PHYSICAL REVIEW E VOLUME 59, NUMBER 6 JUNE 1999

Absence of a vestigial vapor pressure paradox
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The enigmatic but much accepted vapor pressure paradox for oriented lipid bilayer samples was recently
justified theoretically. Subsequently, recent experiments have shown that there is no vapor pressure paradox.
The first result of this paper is to consider another degree of freedom that reverses the previous theoretical
conclusion, so that theory and experiment are now in agreement that there is no vapor pressure paradox.
However, this analysis also suggests the possibility of a vestigial vapor pressure paradox that would rationalize
why the vapor pressure paradox was historically so persistent and that would have led to an improved protocol
for obtaining bilayer structure. This vestigial vapor pressure paradox would involve a phase transition as a
function of applied osmotic pressure. We test this possibility experimentally using combined neutron and x-ray
scattering data. The conclusion from these experiments is that there is not even a vestigial vapor pressure
paradox. However, this negative result validates an improved method for calibrating osmotic pressure in x-ray
studies of oriented samplds$1063-651X99)02506-4

PACS numbd(s): 87.16—b, 87.64.Bx

[. INTRODUCTION spacingd,,, were achieved. However, the same experimental
approach did not, at that time, achiestg=d,, for lipid bi-
When placed in water, lipid molecules self-organize intolayers in the biologically relevarit,, phase bilayers aligned
bilayers that form the structural basis of biomembranes. Iron either glass or silicon substrates; instead, such oriented
this simplest preparation of lipids and excess liquid waterstacks of bilayers simply floated off glass or silicon sub-
the most common lipids, the electrically neutral dipolar leci-strates at high humiditj4]. An important difference between
thins, form multilamellar vesicle$MLVs). Locally, MLVs  gelL g and fluidL , bilayers is their intrinsic flexibility. The
are smectic liquid crystals, with stacks of bilayers alignedhydrocarbon tails of the lipid molecules in the gel phase are
perpendicularly to a director axis, with a lamellar repeatconformationally ordered and packed into more rigid struc-
spacingd,,. Globally, MLVs are isotropic samples; in dif- tures than in the conformationally disorderéd, phase.
fraction studies they are called powder samples, althougiTherefore, bilayers in thé, phase have increased bending
they are thoroughly wet and the term “fully hydrated” is flexibility, resulting in substantial fluctuations; such fluctua-
frequently applied to them. tions are a key ingredient in the recently proposed theory to
For the purpose of elucidating structure, there are advarexplain the VPHS5,6].
tages to studying globally oriented samples made up of The basic idea is that fluctuatiorfbending as well as
multibilayer stacks consisting of thousands of bilayers. Oneelative displacement of adjacent bilayepsoduce an extra
of the simplest preparations of oriented samples involvesepulsive force which is entropic in natujré]. This accounts
drying lipid from an organic solvent on a solid substrate andfor the larger water spacings between bilayers in the
then hydrating the dry oriented stack by exposing it to watephase compared to the same lipid in chain ordered gel or
vapor. However, the repeat spacidg of such oriented bi- subgel phasel8]. The new theoretical ingredient introduced
layers has frequently been found to be smaller than the repetd explain the VPP was that interfaces, such as the surface
spacingd,, for fully hydrated MLVs, even though the rela- adjacent to the vapor or to a solid substrate surface, are im-
tive humidity (RH) of the water vapor was nominally 100% portant because they suppress bilayer fluctuatith§].
or even supersaturatéti]. A somewhat different preparation Fluctuation suppression results in a smaller repulsive fluctua-
of oriented samples is the free standing film, for whichdhe tion pressure, so there is less competition with the attractive
spacing has also been reported to be smaller tharfor  van der Waals force, thus the bilayers stay closer together.
MLVs [2]. Therefore, less water is taken up for oriented samples, result-
The established name, vapor pressure par@dB®), em-  ingind,<d,. The remarkable aspect of this recent theory is
phasizes that these results are paradokidaln equilibrium,  that the fluctuations are not just suppressed close to the sur-
the chemical potential of water vapor at 100% RH is theface, but throughout the interior of samples comprised of
same as that of bulk water. Why then, should a physicathousands of bilayer§5,6]. This theory is quite deep and
property, such as the repeat spadihgpe different in the two  details will not be repeated in this paper. However, it may be
types of hydrated samples? noted that the theoretical framework is in accordance with
The first shift in how we think about the vapor pressurethe well-known smectic liquid crystal theory that such sys-
paradox emerged from studies of lipid bilayers in thg tems should have long-range correlation functions that fall
(gel) phase[3,4]. By using supersaturated water vapor andoff as power laws rather than as exponentjls11]. It is the
aligned stacks on a glass substrate, spacinglg @k large as  presence of these critical correlations, associated with having
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only quasi-long-range orddQLRO) rather than crystalline 1 2 3---NN+1
long-range order, that gives rise to the experimentally docu-
mented power law tails in x-ray scattering pegRs12,13.
Since power law decays have no well-defined healing or de-
cay length, the theoretical result, that surface perturbations
could affectd,, over distances of 1Qum [5,6], seems quite
plausible. Additional observations thé¢ was systematically b fagaj- - -paf b
larger on rougher substrates, expected to provide less pinning
to the surface, was interpreted as supporting the thiglatly

