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We have determined the structural properties and bending fluctuations of fully hydrated phosphatidylcholine
multibilayers in the fluidsLad phase, as well as the structure of the ripplesPb8d phase near the main phase
transition temperaturesTMd by x-ray diffraction. The number of carbons,nHC, per acyl chain of the studied
disaturated lipids varied from 14 to 22. All lipids exhibit a nonlinear increase of the lamellar repeat distanced
in the La phase upon approachingTM, known as “anomalous swelling.” The nonlinear increase reduces with
chain length, but levels off at a constant value of about 0.5 Å for lipids with more than 18 hydrocarbons per
chain. A detailed analysis shows that anomalous swelling has two components. One is due to an expansion of
the water layer, which decreases with chain length and finally vanishes fornHC.18. The second component is
due to a bilayer thickness increase, which remains unchanged in its temperature dependence, including a
nonlinear component of about 0.5 Å in the vicinity ofTM. Thus, anomalous swelling above 18 hydrocarbons
per chain is due to the pretransitional effects on the membrane only. These results are supported by a bending
fluctuation analysis revealing increased undulations close toTM only for the short chain lipids. We have further
calculated the electron density maps in the ripple phase and find no coupling of the magnitude of the ripple
amplitude to the chain length effects observed in theLa phase. Hence, in agreement with an earlier report by
Masonet al. [Phys. Rev. E63, 030902(2001)] there is no connection between the formation of the ripple
phase and anomalous swelling.
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I. INTRODUCTION

Model membranes composed of phospholipid species are
well recognized for many biological and technological as-
pects. One of the most disputed but still not fully understood
fundamental issues concerns the physics of the main phase
transition of phosphatidylcholines(PCs), which is driven by
a change of the hydrocarbon chain conformation from an
all-trans to a trans-gauchestate. Below the main phase tran-
sition temperatureTM, many phosphatidylcholines exhibit a
lamellar phase with in-plane regularly spaced ripples, de-
noted as thePb8 phase[1,2]. Above TM the lipid-water sys-
tem is in the lamellarLa phase, which is characterized by
strong collective bilayer fluctuations and a vanishing shear
modulus. TheLa phase is considered to be the biologically
most relevant phase.

Both phasesLa and Pb8, respectively, have been studied
extensively over recent decades. However, a microscopic un-
derstanding of both structures and their changes with tem-
perature especially in the vicinity ofTM is a matter of ongo-
ing research. Even with good electron density maps[3,4] the
conformations of the lipids in the ripple phase are still un-
certain. One view that is consistent with structural studies
[3,5] is that the ripples are related to the coexistence of al-
ternating fluid and gel domains, and various theories have
been proposed to rationalize this model[6]. In contrast, it has
been suggested[4] that the ripple phase can consist entirely
of gel-state lipid molecules. Further, a metastable ripple

phase is often seen when the system is cooled into the ripple
phase from theLa phase[7], for which an electron density
map has been reported only very recently[8]. Finally, PCs
with 17 hydrocarbons per chain and above were found to
exhibit a so-called submain transition slightly belowTM, in
which parts of the chain packing were found to become fluid,
La-like [9,10].

We focus primarily on the changes of the structural and
mechanical properties of theLa phase as a function of tem-
perature close toTM. Here, many studies have reported a
nonlinear increase of the lamellar repeat distanced upon
lowering the temperature towardTM [11–21]. Furthermore,
other membrane parameters, e.g., the bilayer permeability
[22,23], heat capacity[24], fluorescence lifetime[25], NMR
order parameter[26], or ultrasound velocity[27], were also
found to exhibit anomalous behavior in this regime. All these
effects can be understood basically by increased density fluc-
tuations as the system approaches the transition temperature
[28,29]. It was suggested[27,30] that these density fluctua-
tions may be an intrinsic bilayer property and that the tran-
sition is weakly but pure first order. However, it has also
been argued that these fluctuations may be due to the vicinity
of a second-order transition, which is preempted by a first-
order one[31,32].

So far, consensus appears to have been reached only on
the effect of the fluctuations on the global physical properties
of the multibilayer systems: The density fluctuations in the
vicinity of TM lead to a reduction of the bilayer bending
rigidity [30,33–35], which we have confirmed recently by
x-ray diffraction [21]. This causes increased thermal bilayer
undulations, which lead to an expansion of the interstitial
water layer[12,21] due to enhanced steric repulsion of adja-
cent bilayers[36]. In our previous study on dimyristoyl
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phosphatidylcholine(DMPC) we found that this effect domi-
nates the nonlinear increase ofd [21]. However, there is also
a small but significant nonlinear contribution from the hydro-
carbon chains of about 0.5 Å[21], also reported from NMR
measurements[16,26].

