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Effect of hydration on the structure of oriented lipid membranes
investigated by in situ time-resolved energy dispersive x-ray diffraction
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In situ time-resolved energy dispersive x-ray diffractidBDXD) was applied to investigate the
effect of hydration on the structure of 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP)-oriented membranes. The measurements allowed a very high density time sampling of the
evolution of the structural properties of the DOTAP bilayer such as the landigacing, the
membrane thickness, and the size of the interbilayer water region. Time-resolved EDXD has been
found to provide important information on the role played by free water molecules on the structure
and fluidity of lipid bilayer. ©2005 American Institute of PhysidDOI: 10.1063/1.1952583

Lipid hydration and its effect on the structure of lipid layers system. In this study, we took specific advantage of
bilayers is a fundamental problem in membraneusing oriented lipid membranes, which strongly reduce ac-
biophys,icsl.'2 Water adsorption affects interactions in the quisition times with respect to liposomic aqueous
headgroup region at a molecular level and results in the d&alispersioné’.Oriented samples safeguard spatial information
velopment of interbilayer interactions known as hydrationand allow for more accurate diffraction analyses.
forces® The water interacting with lipids has been classified  Although there is an extensive literature on the structure
as tightly bound, weakly bound, trapped and free water andyf neutral lipids, the present knowledge of the structural
as a result of interaction with water molecules, majorproperties of charged lipids is still poor and needs to be
changes can occur in both the structural and dynamic progmplemented particularly due to the involvement of charged
erties of lipids? Furthermore, it has been recently shown thatheadgroups in cell activity
water molecules close to the bilayer surface are strongly or- DOTAP was purchased by Avanti Polar Lipids in the
dered with their dipoles aligned against the bilayer dipolelyophilized form and used without further purification. Ori-
and that the percentage of oriented waters monotonously dented DOTAP membranes were prepared depositing 1 mg of
creases as the interlamelidsspacing increases. lipid onto a flat freshly cleaved silicon wafer by evaporating

Since lipid bilayers are the supporting matrix of cell from an isopropanol solution. After drying under vacuum for
membranes, a second major goal is to measure their struone day, the sample was hydrated from a vapor-saturated
tural parameters quantitatively in the biologically relevantatmosphere, ai=300 K, in a sample chamber suitably de-
liquid-crystalline L, phase at different levels of hydration. signed to overcome the experimental inadequacy that had
The headgroup-headgroup distaraig, gives fundamental previously led to the vapor-pressure parat%kdiffraction
information about the fluidity and the elastic properties ofangle #=1.06° was fixed that allowed to cover simulta-
lipid bilayers, whereas obtaining the water spacing betweeneously an overall region of the reciprocal space 0082
adjacent bilayersl,, is essential for evaluating interactions <1.1 A" [q=cons{E)sin ¢; const=1.014 AlkeV1].
between membranéslnsights into the correlation between A series of time-dependent EDXD patterns were col-
the degree of hydration of lipid bilayers and the exact naturdected during the exposure of the lipid film to the water va-
of interbilayer water could help towards answering the recurpor, were automatically stored every 100 s, and are reported
rent question about the relation between the structure oh Fig. 1 (250 patterns As evident, the measurements al-
membrane surface water and lipid headgro7ups. lowed a very high density time sampling of the temporal

In this letter, we demonstrate the feasibility of using theevolution of the DOTAP bilayer structure. At0, the first
energy dispersive x-ray diffractiofEDXD) method as a four diffraction orders(00) of a lamellar structure with a
means of monitoring temporal changes in the bilayer strucd-spacingd=2#1/q=47.9 A were measurable with high ac-
ture upon hydration. EDXD has recently emerged as a powcuracy, while occasional higher orders could be observed but
erful tool to investigate the kinetic variation of the lipid bi- were not accurately measured. Immediately after closing the
layer structure induced by the change of physical andthamber windows, the lamellar order of the phase is
chemical paramete?s.‘l’he proposed experimental setup is maximum.
amenable to perfornm situ hydration kinetics allowing to Upon hydration, the water adsorption results in a spon-
acquire accurate time-resolved images of the intrinsicallitaneous and continuous swelling of the DOTAP membranes.
low-resolution lipid bilayer structure. In particular, we report The increase of the repeat distance is reflected in the change
on the hydration kinetics of oriented 1,2-dioleoyl-3- of the diffraction Bragg peaks positions which move to lower
trimethylammonium-propane-chlorid®OTAP-Cl) multibi-  g-values as a function of time, that is, as a function of in-