The second shift in how we think about the vapor pressure
paradox has come from recent measurements that offain  FIG. 1. Schematic of a stack &+ 1 bilayers in a free standing
=d,, even inL, phase bilayer$15,16. Using a new oven film sample. Solid thick vertical lines show average position of the
for neutron diffraction in which an aligned stack of bilayers lipid bilayers.(For a realistic picture of fluctuations sg&7].) The
was contained between two parallel silicon surfaces, all imiight gray portions show liquid water, with spacingsbetween
mersed in waterd,=d,, was obtained in all phasd45]. adjacent bilayers and spacing®etween the outer bilayers and the
However, it was also noted that there existed an open possiapor phase.
bility that the stack of membranes might become separated
from each of the solid silicon surfaces. If such “lift-off” vestigate the possibility of a vestigial VPP, we have mea-
occurred, then there would be little surface suppression ofured by neutron diffraction thd, spacing of an oriented
fluctuations andd,=dy, is consistent with the recently pro- stack of bilayers on a solid substrate as a function of con-
posed theory[5,6,15. This ambiguity was resolved in a trolled osmotic pressure and we have compared ttgsel-
more recent paperl6] where it was reported that a mem- yes to x-ray values ofl,, for the analogous powder MLV

brane stack adsorbed to a single mica substrate and ingamples. The results are described in Sec. Il and their im-
mersed in water does not float off and stij=d,,. Most  plications are discussed in Sec. IV.

importantly, it was reported that when the oriented bilayer

stack was hydrated from the vapor, agdij+d,, [16]. From

these results, it is now concluded that there is no VPP after Il. THEORY
all.

The simplest, though inelegant, explanation for dismiss-
ing the old VPP results is that the humidity was never close It is convenient to begin the discussion of the theory for
enough to 100%1. This dismissal is made more plausible the system of free standing filni&€]. Although the actual
by noting that a vapor with a temperature only 0.1 °C lowerfilm must terminate on a support where the film configura-
than the lipid sample would result in an osmotic pres¢Bje tion becomes complex, in the middle of the film the geom-
of 10 atm, which is sufficient to decreaseby about 10 etry consists of a stack of multibilayers all oriented in the
A[1]. Specifically, if the windows in an x-ray sample cham- same direction with the two outermost layers bounded by a
ber are cooler than the sample, then the vapor will condenseapor/water interface shown schematically in Fig. 1. Such
on the windowgoften observed thereby lowering the vapor films have sharp and well-defined lamellar spacidgso the
pressure at the sample. Compared to past x-ray diffractiobulk of the lamellae have the same average spacing. The
studies, the particular advantage of neutron experimentsorresponding water spacing between bilayers will be de-
[15,16 is that the sample chamber is encased entirely imoted a. Because the headgroups are hydrophilic, there
aluminum. Since aluminum is a weak absorber of neutronsshould also be water layers between the outermost bilayers
no special windows are required, in contrast to x-ray sampl@nd the vapor; the thickness of these water layers will be
chambers, thus allowing for better temperature and humiditglenotedb. At this point, a possible caveat should be men-
control. Nevertheless, this explanation ignores some importioned. Instead of each bare water/vapor interface, there
tant questions. Why should a mica substrate matter? Is thaight also be a monolayer of lipid with chains protruding
theory wrong?(The theory cannot distinguish between theinto the vapor. Indeed, such a monolayer would be expected
various substratesCan we reconcile theory, the old experi- in true equilibrium because it would lower the vapor/liquid
ments, and the recent experiments? surface tension, but it might not be present in experiments