Deeper knowledge of the individual contributions to
anomalous swelling from systematic studies on a homolo-
gous series of different chain-length lipids is still largely
lacking. Several studies have reported an enhancement of the
pretransitional effects upon decreasing the chain length
[14,18,26,29], although a most recent study shows a break in
this trend for dilauroyl phosphatidylcholine(DLPC) [37].
From an earlier study by Lemmichet al. [14] on perdeuter-
ated DMPC and dipalmitoyl phosphatidylcholine(DPPC) it
is known that the bilayer repulsion decreases as the chain
length is increased. It is not clear, however, whether this
trend extends to longer-chain lipids. If so, we expect that the
anomalous swelling vanishes at a certain chain length. It is
also not clear how the nonlinear component of the bilayer
thickening in the vicinity ofTM depends on chain length.

In the present paper, we report x-ray diffraction studies as
a function of temperature and hydrocarbon chain length of
disaturated phosphatidylcholine multilamellar dispersions.
Consistent with earlier studies[14,18], we find that the am-
plitude of anomalous swelling reduces at chain lengths in the
range of 14 to 18 hydrocarbons per chain. For longer chain
lipids, however, the swelling amplitude does not reduce fur-
ther but exhibits a constant nonlinear component of about 0.5
Å. Decomposition ofd into the membrane thicknessdB and
water layer thicknessdW shows that the contribution to
anomalous swelling by the water layer expansion reduces
with increasing chain length and finally vanishes above 18
hydrocarbons per chain. In agreement with this result we find
a sudden increase of bending fluctuations in the vicinity of
TM only for phospholipids with less than 19 hydrocarbons
per chain. In contrast, the increase of the membrane thick-
ness with decreasing temperature, and in particular its non-
linear component, in the vicinity ofTM of about 0.5 Å does
not depend on the chain length. Thus, the nonvanishing pre-
transitional swelling of the long-chain lipids is caused by the
bilayer thickening.

In view of an earlier report on the possible coupling of
anomalous swelling to the formation of thePb8 phase[20],
we have computed the electron density maps of fully hy-
drated DMPC, DPPC, and diarachidoyl phosphatidylcholine
(DAPC) in the ripple phase. From the low-resolution maps
we have derived the magnitude of the ripple amplitude,
which increases as a function of chain length. This depen-
dence correlates neither to the available water spacing nor to
its relative increase in the very vicinity ofTM approaching
the transition from above. Hence, in agreement with Mason
et al. [20], in our work the formation of the ripple phase
occurs independently of anomalous swelling. Further,
complementary to Ref.[20] we show that the ripple phase
forms even if there is no increase of the water spacing just
aboveTM.

II. MATERIALS AND EXPERIMENTAL METHODS

A. Sample preparation

1,2-dimyristoylphosphatidylcholine(14:0), 1,2-dipalmi-
toylphosphatidylcholine(16:0), 1,2-distearoylphosphatidyl-

choline (DSPC, 18:0), 1,2-dinonadecanoylphosphatidyl-
choline (DNPC, 19:0), 1,2-diarachidoylphosphatidylcholine
(20:0), and 1,2-dibehenoylphosphatidylcholine(DBPC, 22:0)
were purchased from Avanti Polar Lipids(Alabaster, AL)
and used without further purification. Dispersions of fully
hydrated multilamellar lipid vesicles were prepared by dis-
solving weighted amounts of lipid in an organic solvent of
CHCl3-CH3OH (2:1, v/v). The solvent was removed by plac-
ing the sample first under a stream of N2 and subsequently
under vacuum for 12 h. This yielded a dry lipid film on the
bottom of the glass vial, which was rehydrated using double-
distilled–deionized water to obtain samples of 25 wt % lipid.
Complete hydration of the samples was achieved by keeping
the samples at least 10 K above the main transition tempera-
ture and applying intermittent vigorous vortex mixing. Fur-
ther annealing of the samples was achieved by repeating
three times a heating-cooling cycle through the main phase
transition. Samples prepared in this way display a narrow
melting transition of 0.12 K– 0.18 K(full width at half maxi-
mum) as was verified by independent calorimetric measure-
ments (scan rate 0.1 K/min, data not shown). Thin-layer
chromatography tests carried out before and after experimen-
tation showed no signs of sample degradation.

