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Specular and diffuse scattering of highly aligned phospholipid membranes
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We present a quantitative study of specular and diffumamspecularx-ray and neutron reflectivity from
highly aligned phospholipid membranes deposited on solid substrates. The height-height correlation function
could be obtained from the diffuse scattering without further model assumptions. The results differ signifi-
cantly from the linear theory of smectic elasticity. We argue that the diffuse scattering is dominated by static
liquid-crystalline defects, rather than thermal fluctuatidi®.063-651X99)07312-2

PACS numbds): 87.16.Dg, 61.10.Kw, 87.15.Ya

The statistical physics of phospholipid membranes hagrotein systems where detailed density reconstructions ne-
been studied for a long time. Apart from their significance ascessitate more rigorous approaches to fluctuation corrections
important model systems of biological membranes they repef the raw data.
resent interesting materials with a variety of unique proper- For our study we chose the well characterized phos-
ties. Phase transitions, elasticity, and fluctuation phenomengholipid  1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
have all been studied both theoretically and experimentallyDMPC Avanti Lipids, AL). The samples were spread from
[1]. By now, the concept of bending elasticity for multila- isopropanol solution onto cleaned silicon substrates follow-
mellar membranes in their fluid,, state is well established ing a procedure given by Seul and Samnjdg]. After a
[2]. Similarily, the molecular interactions responsible for aslow evaporation process, the samples were put in a desicca-
mean interlamellar distancEbetween membranes have beentor overnight to remove the organic solvent completly, and
measured quantitatively, including electrostatic, van dethen rehydrated, resulting in a stack of mean thickrigss
Waals, hydration, and steric contributiof3,4]. It is now  =13um. Finally, they were annealed in temperature cycles
widely accepted, that multilamellar membrane fluctuationshelow and above the main chain transition to reduce lamellar
can be described by the linearized free energy density of defects. The orientational distributioimosaicity as mea-

three-dimensional3D) smectic liquid crystal sured in a rocking scan was typically smaller than the instru-
mental resolutio{about 0.01f, see Fig. 1a).
1 (ou\2 1 The resulting multilamellar stacks are put in a temperature
H/V= §B<E + > K(Viyu)z, (1)  and humidity controlled chambévapor phase at nearly 100

per cent relative humidifyfor the x-ray investigation and
were kept at a fixed temperatuiie=45°C well above the
where u(x,y,z) is a continuum displacement field of the chain melting transition to maintain the membranes in the
membranes with respect to a perfect lattice in the local coliquid L, state. The specular reflectivity was measured at an
ordinate systemB[J/n?] and K[J/m] are the bulk moduli in-house rotating anode x-ray generator equipped with a
for compression and curvature, withrelated to the bending Ge(110) channel cut monochromator selectingkGy radia-
modulus of a single membrane accordingkies K/d. tion and a NaJ scintillation counter. Extensive reciprocal

With a few exception$5—7], the vast majority of experi- space mappings of the diffuse scattering were carried out at
mental data on multilamellar membranes, in particular rethe optics beamline of ESRF, Grenoble, using an unfocussed
garding the fluctuation analysis, have been collected onx-ray beam of 20 keV with a source divergence of about 1
aqueous bulk suspensions. Due to the powderlike orientax 100uracf (vertical x horizonta). Despite the highly bril-
tional distribution of domains, only limited information can liant synchrotron beam no radiation damage was observed
be derived from such systems, e.g., in a scattering expereven after exposure times of several hours which we attribute
ment. In this work we present a quantitative specular ando the relatively low absorption cross sections at 20 keV.
diffuse reflectivity study of multilamellar phospholipid mem- Complementing the x-ray data, we used diffuse neutron scat-
branes deposited on a solid substrate, combining results frotering in a scattering geometry, to obtain access to a wide
synchrotron x-ray and neutron experiments. We can deterrange of reciprocal spadd1]. The particular advantages of
mine the height-height correlation functions characterizingneutrons derive from the nearly perfect transperancy of the
the multilamellar stack in a direct, and model independensubstrate to the neutron beam. This setup is ideally suited to
way by recent advances in the analysis of high-resolutiomap out the diffuse structure factor in the plane of incidence.
specular and diffuse scatterifi®,9]. Apart from fundamental In this geometry the resolution is intrinsically better than in a
statistical physics, solid supported membrane systems are e€an out of the plane of incidence, which must be used in the
interest for applications such as functionalized biomaterialsx-ray cas€9,11]. The neutron experiments were carried out
Furthermore, such studies are needed to shed more light @an the new ADAM reflectometer at the high flux reactor of
the one-dimensional crystallography of lipid-peptide or lipid- ILL, Grenoble, under conditions described in Ref1].
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] (a) =50A, in agreement with a phenomenon known as the va-
por pressure paradoxdi?2]. The results were solidified by
an independent reflectivity simulatigisolid line) based on
04 the Parratt algorithm using a box model for the bilayer den-
1 sity profile. The overall reflectivity decay and the existence
of the higher order peaks is only reproduced well in the
simulation if the rms value of bilayer fluctuatiomsis kept
e below a value otr=0.3 nm, in agreement with results found
02 00 02 04 08 08 10 12 14 16 18 20 in bulk systems at equivalent osmotic pressiife. Within
% [deg] the harmonic model [17] the relationship o?
=kgT/(27KBs) can be derived. Taking, e.gr,=0.2nm
4 (b) and a bending stiffnesK=0.8x10 2 erg(2kgT) for
' Q. DMPC from the literatur¢13], a compressional modulus of
aboutB=1.5x 1% erg/cn? would be obtained.
However, as expected the simple Parratt model of perfect
stacking and phase coherence with the substrate shows sys-
’\ tematic descrepancies. In particular, the peak line shapes are
........ 15 S not at all reproduced correctly in this model, as can be in-
. spected by zooming thg, range in(a). Contrarily, the alter-