creasing hydration. As evident from Fig. 1, the lamellar sig-
3Author to whom correspondence should be addressed: electronic maif@l changes remarkably in that the intensities of the diffrac-
g.caracciolo@caspur.it tion orders continuously decrease. To the sake of clarity, the
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FIG. 1. Time-resolved EDXD patterns of DOTAP multibilayer system upon
hydration. Water molecules are incorporated between lipid bilayers and pro- 12
mote loss of spatial coherence. Increasing lattice disorder leads to a progres- 0 10000 20000
sive lowering and broadening of diffraction peaks, as confirmed by the t
temporal evolution of the integral area of the first-order Bragg fgpakel (S)

a) and by the FWHM of all the diffraction orders as a time function. The

continuous lines are a guides to the eyes to show the general {igsnl FIG. 3. Temporal evolution of the lamellar repeat distances obtained by the

b). electron density profiles calculated applying Et). Representative values
are depicted. The swelling of the DOTAP membranes is due essentially to
the expansion of the water laydy, between opposing bilayers. In addition,

temporal evolution of the first-order Bragg peak intensity isas a result of the greater mobility of the DOTAP molecules, the membrane

reported in panel A, whereas the temporal evolution of thehicknessd,, increases slightly. The continuous lines are the best fits to the
full width at half-maximum(FWHM) of all the diffraction & obtained applying EG2): d; Eq. (3): dyi and a linear regressiot.
orders is displayed in panel B. The onset of diffraction inten-

sity decrease is directly interpretable in terms of order losshe bilayers(z) was calculated as a Fourier sum of cosine
promoted by free water molecules that penetrate theerms as

multilayer system and reduce the scattering correlation

length. Since FWHMs increase with increasing transfer mo- p(2) - (p) N z
mentumgq, disorder of the second kind is indicatEdinter- Ap= s > F co<2wla>, (1)
estingly, panel B also shows that FWHMs increase as a func- [Kp™(2) = <p)] 1=1

tioE of hydration, 'colnfirming thlat tkfle intermlembrane wherep(2) is the electron densityp) its average value\l is
coherence progressively extends less far. We also ObserYﬁe highest order of observed reflectioRgis the form factor

'éhat ir:jtensities from higher orders of difiraction gradually for the (00I) reflection, andl is the thickness of the repeating
egrade. .
unit.

consistent with the enet%ation of free Watgr moleéules be?uggested by Luzzalf. Due to intrinsic fluctuations in hy-
. ne p . drated fluid bilayers, x-ray data from multilamellar arrays
tween the interbilayer region.

With the aim to provide direct and quantitative evidenceCan yield electron density profiles only along the normal to

; , . _“the bilayers, giving a measure of the bilayer thickndss
that such order loss could be entirely ascribed to the d|$oré‘nd the size of the water regiody,. The electron-denser
dering effect caused by the adsorption of free water mol-

. . egions(i.e., the two maxima in the electron density profiles
ecules, electron density profiles along the normal to DOTAR I . i
bilayers were calculated from the time-resolved EDXD pat-Of Fig. 2) represent the DOTAP headgroups, while the pro

: : . nounced central minimum corresponds to the terminal me-
terns of Fig. 1, and some representative profiles are shown

. . : llrll1yl groups of the opposing acyl chains. The distance be-
Fig. 2. The electron density profilép) along the normal to tween the maxima provides a sensible estimation of the

membrane thicknesxihH.6 The lamellar repeat distancecan

be regarded as the sum of the membrane thickdgssand

the water layer thicknesdy. Thus, the interbilayer water
thickness is defined ady=d-dyy. Accordingly, from the
calculated electron density profiles, accurate information
about the temporal evolution of the lamellar repeat distances
can be retrieved. Figure 3 shows the results for the changes
in the d-spacing, bilayer thickness, and water layer thickness
as a function of hydration. While the bilayer thickness in-
creases linearly, both thiespacing and the water layer thick-
z/d ness are well fitted by the following double exponential mod-

FIG. 2. Representative electron density profiles calculated from the time-eIS:

resolved EDXD patterns collected &t 300 s(solid line), t=1000 s(dotted
line), andt=15000 s(dashed ling d(t) = dy(1 —€/1) + dy(1 - '), (2
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dy(t) = dwl(l —emw) + dw2(1 —emw;), (3) On the whole, the present study demonstrates the ability

of in situ time-resolved EDXD to provide a quantitative and

which prove the existence of two relaxation processes: @efined description of the dynamic evolution of the bilayer
faster(ry~74 s;7,, ~79 9 and a slower process on the time gicture and fluidity as a function of hydration. Experiments
scale of a few thousands of secon¢s~8165s; 7w,  carried out on samples at lower and higher levels of hydra-
~5080 3. tion than those of the present study are currently in progress

The decomposition of the-spacing into bilayer and in- 54 are expected to elucidate in detail how the lipid hydra-
terbilayer water thickness reveals that the discussed ordef, is related to the structure and fluidity of the bilayers.
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