B. X-ray measurements

Diffraction studies were carried out at the Austrian small-
angle x-ray scattering(SAXS) beamline[38,39] (Sincrotrone
Trieste, Italy) using a one-dimensional position sensitive de-
tector [40], which covered theq rangesq=4p sinu /ld be-
tween 0.03 and 0.6 Å−1 at a photon energy of 8 keV. Record-
ing the scattered intensity over a broadq range has the
advantage that the phase of the lipid-water system can be
inferred immediately by visual inspection of the diffraction
patterns. In this way it is simple to discernLa phase diffrac-
tion patterns fromPb8 phase patterns(Fig. 1). Only La phase
diffraction patterns were considered for applying the full
q-range data analysis[41] (see below). Silver behenate(d
=58.38 Å[42]) was used as a standard to calibrate the angu-
lar dependence of the scattered intensity. The instrumental

FIG. 1. Diffraction patterns of DMPC at 297.2 K(a) in the La

phase and at 296.9 K(b) in the Pb8 phasesTM =297.0 Kd. The
ripple phase is easily identified by the in-plane ripple spacing of
about 118 Å(indicated by arrow).
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resolution was determined to have a full width at half maxi-
mum of dq=2.2310−3 Å−1.

For measurements, the liposomal dispersions were kept in
thin-walled, 1-mm-diameter quartz glass capillaries, which
were placed in a sample holder block of brass. The entry and
exit windows of the sample holder were covered with a thin
polymer film in order to avoid any convection due to the
surrounding environment. The polymer films were tested to
give no contribution to the measured intensities. The tem-
perature of the sample was controlled with a water bath to
within ±0.1 K and measured with a Pt-100 resistance tem-
perature detector placed in the vicinity of the capillary. The
samples were equilibrated for 10 min at each temperature
prior to exposure. The capillaries were horizontally shifted
by 1 mm to an unexposed portion of the sample after every
second measurement in order to avoid radiation damage.
Samples were exposed to x rays typically between 2 and 3
min. In the vicinity ofTM the temperature steps were 0.2 K,
i.e., the transition midpoint could be determined with a pre-
cision of 0.1 K.

C. Data analysis

1. Fluid phase

The scattered intensities of theLa phase diffraction pat-
terns were corrected for detector efficiency and background
noise originating from the sample cell and water. The cor-
rected diffraction patterns were then analyzed by a previ-
ously developed algorithm[41], which models the scattered
intensity

Isqd =
SsqduFsqdu2

q2 s1d

in the full q range. The structure factor of a single domain
consisting of N bilayers is given by the modified Caillé
theory [43]

SLsqd = N + 2o
k=1

N−1

sN − kdcosskqdd

3expH− S d

2p
D2

q2hfg + lnspkdgJ , s2d

and is averaged over a domain size distribution according to
Refs.[44,45] in order to obtainSsqd. Further parameters ap-
pearing in Eq.(2) are the Caillé parameterh, and Euler’s
constantgs=0.5772…d. h is a measure of the bilayer fluc-
tuations that depend on the bending rigidity and the bulk
modulus of compression[46]. The Caillé parameter deter-
mines the shape of the long power tails of the quasi-Bragg
reflections byIsq−qhd~ sq−qhd−s1−hhd, whereh is the lamel-
lar diffraction order andhh<h1h

2. We obtainh by a global
fit of the diffraction pattern, including all Bragg reflections
plus diffuse scattering.h therefore has to be regarded as an
effective parameter.

The second function appearing in Eq.(1) is the form fac-
tor Fsqd, calculated by the Fourier transform of the electron
density model, which we define as the sum of three Gauss-
ians, two centered at the electron-dense headgroups and one

with negative amplitude at the methyl terminus of the hydro-
carbon chains[21,41].

Figure 2 gives an example of the fit to our data. From the
fits of our model we directly determine the lamellar repeat
spacingd and the Caillé fluctuation parameterh. d=dB+dW
is then further decomposed into the membrane thicknessdB
and the thickness of the interstitial water regiondW. How-
ever, this is not trivial because of the low resolution of the
electron density profile(Fig. 2). Nevertheless, the correct
quantitative values are, in this case, less important than their
dependence on temperature and their correlation withh.
Therefore, as argued in detail before[21], we define

dB = 2szH + 2sHd, s3d

which cuts the probability distribution of the choline group
near its half value[47] and is therefore an estimate for the
steric bilayer thickness[48]. zH is the position of the head-
group Gaussian with respect to the bilayer center andsH is
its width.

The membrane thickness can be further subdivided into
the hydrocarbon chain lengthdC and the headgroup thickness
dH. We have demonstrated before thatdC follows essentially
the temperature dependence ofdB, meaning thatdH remains
constant with temperature[21]. Thus, it is sufficient to re-
strict ourselves to determiningd,dB,dW, andh. For the ex-
perimental data of DAPC at 349.7 K shown in Fig. 2 we get
d=71.7±0.1 Å,dB=52.5±0.4 Å,dW=19.2±0.4 Å, and h
=0.093±0.002.