k; , native model based on truncation rod theory as discussed
a.[ below, accounts quite well for the observed line shapes, see
- . Fig. 2(b). Here, the normalized peaks of the different orders

were plotted above each other agaigst-q., whereq. is

the respective peak center. The line shapes of the different

FIG. 1. (a) A representative rocking scan measured at the firs©fders overlap perfectly except for the first order which is

Bragg peak, showing the sharp specular and the broad diffuse scadynamically broadened by extinction owing to multipptey-

tering component, respectively, in logarithmic representation. Théamio reflections[14]. Forn=2, a half width at half maxi-

perfect alignment is illustrated by a central width of about 0.014°.mum (HWHM) of 8.2x10 *nm™?! indicates a domain size

(b) A sketch of reciprocal space with the specular Bragg peaks otarger thanL=770nm. The solid line ird) is a simulation

the g, axis accompanied by the diffuse Bragg sheets extending intaccording to

finite g,. The Bragg sheets can result from conformal thermal

fluctulations or correlated layer distortions around lamellar defects. n=N

The form of a bananéor smile is a result of refraction effects. S(q,)x| X, exd—(nd/L)?]8" exd —ng,d]|Z (2)
n=-N

Intensity [cts]

2l

The x-ray reflectivity is displayed in Fig.(@ as a func-
tion of perpendicular momentum transfigr, as measured at with N<L on the basis of a formula proposed in the context
q,=0 (gxy=0). n=7 orders of multilamellar Bragg peaks of crystal truncation rod scatterin@5], where the first factor
are recorded, indicating a high degree of translational ordein the geometric sum takes into account the finite sizhie
and a well-defined lamellar periodicity af=4.96 nm. A to domain size or instrumental resolution, g8e 0.98 is an
density reconstruction was performed after phasing of themperical line shape parameter, which will is given physical
peaks yielding a membrane thickness of abéyt=3.7nm  meaning further below. This form assum@sa perfect po-
(headgroup-headgroup distapead correspondingly a water sitional oder within one domain an@i) a distribution of
layer of abouts,,= 1.3 nm in between membranes. Despite adomains sizes which is incompatible with a single domain on
relative humidity in the chamber near 100 per cent, the bithe substrate or several coherent domains locked on the sub-
layers were swollen only up to a repeat distance of aldout strate in a fixed phase relationshiib].

0] § @) (b)

FIG. 2. (@ The reflectivity
0 \a curve (open circles of DMPC
along with a simulation of a box
model density profile of the stack
4 calculated in the Parratt formalism
(solid ling). Systematic discrepan-

refelctivity
au

10*

norm. peak reflectivity
3

\ y. ° cies in the peak line shapes are
10 101 © n=2 o observed(b) Normalized profiles
10° o T R . ::i o of second, third, and fourth Bragg

lineshape o peak, scaling perfectly to a single

ap O
o true specular c

107 simulation (Parratt) {trunc.rod) - lineshape fit(after subtracting the
o 10° peak centers), in contrast to the
0.0 0.2 04 0.6 0.8 1.0 .0.003 0000  0.003 prediction of the Caillenodel.
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FIG. 3. X-ray diffuse scattering measured in the setup of grazindi"St Bragg sheet as a function qf , as obtained after combining
incidence diffraction(sketched in the insgtThree representative Neutron and x-ray data. The peak at 0'0061'55_ due to a refraction
vertical slices through the diffuse Bragg she@islersn denoted by ~ effect(see text For comparison, the quadratic scaling of the width
roman numbejsare shown as a function of, at different constant ~according to the Caillenodel is plotted as a solid line.
angles @ out of the plane of incidence. At62=0°, the specular
beam(SP is observed in between the first and second order Bragdering geometry of grazing incidence, in which such data can
sheet. be measured, is shown in the inset, and has been described in

detail beforg9].

