The proposed model may be viewed as pha~e 
separation on a microscopic scale. On a macro- 
scopic scale, however, the system is isotropic aiso 
in !he 8-20 mol~ cholesterol regime. The model is 
in agreement with the neutron scattering experi- 
ments of Knoll et al. [8], in which small-angle 
scattering was observed between approximately 8 
and 20 mol~ cholesterol. In Ref. 8, however, this 
was interpretated as originating from an immisci- 
bility gap, in which macroscopic domains of 8 and 
20 mol~ cholesterol were present. This can not be 
true, since that would imply unchanged ripple 
wavelength in the 8-20 mol~ region of the phase 
diagram in disagreement with the marked correla- 
tion observed in the present study. Similarly, the 
interpretation of the model calculation by Ipsen et 
al. [22] may need some modifications in order to 
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account for the experimental observations. In Ref. 
22, a thermodynamic model was proposed, in 
which the cholesterol molecules is assumed to 
induce melted phospholipids with ordered acyl 
chains, i.e. the model includes solid domains with 
ordered chains, and liquid domains, which both 
could have ordered and disordered chains. The 
thermodynamic model predicts an immiscibility 
gap between 8 and 20 mol~ cholesterol. 

The regular behaviour of the tipple versus 
cholesterol content observed at temperatures above 
T=IS°C,  approximately, i.e. in the PB' phase 
according to !he notation introduced above, may 
be understood if the physics involved in stabiliTing 
the ripples are basically the same as that of the 
pristine material. The cholesterol complexes act 
then only as a steric perturbation of the parame- 
ters involved in stabilizing the undulated struc. 
ture. It may seem somewhat surprising that the 
simple relationship between the P~, ripple and the 
cholesterol content hold even to 0 mol~ 
cholesterol. We know namely from the study of 
the bilayer repetition length, which was described 
above, that minor content of cholesterol have 
dramatic influence on the bilayer periodicity. Cor- 
related effects could be expected in the ripple 
structure. 

At lower temperature where the PV' ripples are 
present, according to the discussion above, the 
dependence on cholesterol content is dramatically 
different. First of all the tipple structure is signifi- 
camly stabilized by the presence of cholesterol. 
Moreover, we find that th~ undulation-period for 
cholesterol concentrations in the range 0 < x c < 8 
mol~ is basically constant of the order of 250 .~, 
i.e. about 25 phosphatidylcholine molecules (Figs. 
ll and 12). For 8 mol~ cholesterol, which is the 
concentration which appear to be some kind of 
pha.~e-bound~,y, this corresponds to approxi- 
mately two cholesterol complexes per ripple, i.e. 
o.,.,¢ complex at the top and one r,t the bottom of 
,he zigzag structure for example. This strongly 
suggests that the P~,, ripples intrinsically is a result 
of the cholesterol complexes, which apparently 
form stripes of cholesterol rich domains, it is not 
at the moment clear, however, why the cholesterol 
complexes tend to make this higldy ordered 
super.structure. For cholesterol content less than 8 
mol~ the impurity stripes are still not saturated 

chains ei cholesterol complexes, as expressed in 
the model Fig. '12. Additional cholesterol mole- 
cules will therefore go into the stripes without 
modifying the periodicity significantly. For 
cholesterol concentrations above 8 mol~, on the 
other hand, there is no more room for additional 
complexes within a single row, and the defect 
strips will accordingly expand. This explains the 
observed change in ripple periodicity above 8 mol~ 
cholesterol. 