2. Ripple phase

In contrast to the above described treatment of theLa

phase, only the corrected intensities of the Bragg reflections
were used to construct low-resolution electron density maps
(EDMs) of the stable ripple phase. No particular scattering
theory is considered to describe the shape and the width of
the Bragg peaks. The shape of the peaks is in good approxi-
mation given by Lorentzian distributions(see below) and the
width is mainly determined by the finite scattering domain

FIG. 2. X-ray diffraction pattern of fully hydrated DAPC mul-
tilamellar vesicles at 349.7 K. The data exhibit three quasi-Bragg
peak reflections plus diffuse background scattering which becomes
dominant at higher scattering angles and is due to the variation of
the form factor withq. The pattern has been fitted in the fullq range
according to Eq.(1). The fit shows a good agreement with the
experimental data over four orders of magnitude in intensity. The
inset gives the corresponding electron density profile.
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size. Since the systems are not oriented with respect to a
solid substrate, unlike those described in Ref.[49], the ob-
served patterns are powder averaged leading to an overlap-
ping of reflections. Moreover, in contrast to previous studies
on unoriented PCs[2,3] the systems were not restricted in
their water content. This leads to an additional overlapping
of Bragg reflections. Only those reflections which could be
unambiguously indexed were used to construct the EDMs.
The procedure applied is described below; it yielded EDMs
of sufficient resolution to obtain robust estimates on the
lengths of the short and long ripple arms, as well as the
ripple amplitude.

The ripple phase, on a macromolecular level, constitutes a
two-dimensional oblique crystal lattice[1–3,50], which be-
longs to the centrosymmetric plane groupp2 [51]. Thus, the
cell parametersa,b, andg define the positions of the Bragg
reflections in reciprocal space by[52]

qhk = 2pÎh2b2 + k2a2 − 2hkabcossgd
a2b2 sin2sgd

, s4d

where h and k are the Miller indices. We have therefore
calculated the cell parameters from theqhk’s determined by
fitting of Lorentzian distributions to the observed Bragg re-
flections

Ihksqd =
1

q2H 2Ahkwhk

pf4sq − qhkd2 + whk
2 gJ , s5d

wherewhk is the peak width. The square root of the ampli-
tudesAhk gives the absolute value of the form factorsFhk
needed to construct the EDMs on a relative scale by

rsx,zd = o
hù0

o
k

Fhk cossqx
hkx + qz

hkzd , s6d

with qx
hk=2ph sinsgd and qz

hk=2pfka/b−h cossgdg. In order
to determine the corresponding phase, i.e., the sign ofFhk,
we applied simple pattern recognition procedures as de-
scribed in[50] to discard unreasonable EDMs, and addition-
ally calculated the fourth moment[53]

ŠsDrd4
‹ =

o
hk
Uo

h8k8

Fh8−h,k8−kFh8,k8U2

So
hk

uFhku2D2 s7d

for all remaining phase combinations. 1/ŠsDrd4
‹ is a mea-

sure of the “smoothness” of the EDM. Accordingly, we
choose the phase combination yielding the lowestŠsDrd4

‹.
We note, that this combined method works only for low-
resolution data. For data sets with higher resolution(includ-
ing reflections up to the fourth order), a phase determination
by EDM models[3,8] is the better choice.

III. RESULTS AND DISCUSSION

A. Chain length dependence of swelling amplitude

Figure 3 presents our results for thed values as a function
of temperature and hydrocarbon chain length. In order to

show the data on a single graph, the temperature has been
shifted by subtracting the respectiveTM’s. Clearly, all bilayer
systems studied show a swelling, whenTM is approached.
The deviation from a linear increase ind towardTM is most
pronounced for the shortest-chain lipid studied(DMPC).
This agrees well with a previous study that reports an in-
crease in pretransitional swelling when the length of the hy-
drocarbon chains is decreased[18], where the number of
hydrocarbons per chain was varied from 13 to 16. Our data
exhibit a swelling also for DAPC, i.e., 20 hydrocarbons per
chain (Fig. 3). However, its amplitude is greatly reduced as
clearly observed in Fig. 4, where we have plotted the anoma-
lous componentDdan as a function of chain length to give an
approximate characterization of the swelling.