In particular, even before any data analysis, the lack 0# In Fig. 4 the half width at half maximurm of the first

tail scattering clearly contradicts the usual algebraic decay i ragg sheet is plo.tted asa func_tlonomf. For th's purpose,
. 2 results of x-ray diffuse scatteringmeasured in the setup
translational symmetry, well known as Landau-Peierls - : :
instability [4,16,17: logarithmi diveraen f shown in Fig. 3 and neutron diffuse scattering have been
Stabliity AU a loga c ergence o combined(technical aspects, in particular refraction effects
(lui(r)—u;(r")|) as derived from Eq(1) leads to an en-

! , . , like the peak at 0.0055 A [18] are described in Ref11]).
hanced tail scattering described by a slope 3, with 7,

A ; At small q;, the g, width of the Bragg sheets is resolution
=non“ [17]. Thus, the slope decreases strongly with the oryominated, while a broadening can be observed at interme-

dern, which is not observed here. At the same time, the cleagjiate values, before a saturation value is reached atdjigh
separation of specular and diffuse scattering indicates thene intrinsicq, width w of the Bragg sheet is inversely pro-
absence of a logarithmic divergence also along the memportional to the correlation lengts, defined as the vertical

branes in they plane, and hence a perfect long range posidecay length of fluctuations characterized by a lateral wave
tional order within the domains, both along tkeand the numberq,

lateral X,y directions. This is a surprising result, since the
multilamellar stack is several thousands of bilayer thick, and
the vast majority of membranes probed is far away from the
substrate. . . ]
Let us now consider the nonspecular scattering contribuccording to the Caillenodel, ¢, should scale quadratically
tion, arising from bilayer fluctuations or other types of lateral2S
disorder. As is well known, the diffuse scattering of a mul-
tilayered system is a unique transformation of the statistical §Z=()\qf)*l, w:)\qf. 4
height-height difference function®r correlation functions
defined asy;; (r)=([u;(r')—u;(r' +r)]?), whereu denotes
the deviation from the mean average position of the inter
faces labeled by andj [8]. In particular, the average height- ,ccount. The higly, regime, on the other hand, may not be
height self-correlation functioni &) can be retrieved after gescribable by a continuum theory, since the lateral length
a numerical back transformation of the structure factorscales become too small. Therefore, one could argue, that
S(dz.qy) [9], if the data has been collected over a wideonly the intermediate regime, where the broadening is ob-
enough range iy, e.g., by scanning the reciprocal spaceseryed, should be considered to determire K/B, see the
both in and out of the pIane of incidence. In Flg 3the difoSESoﬁd line. Remarkab|y, the Corresponding value »f
intensity is shown as a function of, at different angles 2 =14 nm is more than an order of magnitude higher than the
out of the plane of incidence, corresponding to increasing/alue of about 1 nm, which is be estimated from the above
gy, from top to bottom scaled as measureg=0.5° was values ofB and K. Apart from the mentioned discrepancy
kept constant throughout and chosen such that the speculbetween data and theory, this result indicates that even in the
peak(SP was lying in between the first and second Braggintermediate regime the observed broadening is inconsistant
sheet to ensure that the diffuse sheets could be measurgdth the fluctuation amplituder determined from the reflec-
without excitation of the specular Bragg pedX. The scat- tivity.

gij(QH)“e_li_”d/fz- (3

The deviation of the data in Fig. 4 from this simple picture is
‘obvious, even if resolution effects at smajl are taken into



7288 T. SALDITT et al. PRE 60

104 .. smallr a power law ofg(r)®%«r%3 s found, followed by a
(@) saturation regime at abogt=100 nm. The functional form
10°4 specular ™ is compared with(i) the logarithmic function predicted by
the Caillemodel andii) to an analytical form given by Netz
[20], valid in linear approximation for a single membrane
near a hard wall or any harmonic pinning potential. Clearly,
both models can be discarded.