The simple model presented above does not 
explain the major temperature dependence of the 
ripple wavelength, which in particular was ob- 
served in the materials incorporated with 
cholesterol, but to a lower degree also was seen in 
the pure DMPC lamellar material. The raw model, 
as described, would on the contrary, rather predict 
temperature invariance, as the periodicity is given 
by the cholesterol-to-phospholipid ratio. One could 
argue for temperature dependence as due to 
changes in the polar-head group configuration. 
However, this should imply equivalent simulta- 
neous changes in the bilayer repetition length, 
which is not seen. Other possible explaqations 
could involve temperature dependencies in the 
tendency of creating cholesterol-complexes with 
various stable cholesterol-to-phosphatidylcholine 
ratios, as for example the 1 : 4,1 : 6 and 1 : 7 ratios 
previously proposed. The picture with rows of 
equal cholesterol complexed may, though, very 
well be oversimplified. A better model should of 
course be made on the basis of thermodynamic 
interactions between the molecules involved, it 
could, for example, be inspired by the model of 
Ipsen et al. [22], in which one may include that 
cholesterol causes ordered acyl chains in liquid 
domains (stripes) of a temperature-dependent size 
(width). A more complete explanation should of 
course also include the presence of the secondary 
ripple structure, which was observed experimen- 
tally at low cholesterol content. This super.struc- 
ture has been totally disregarded in the model 
presented above. 

II1. C. Small-angle scattering near the main transi- 
tion 

From FiBs. 6 and 7 it is noticed, that significant 
small angle scattering appears in the scattering 
spectra near the main phase transition of the 2 
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and 4 tool% cholesterol samples. The scattering 
pattern was perfectly reproducible in coming from 
low and from high temperature. Corresponding 
small.angle scattering scattering could not be seen 
in any of the other mixed materials. The origin of 
this scattering is not known, but certainly it points 
to the existence of two transition temperatures in 
this temperature regime. The small-angle scatter- 
ing is likely to originate from some kind of 
fluctuation in the phase composition. However, it 
may also be a result of other kind of texture in the 
bilayer system. 

A splitting of the main phase transition was 
also observed in the thermodynamic model of 
Ipsen et al. in the 0-8 mol% choIcztcroI re ,  on of 
the phase diagram [22]. In that model, which, 
however, did not include the rippled P#, phase, the 
splitting was interpreted as due to coexistence of 
the solid ordered L#, phase and the fluid dis- 
ordered L° phase. Similarly, one might argue that 
the region of the phase diagram, where small angle 
scattering is observed experimentally, might 
originate from coexistence of the P#, gel state and 
the fiquid L° state. 

111.1). Small-angle scattering of the L c phase 
The scattering patterns of the DMPC-ds4- 

cholesterol blends in the so.called stable state are 
dominated by major small.angle scattering below 
approximately 16 °C and for cholesterol contents 
up to and inclusive 18 mol%. The tempezature at 
which the small-angle scattering vanishes depends 
only slightly on the cholesterol content. We be- 
lieve that the small-angle scattering reflects prop- 
erties of the crystalline Lc phase, and that the 
suppression of the scattering is related to the 
sub-transition. 

The small-angle scattering pattern shows no 
sign of any characteristic length scale of the prop- 
erties giving rise to it. On the contrary, the scatter- 
ing curves are basically linear in the double loga- 
rithm plot: log(l) verses log(q), and with a non- 
integer value of the index of slope. Thus the 
samples are characterized as being selfsimilar 
within the sizes determined from the q values (60 
~, < ~r/q < 600 k), with a fractal dimension which 
for all materials in discussion, except maybe the 0 
and 2 mol% samples, are between 2.8 and 3.0. 
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The origin of the small-angle scattering is pre- 
sently not known. Although the pristine material 
also shows some small angle scattering in the low 
temperature crystalline state, there appears to be a 
simple relationship between the measured ab- 
solute small-angle scattering intensity and the 
cholesterol content (Fig. 13), thus indicating that 
the scattering is mainly caused by the cholesterol. 
As there seem to be no ripples or stripes in the 
texture of the L c phase, the cholesterol (or 
cholesterol complex) is not lined up as discussed 
in relation to the P#, phase. In the dense crystal- 
line packing of the L c phase, it seems likely that 
the cholesterol molecules will not. enter the bilayer 
randomly, but rather phase-separate into 
cholesterol-rich domains. We propose that it is the 
structure of these domains which gives rise the 
fractal smaU-angie scattering. An alternative ex- 
planation of the scattering may be texture in the 
crystalline material. In freeze.fracture studies 
Singer and Finegold [2] have observed crinkled 
surface profiles in other phospholipid bilayers 
when stored for long times at low temperatures. 
Such profiles would also give rise to small-angle 
scattering, however, it would not explain the regu- 
lar dependence on cholesterol content. Moreover, 
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and to some extent in agreement with our small- 
angle studies, Singer and Finegold did not observe 
the circled texture in DMPC-samples, and they 
discussed whether the texture eventually was an 
artificial result of the freeze.fracture techniqtle 
when used on the rigid crystalline Lc phase. 