Ddan is estimated as follows. As in our previous report
[21], we take the linear component of the swelling to be
“normal.” Such a linear increase ofd is also observed for
phosphatidylethanolamines(PEs) [20], known to show no
pretransitional swelling. Moreover, the slope ofdsTd for PEs
is the same as that ofdBsTd for DMPC [21]. Everything

FIG. 3. Lamellar repeat distanced for various PCs as a function
of temperature difference with respect toTM. The symbols corre-
spond to data from the following lipids:(P) DMPC sTM ,297 Kd;
(s) DPPC sTM ,314 Kd; (j) DSPC sTM ,328 Kd; (h) DNPC
sTM ,333 Kd, and(l) DAPC sTM ,341 Kd. Ddan is the amplitude
of anomalous swelling, which is given by the deviation ofdsT
−TMd from a straight line, obtained by a linear regression in the
temperature interval fromT−TM =3 to 10 K.

FIG. 4. Chain-length dependence of anomalous swelling com-
ponentDdan. TheP’s correspond to present data, theh’s to data by
Korreman and Posselt[18].
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above the linear trend close toTM then contributes to anoma-
lous swelling. With this definition we determine the “nor-
mal” component of the swelling by a linear regression in the
temperature rangeTM +3 K to TM +10 K (Fig. 3). The lower
limit of the interpolation range is set to be safely outside the
pretransitional swelling regime. The upper limit is arbitrarily
set to T−TM =10 K. This upper limit is needed becaused
increases again at higher temperatures[54]. The linear re-
gression is then extrapolated toTM and the difference of the
lastd value from this line givesDdan [55]. Results are shown
in Fig. 4, which also contains data that we have estimated
from the results of Korreman and Posselt[18]. While the
swelling, as stated above, decreases with chain length, it
does not vanish completely, but remains constant, above 18
carbons/chain at about 0.5 Å.

B. Bilayer separation and fluctuations

In order to be able to attribute the chain-length depen-
dence ofDdan to the nonlinear increase of eitherdB or dW, we
have analyzed the diffraction data in terms of the global
model described in the material and methods section. The
temperature dependence ofdW is shown in Fig. 5. Panels
(a)–(c) show the data for DMPC, DPPC, and DSPC, for
which dW, upon approachingTM, first remains constant or
slightly decreases and then increases suddenly a few degrees
aboveTM. Although, given the experimental uncertainty, it is
difficult to quantify the extent of the water layer expansion, it
clearly decreases from about 1.5 Å for DMPC to about 1.0 Å
for DSPC. In contrast, thedW results for DNPC and DAPC,
presented in Fig. 5(d), show no significant dependence on
temperature.

There is an obviously nonmonotonic variation ofdW with
chain length at a fixedT−TM. The bilayer separation for
fully hydrated bilayers in theLa phase is a delicate balance
between attractive and repulsive forces. Hence, any small
perturbation of the system due to, for example defects in-
duced by small differences in preparation and/or thermal his-

tories, may play a role. Several samples were prepared and
measured a second time, showing a variation ofd at a given
temperature by about 1 Å. This agrees with findings by
Nagle and Tristram-Nagle, who report a variation ofd for
nominally equal samples by almost 3 Å for hitherto unclear
reasons[47]. Nevertheless, as long as the samples are nomi-
nally fully hydrated there are no effects on the magnitude of
pretransitional swelling[56]. Thus, with respect to the tem-
perature dependence ofdW only relative changes are of sig-
nificance. In contrast, the membrane thickness should depend
on the chain length in a meaningful way(see below).

The results ondW can be cross checked by an analysis of
the bending fluctuation parameterh: The expansion ofdW in
the vicinity of TM is driven by steric repulsion due to in-
creased undulations as verified for DMPC[21]. Hence, be-
cause of our results ondW, we expect to detect increased
fluctuations only for lipids with fewer than 19 hydrocarbons
per chain.

Because of the power law behavior of the quasi-Bragg
peaks, increased fluctuations will show up as increased scat-
tered intensity in the tails of the relections. Figure 6 shows
the first-order diffraction peaks of DMPC and DAPC close to
TM and several degrees aboveTM. It is evident from the peak
shapes, which are well reproduced by the model fits, that
DMPC shows increased fluctuations asTM is approached
[Fig. 6(a)]. The increase of scattered intensity in the peak
tails is clearly seen on the high-q side of the peaks. It is less
clear, but also present on the low-q side of the peaks due to
the modulation of the scattered intensity by the form factor.
uFsqdu2 approaches a minimum in thisq regime and accord-
ing to Eq. (1) suppresses the scattered intensity. This also
gives the peak its asymmetric appearance and underlines the
importance of considering the modulation of the form factor
by the full q-range analysis. In contrast to DMPC, DAPC
does not show an enhancement of the peak tails, whenTM is
approached but a clear reduction of fluctuations[Fig. 6(b)].