Furthermore, it is important to note that the fluctuation
s amplitudes=14 A derived from the analysis of the diffuse
TE5  1B4  1E3 001 o4 intensity is much Iarge_r.than thatde_rived from the simulati_on
of the specular reflectivity. Along with the discrepancies dis-
cussed above this may lead us to assume that the diffuse
14 (b) - : inte_nsity at _higth is dominoted by inhomogeneous anol lo-

1 g calized static defects, leading to a highly conformal distor-
tion of the layer lattice in the vicinity of the defects. This
effect results in a higher effective amplitude determined from
°® power law the diffuse scattering. Contrarily, the specular reflectivity is
----- Calille dominated by well ordered areas far away from defects,
AAAAAAAA g(n°® acc. to ref.[20] where mainly thermal fluctuations contribute @ In this

‘ picture, a single multilamellar domain breaks up into seper-
01y @ ————— ate phase-shifted domains by static lamellar def¢2fd,
10 100 . 1000 where the determined values f§rwould be a typical length
r[A] : scale of the distortion field associated with the defect, as
observed also in some smectic liquid crys{dg]. The line
FIG. 5. (a) g,-integrated intensities of the first diffuse Bragg shape parametes used for the simulation in Fig.(B) may
sheet as a function af,, combining neutrorfopen symbolsand  be linked to the defect probability. These conclusions are
x-ray (solid symbol$ data. The overall profile is approximated by also supported by polarized optical microscopy observations:
an analytical functior{solid line) used to generatg(r). The expo-  hydrated samples prepared by the same method on glass
nents found in the power-law regime are distinctly different from cover slides exhibit a texture of many isolated axissymmetri-
the Cailletheory. (b) Height-height difference functiog(r)®®as  cal focal conic defects.
obtained by a numerical back transformation of the dat@)inFor In summary, we must put forward a picture of large and
comparison the theoretic predictions of two different linear modelsnigmy oriented, multilamellar domains, within which the bi-
are plotted(see text layers are long-range ordered both in the lateral and normal
directions. The suppression of the thermal fluctuations may
Let us now discuss the decay of the Bragg sheet intensitgossibly be due to the effective surface tension associated
with 26 or equivalentlyq,, which is quantified in Fig. &).  with the solid-lipid and the lipid-vapor interfaces, respec-
The intensity of the first and second Bragg sheet, respegively [24]. The resulting absence of the Landau-Peierls in-
tively, is shown after integration along, over the corre- stability has important consequences for one-dimensional
sponding width of the sheet, i.e., the width indicated by thecrystallographic studies of lipids and lipid-protein systems,
horizontal arrows in Fig. 3. Again, the data points of thesince the maximum resolution achievable under these condi-
neutron experiments have been combined with those of thgons is no longer limited by thermal fluctuations as in the
diffuse x-ray scattering measured out of the plane of inciCaille theory. The domains in turn are not in a positionally
dence, and are found to agree well in the range of overlagoherent, fixed phase relationship with each other, but are
[18]. separated by defects, probably of focal conic type. The con-
In this representation of the-integrated intensity, all formal layer distortions around the defects affect the diffuse
contributions of the cross-correlation functions drop out andscattering. Defect scattering has so far not been addressed in
the structure facto®(q; ,q;,, const) corresponding to the av- lipid membranes, but may have been a significant contribu-
erage self-correlation functiag(r) is measured19]. Below tion also in many previous measurements of solid supported
the specular peak a broad diffuse plateau with a small slopgembranes and isotropical suspensions of bilayers with high
of about q %% is observed, followed by an asymptotic bending rigidity[23]. Discrepancies between theory and in-
power law decayq %°° for q,=0.006 A'*. The exponents elastic neutron scattering experiments on partially hydrated
associated with the asymptotic regimg;=2.56 and vy, films [25], where the relaxation times were found to be sev-
=2.14 for the first and second Bragg sheet, respectivelygral orders of magnitude longer than expected, may also de-
differ drastically from the Caill@xponents. From the depen- rive from the fact that the signal was affected by the defect
dence ofy on the order of the Bragg sheet the fluctuationdynamics rather than only thermal fluctuations. It should be
amplitude or rms roughness can be extracted along with noted, however, that the situation may be quite different in
the functional form ofg(r)°® by a numerical back transfor- fully hydrated membranes, where thermal fluctuations are
mation[9]. Since the details of the procedure in particularmuch more prominent.
regarding the numerical treatments, the resolution, back- In the future, the scaling of the defect scattering and the
ground and cutoff effects have been discussed bef@le corresponding coefficients may be compared directly to theo-
only the results forg(r)%° are presented in Fig.(B). For  retic expressions yielding details of elastic properties and

N, diffuse

S(g, ) [norm ]

10724 = neutron
X-ray
1074 —fit
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