The small-angle scattering disappears rather 
abruptly at a tr~.asition temperature which we 
relate to the Lc ~ Pp, sub-transition. However, as 
the scattering curves are linear in a log-log plot, it 
is not possible to obtain any extrapolated zero-an- 
gle intensity. In Fig. 14 we have therefore plotted 
the intensi[y at an arbitrary low q value, namely 
q = 0,007 A -I, as a function of temperature. The 
sub-transition is easily extracted from these fig- 
ures. 

IV. Phase diagram of DMPC.ds4.cholesterol sys- 
tem 

It appears from the previous sections, that many 
details on the phosphatidylcholine-cholesterol 
phase diagram can be extracted from the struct- 
ural data already discussed. 

The L c - ,  Pz, sub-transition temperature can be 
obtained first of all from the small-angle scattering 
of the Lc-phas¢, Fig. 14. But also the bilayer 
periodicity and the intensity of the corresponding 
neutron scattering Bragg reflection give clear evi- 
dence of the transition temperature. The main 
P~, ~ L. transition temperature can also be ob- 
tained from structural features of the bilayer peri- 
odicity, as well as from the upper temperature at 
which the ripples disappear. However, significant 
small-angle scattering of the 2 and 4 mol% sam- 
ples at temperatures near the main phase transi- 
tion clearly show that there is no direct phase- 
b o u n d ~  between Pp, and L,, of these cholesterol 
content. Apparently, addition of cholesterol leads 
to a sptitting of the PZ, --* L, transition into liqui- 
dus and solidus line, and thereby probably to the 
coexistence of the two phases in the two phases in 
a small temperature region. 

The LB,~ P~, (or Pp,,) pre-transition can be 
observed only from the ripple structure, which 
vanish below Tp. The bilayer periodicity, except 
for that of the pristine DMPC-d54 material, shows 
no significant change at the pre-transition. 

Additional information of the phosphati- 
dylcholine-cholesterol phase.diagram are obtained 
from the ripple structure, as already discussed 
above. The change in dependence of cholesterol at 
_:c--0.08 suggests a phase boundary at this point, 
namely toward saturated stripes of cholesterol- 
complexes for xc > 0.08, as discussed above. Both 
the properties of the bilayer and the ripple peri- 
odicities point in addition to a second phase 
boundary at cholesterol content of the order of 20 
mol~ (Fig. 4b and Fig. 11). 

Additional changes are seen in the structural 
properties of DMPC-ds4 cholesterol blends, which 
can not be related to the well known transitions, 
sub, pre and main. This is the indication of differ- 
ent kind of rippled structure at low and at high 
teinperatures of the P~, phase, thus indicating two 
rippled phases: the Pp, phase analog to that of 
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pure DMPC-ds4 and a cholesterol induced P#,, 
phase as sugsested above. Moreover there is the 
appearance of a secondary long wavelength ripple 

structure at low temperatures of the composition 
of low ot aon cholesterol content. 

In Fig. 15 we have summarized the exp¢;;men- 
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tal evidences of phase transitions within two 
phase.diagrams of DMPC-ds4 cholesterol blend, 
namely that observed while heating after storage 
at 5°C for months, and that observed just after 
preparation or equally well after storage and an- 
nealing in the fluid L,, phase (30°C). The feature 
that the sub-transition is above the pre.transition 
(Tp < T~) complicates the phase-diagram some- 
what, and makes it most suitable presented in two 
figures, as done. The phase diagram agrees with 
that previously reported for DMPC (and DPPC)/ 
cholesterol mixtures [11,13,22], which, however, 
only include properties near the main phase-tran- 
sitio.n, and which in addition shows behaviour in 
the fluid phase which could not be detected with 
our technique. 