The temperature dependencies of the bilayer undulations
for all lipids studied are presented in Fig. 7. Starting at high

FIG. 5. Temperature dependence of the water layer thicknessdW

for DMPC (a), DPPC(b), DSPC(c). (d) shows the dependencies for
DNPC (h) and DAPC(l). Lines are drawn to guide the eye.dW

increases nearTM for all lipids in panels (a)–(c), but remains
roughly constant for DNPC and DAPC(d).

FIG. 6. First-order quasi-Bragg reflections of DMPC and
DAPC. Panel(a) shows DMPC at 297 K(s) and 303 K(h) and
panel(b) DAPC at 341 K(s) and 353 K(h). Solid lines show the
fits of the Caillé theory structure factor to the data. The scattered
intensities have been normalized to a peak value of 1. The data
clearly show increased fluctuations in the vicinity ofTM for DMPC,
which is not observed for DAPC(cf. Fig. 10 below).
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temperatures DMPC, DPPC, and DSPC first show a decrease
of h and then a sudden increase close toTM [Figs. 7(a)–7(c)].
This increase in fluctuations is not found for the 19 and 20
carbons/chain lipids. Instead,h decreases for both lipids con-
tinuously asTM is approached[Fig. 7(d)]. These results con-
firm our analysis of the water layer thickness(Fig. 5) [57].
The increase ofh appears closer toTM than the increase of
dW. This is due to the analysis applied, which is less sensitive
to changes in bending fluctuations than to changes in struc-
tural parameters[21]. Hence, the increase ofh can be de-
tected only when fluctuations are most pronounced, i.e., just
above the phase transition.

The increase of fluctuations can be directly attributed to a
sudden drop in bending rigidityKc causing a reduction of the
bilayer interaction parameterB [21]. Both parameters are
directly related toh by sKcBd−1/2. The decrease ofKc has
also been estimated from the evolution of the thermal heat
capacity[34], shape fluctuation analysis of giant unilamellar
vesicles[33], an all-optical force method[35], and most re-
cently by neutron reflectivity on a two-bilayer system[58].

Most interestingly, the last study also reports a reduction
of Kc for DNPC and DAPC, for which we do not observe an
increase of fluctuations. The reason might be that for longer-
chain lipids the reduction ofKc has a smaller impact than for
lipids with shorter chains. The bending rigidity of lipids gen-
erally increases with chain length[59], which in turn sup-
presses bending fluctuations for the longer-chain lipids. Fur-
ther, the van der Waals attractions also and therefore the
coupling between adjacent bilayers increase with chain
length[60]. This again may suppress the increase of undula-
tions in the vicinity ofTM.

C. Bilayer thickness

We now turn to the temperature dependence of the mem-
brane thickness. Results are presented in Fig. 8, all showing
a gradual increase asTM is approached from above. Addi-
tionally, all lipids exhibit a small nonlinear component in the
very vicinity of the transition point. The linear increase is

attributed to a continuous reduction oftrans-gaucheisomers,
consistent with the picture of “freezing-out” of the hydrocar-
bon chains. Microscopic modeling has suggested that the
nonlinear part reflects critical behavior in the chain stiffening
process[31]. ThedB data are much more scattered compared
to d, which is due to the higher uncertainties in this case.
However, if one draws a straight line through the DMPC data
exhibiting the least scatter and shifts the line vertically it is
evident that all lipids follow approximately the same slope
(Fig. 8). Thus, there is no significant change in the overall
behavior of the bilayer thickness as the chain length is in-
creased. Figure 8 additionally shows, in excellent agreement
with our x-ray data, the temperature dependence ofdC deter-
mined from deuterium NMR measurements on perdeuterated
DMPC, DPPC, and DSPC[26]. Similar agreement is found
for NMR data on perdeuterated DMPC reported by Nagleet
al. [16], as demonstrated previously[21]. The comparison to
NMR data is based on the assumption that the slightly lower
transition temperatures of the perdeuterated lipids are the
only difference from the nondeuterated analogs.

dc is obtained from the NMR data by applying[26]

dC = nHC 3 s1.25 Ådf0.5 +Î3M1/sp167 kHzdg, s8d

wherenHC is the number of hydrocarbons per chain andM1
the first moment of the NMR spectra reported by Morrowet
al. [26]. Finally, a constant is added to the 2dc values in order
to obtain the best overall agreement to thedB data reported in
Fig. 8. For the individual lipids this constant varied between
20 and 22 Å, which is on the order of double the steric
headgroup size for PCs[48]. Note that this simple procedure
does not consider that in general chains may not be termi-
nating at the center of the bilayer[61]. However, the good
agreement between the two data sets justifies its usage.