At the present, the relevant interactions param- 
eters involved in the formation of the observed 
phase diagram is not known. Initial attempts to 
make a thermodynamic model has, as already 
mentioned above, recently been proposed by Ip- 
sen et at. [22]. Some features on the bilayers are, 
however, disregarded in that model. This is espe- 
cially the rippled Pp, phase, which we believe is of 
major importance for the full understanding of the 
phosphatidylcholine-cholesterol phase diagram. In 
the model proposed in Ref. 22 three states are 
included: (i) A solid phase with conformational 
ordered hydrocarbon chains (so) corresponds to 
the La, gel phase, (ii) a liquid phase with confor- 
mational disordered hydrocarbon chains (ld) cor- 
responds to the L,. phase, and finally (iii) there is 
a cholesterol rich (xc > 20 mol~) liquid state with 
conformational ordered chains (lo). The model 
calculation based on these states gives agreement 
with several known properties, as for example the 
immiscibility gap suggested on the basis of small- 
angle neutron scattering. However, as mentioned 
above, our data certainly show that the immiscibil. 
ity is not on a macroscopic scale. That would 
namely imply that the basic properties of the 
ripple structure was the same for the 8 mol~ and 
the 14 and 18 molCg samples, which is certainly 
not the case. On the contrary, there is a marked 
change in ripple periodicity also in the 8-20~ 
re ,  me of the phase, diagram. As discussed above, 
this rather points to a regular 'phase separation' 
on a microscopic scale, only, namely with the 
cholesterol complexes lined up in the ripple stripes. 

Above 8 mol% cholesterol, we suggests that the 
stripes are saturated with cholesterol, i.e. the rip- 
pies may in this phase-region be viewed as com- 
posed of lo-stripes separated by so-regions, 
according to the language of Ref. 22. 

The modal-calculation of Ipsen et al., results 
moreover in a two-phase region in the all liquid 
phase, namdy consisting of one phase with 
liquid-ordered and one phase with liquid-dis- 
ordered chains. This finding is supported by data 
of calorimetric and magnetic resonance tech- 
niques. Our study does not, however, show any 
indications of such an immiscibility gap at high 
temperature. The present scattering study can, of 
course, not reject the existence of such a gap, but 
we would expect major small angle scattering at 
least near the phase boundaries, where composi- 
tion fluctuations should be present. 

V. Conclusions 

In conclusion we have shown that neutron 
scattering experiments on (DMPC-d54)1_x,+ 
(cholesterol)x obtained at small angles give 
detailed insight in the phosphatidylcholine. 
cholesterol phase diagram, and in the effect of 
cholesterol on the ripple structure. Cholesterol is 
seen to have a substantial stabilizing effect on the 
fluid L,, phase, which above 20 mol~ is present to 
the lowest temperatures studied (5°C). At lower 
cholesterol content, the introduction of cholesterol 
in the amphiphilic bilayer planes moreover stabi- 
lize the rippled structure. Ripples are observed for 
cholesterol content up to 14 mol~, and small.an- 
gle scattering suggest further disordered ripples up 
to approx. 20 mol~. Major temperature depend- 
encies are observed in the ripple periodicity of the 
cholesterol induced samples, and up to approx. 4 
mol~, a secondary ripple is observed at low tern. 
peratures. The data indicates that cholesterol order 
regularly in respect to the ripple structure. We 
suggest that the complexes are fixed in the defect 
lines established by the bottom and/or top of the 
zigzag structure. Above g mol~ cholesterol con- 
tent, the cholesterol complexes form continuous 
liquid-l;ke stripes, which explain the observed 
change in fluidity at this ratio. At 20 mol% the 
impurity stripes make up the whole membrane, 
and there is accordingly no ripples left. The low- 
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temperature stable sub-phase is created only after 
months below the sub-transition temperature. It 
seems that the highly crystalline (L¢) sub-phase of 
the pristine DMPC-d54 material is substantially 
different from the sub-phase of samples with 
cholesterol. Marked small.angle scattering, which 
is observed in the latter phases, indicates that 
cholesterol aggregates in special, eventual fractal, 
structures. 
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