FIG. 7. Temperature dependence of the fluctuation parameterh
for (a) DMPC (P), (b) DPPC(s), (c) DSPC(j), and (d) DNPC
(h, dashed line) and DAPC (l, solid line). Lines are drawn to
guide the eye. All data presented in panels(a)–(c) show an increase
of fluctuations in the vicinity ofTM, not observed in(d).

FIG. 8. Temperature dependence of the membrane thicknessdB

for DMPC (P), DPPC (s), DSPC (j), DNPC (h), and DAPC
(l). The straight lines all have the same slopes,−0.14 Å/Kd de-
termined from the DMPC data and show that the increment indB

toward TM is roughly the same for all lipids. Greyn’s show the
corresponding temperature behavior of thedC’s determined from
the first moment of DMPC-d54,DPPC-d62, and DSPC-d70 (data
taken from Ref.[26]), appropriately scaled to the correspondingdB

data(see text).
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The NMR data therefore support our finding thatdB de-
creases for all lipids with temperature in a similar fashion
(Fig. 8). Additionally, since the NMR data exhibit less scatter
than thedB’s we may use them to get a better estimate of the
nonlinear bilayer thickening component, which turns out to
be about 0.5 Å, irrespective of the chain length. This agrees
well with the Ddan’s for DNPC and DAPC(Fig. 4), for
which no NMR data are available. Combining all the evi-
dences presented, we therefore conclude that the relative
temperature dependence ofdB is the same for all lipids. Con-
sequently, the anomalous swelling for DNPC and DAPC is
exclusively due to the bilayer behavior. This is in agreement
with both the absence of increased fluctuations[Fig. 7(d)]
and a nearly unaltered bilayer separation[Fig. 5(d)] just
aboveTM.

In order to further confirm that the swelling for long lipids
snHC.18d is attributed solely to the increase in membrane
thickness, we have performed a temperature scan(0.5
K/min) on DBPC[62]. Clearly, thed spacing increases non-
linearly as TM is approached from above(Fig. 9). The
anomalous componentDdan is about 0.5 Å and therefore of
the same magnitude as the residual swelling of DNPC and
DAPC and further also as that for the bilayer component
determined from NMR measurements[16,26].

We therefore arrive at the following picture of anomalous
swelling. Below 18 hydrocarbons per chain the nonlinear
increase ofd in the vicinity of TM is dominated by the ex-
pansion of the water layer. The contribution ofdW decreases
with chain length and finally vanishes above 18 hydrocar-
bons per chains. For PCs with longer chains, the swelling is
due to a nonlinear thickening of the bilayer, whose tempera-
ture behavior does not depend on the lipid chain length.

The constant 0.5 Å nonlinear component ofdB is difficult
to rationalize. Is it truly critical and understandable in terms
of a theory for hydrocarbon chain melting[31]? If it is criti-
cal, then we might expect the nonlinear contribution to in-
crease as the chain length decreases, because the main tran-
sition of short-chain lipids was reported to be more critical-
like than those of lipids with longer chains[14,26,29]. The
nonlinear amplitude ofdB, however, does not show this be-
havior.

Does this mean that the membrane behavior in the vicin-
ity of TM is “normal,” further implying that the main phase
transition of PCs can be described in terms of a weakly first-
order transition[30]? Not necessarily. Density fluctuations in
one monolayer will in general not be correlated with the
density fluctuations in the opposing membrane leaflet. This
may then give, on the average over time and space of the
measurement, no measurable contribution to a critical or
pseudocritical membrane thickening.

D. Possible link to formation of ripple phase structure

It has been proposed that the hydration dynamics caused
by pretransitional swelling are associated with the formation
of the ripple phase[17]. It could be argued that this results
from a freezing out of the thermal undulations, leading to a
correlation of the fluctuations in the form of the rippled
structure[20]. This scenario has been disproved by Masonet
al. [20], who reported that monomethyl and dimethyl
dimyristoyl phosphatidylethanolamine exhibit no ripple
phase, but show pretransitional swelling.

This led us to test whether the previous findings extend to
a different set of lipids. We have therefore determined the
crystallographic parameters(Table I) and form factors(Table
II ) of fully hydrated DMPC and DAPC in the ripple phase at
296.7 K and 338 K, respectively. Here, the focus is on the
ripple amplitudeA and whether there is any correlation with
the fluctuation amplitude aboveTM, which is a function of
the bilayer separation[60]. A recent study has reported little
dependence ofA on temperature[8]. Therefore, the actual
temperature within the ripple phase and its relative value

FIG. 9. (a) Temperature dependence of thed value of DBPC in
the vicinity of the main phase transitionsTM =349 Kd. DBPC ex-
hibits no ripple phase, but a gel phase of lamellar order as evi-
denced by the diffraction patterns(i) taken about 1.5 K belowTM

(b). The diffraction pattern(ii ) shows the system about 1 K above
TM in the La phase.

TABLE I. Chain-length dependence of the stable ripple phase
cell parameters of fully hydrated DMPC(296.7 K), DPPC(312 K),
and DAPC (338 K). The length of the long ripplelL, the short
ripple lS, and its amplitudeA have been estimated from the electron
density maps presented in Fig. 10.g is the angle between the vec-
tors a andb of the 2D monoclinic unit cell, given by Eq.(4).

a sÅd b sÅd g s+d lL sÅd lS sÅd A sÅd

DMPC 117.4 66.9 91.7 75 44 10

DPPC 136.8 72.1 95.3 100 42 13

DAPC 178.3 87.0 101.8 139 45 20

TABLE II. Crystallographic data on indices and form factors of
fully hydrated DMPC, DPPC, and DAPC. DPPC data taken from
Ref. [50].

h k Fhk
DMPC Fhk

DPPC Fhk
DAPC

1 0 +0.9 +1.1

0 1 +10.0 +10.0 +10.0

1 −1 −2.1 −2.5 −2.9

1 1 +1.9 +6.0 +8.9

0 2 −9.7 −7.1 −4.7

1 −2 +3.5 +4.2

1 2 −8.7 −8.0 −10.6
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with respect toTM are of minor significance. Tables I and II
also contain data for fully hydrated DPPC at 312 K taken
from Rappolt and Rapp[50]. The EDMs(Fig. 10) have been
calculated applying the form factors listed in Table II. It is
evident from Table I and Fig. 10 that the cell parameters
increase with chain length. Most important in the present
context is, however, the observation that the ripple amplitude
of DAPC is about twice the corresponding value for DMPC.

The data therefore show no correlation with the bending
fluctuations in theLa phase. From the latter we would expect
that A either shows no trend with respect tonHC because
neither does the absolute value ofdW, or decreases with in-
creasing chain length because of the reduction of the water
layer swelling(Fig. 5). The results thus confirm the previous
conclusion by Mason and co-workers[20] that the formation
of thePb8 phase is independent of anomalous swelling in the
La phase.

There is additional evidence for this notion if we return to
the original proposal by Richteret al. [17], which empha-
sized that the “bilayer hydration” caused by anomalous
swelling could be the cause of the formation of the ripple
phase. We have shown that, although all bilayers studied
exhibit pretransitional swelling, the expansion of the water

layer in the vicinity ofTM vanishes above 18 hydrocarbons
per chain. Thus, in the explicit case of DAPC, there is no
water layer swelling(Fig. 5) aboveTM, while the system
exhibits a ripple phase belowTM (Fig. 10) [63]. This is
complementary to Ref.[20], which demonstrated pretransi-
tional swelling in the absence of the formation of a ripple
phase.

IV. SUMMARY AND CONCLUSION

We have analyzed the diffraction patterns of fully hy-
drated liposomal dispersions as a function of chain length
and temperature above and belowTM. We have particularly
focused on the temperature dependence of the structural pa-
rameters and the bilayer bending fluctuation in the vicinity of
the fluid-to-gel transition. Additionally, the fully hydrated
ripple phase structures of DMPC and DAPC have also been
derived. The results are summarized as follows.

(1) All lipids studied exhibit anomalous swelling. The
amplitude of the swelling decreases with increasing length of
the hydrocarbon chains in agreement with Korreman and
Posselt[18]. It does not vanish completely, however. Above
18 carbons per chain, it levels off and exhibits some residual
swelling on the order of 0.5 Å.

(2) For nHC,19, the anomalous swelling is dominated
by increased bending fluctuations and an expansion of the
water layer in the vicinity ofTM. This contribution is reduced
with increasing chain length and is not present fornHC.18.

(3) The second contribution to anomalous swelling is due
to a nonlinear thickening of the lipid bilayer. WhiledB in-
creases with chain length, due to the additional hydrocarbon
segments, its temperature dependency including the nonlin-
ear component does not show significant changes. Therefore,
the residual swelling fornHC.18 is due to the bilayer only.

(4) The amplitudes of the ripple phases increase with
chain length and show no correlations with the chain-length
dependencies of the absolute values ofdW or its relative in-
crease close toTM in the La phase. Further, DAPC and
DNPC [63] exhibit a ripple phase in the absence of a pre-
transitional expansion of the water layer. This is complemen-
tary to the case demonstrated by Masonet al. [20]. Thus,
there is no direct coupling between anomalous swelling and
the formation of a ripple phase.
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