In this paper we first show in Sec. Il that there is a way tobecause of sample preparation history and slow kinetics for
reconcile the theory and the recent experiments. This indissociation of lipid molecules from bilayers. The presence
volves consideration of a degree of freedom that was nodf a monolayer will have no qualitative effect upon the dis-
included in the previous theory, but that is compatible withcussion as long as the surface tension remains greater than
it. The modified theory does not predict the VPP. Howeverzero[18].
it hints at the possibility of what we here name the vestigial We will now consider the free enerdy(a,b) as a func-
VPP, that would help explain why the old VPP was histori-tion of both variables. As is well known, there is a bare
cally so persistent. This possibility involves a kind of phaseinteraction between bilayers that consists of an attractive van
transition, as a function of applied osmotic pressure, betweeder Waals interaction and a repulsive hydration interaction
a state where a bilayer stack does not sense the substrate ¢l 9]; the sum is shown a8y in Fig. 2 with minimalFg at
one where it does. If shown to be true, the vestigial VPPwater spacingg. For lipid bilayers that do not have signifi-
possibility could also lead to an improved methodology forcant fluctuations, such as the gel and subgel ph§eshe
obtaining bilayer structure as we discuss in Sec. IV. To indbare interactions can be measured directlyderag by ap-

vapor
1odea

A. Free standing films
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FIG. 3. Free energy as a function lof The hydration free en-
ergy Fpyq is shown by the dotted curve and the fluctuation free
energyF; is shown for two values oé (solid and dashed curves
Fora=an, Fi=Fq+ Fhygt bP is shown(dot-dashed curydor a

-0.04 nonzeroP with free energyb P (dot-dashed straight lineFree en-

Water Space a (Angstroms) ergy scale is unknown.

FIG. 2. Free energies frofd9] versus interlamellar water spac- groups of the outermost bilayers to the same level as the
ing a. Bold solid or dashed lines sho,, which is the sum of the inner bilayers; namely, about half of the water spacing
bare potentiaF (thin dot-dashed lineand the fluctuating potential for fully hydrated MLVs. Studies of fully hydrated lipids in
F (thin solid or dashed lingsThe solid lines are for a large value the L, phase givea,, about 20 A[ZO], but the fluctuation
of b while the dashed lines are for a smaller vahie For conve-  force plays the major role in this distance. As such, for the
nience of ComparISOrFf|(b1) |S. shown with a pOSItI_Ve constant present purpose, using ay, of about 13 A obtained from
sgbtractedaB is _the stable spacing for the baBepotential bgtween the L,B gel phasd20], whoseF, is dominated byFg, is a
bl.Iayers anda,, is the stable spacing for a freely fluctuating stack better choice. Therefore, bt ~7 A, the chemical potential
with b=ce. of the adsorbed water is the same as the chemical potential of
. . the vapor.(If there is a monolayer at the vapor/water inter-
P'V'F‘g known osmotic pressuré [1]. For vapor systems? face, therb;~a,,~13 A would be more appropriajeThis
is given by leads to &4 that decays withirb; as shown by the dotted
P=—(kgT/V)In(Ry), (1 line in F_ig. 3._ Now, fo_r such a sr_nall external_water layer, the
fluctuations in the bilayer proximal to the interface would
whereV is the volume of a water molecule aml, is the mdeedfbe severﬁly constr;auned b_ecaL;se the ZulrfaC(la ﬁansmn of
relative humidity defined as the ratio of the partial pressuré’."ater avors a flat vapor/water interface and local fluctua-
fions fromb; in the thickness would involve large dehydra-

of the water vapor to its value at saturation where the vapor. o5 f linid head This lead
is in equilibrium with bulk water. tion energies for some lipid headgroups. This leads to an

For flexible L, phase bilayers there is also a significantf"‘ddi.tional decay ifFy asbis increased beyonld;, as shown

. ; Fig. 3.
repulsive fluctuational free enerdy;(a,b). Although the n : _ . . . -
pressure due to fluctuations is larger than the attractive vari!] Consider f'rSt.tth(C;:/se ;.W?'Chdthe relatlvelhumlrc]ilty of
der Waals interaction whea is very large, and this could '€ Watervaporis o arals fixed at some valua, that

lead to an unbinding transitidiv,21], for many(but not aly 'S 1ess tharay,. As b is increased beyont,, the proximal

bilayer systems there is a stable bound state with a finit@!ayer has more room to fluctuate, which decreases its free
average value o4, as indicated bw,, in Fig. 2. So far, this energy. According t95,6] this leads to a decrease Bjj for

is the usual theory that applies to fully hydrated MLVs im- the whole stack. While we _do not know the fungtlonal form
mersed in water wheh is also very large. According to the [0 F(21,0) for b>b,, it is certainly monotonically de-
recent theory5,6], what makes free standing films different cr€asing. We estimate that the effective decay length of
is that because is small the surface tension of the vapor/ Fi(P) will be close to the valuéd; that is the root mean
water interface prevents fluctuations of the outermost bilaySduare fluctuationr, of a single bilayer immersed in water.
ers; this reduces the dependenceé=gfupona, as shown by (Although mte_rbllayer interactions would be expeqted to re-
the curve labele (b,) — c in Fig. 2, whereb, is small. The duce un_dulatlon fluctuatlons in the o_utermos_t bllay_er im-
ensuing shift to a smaller equilibrium water spacintpatis ~ mersed in bulk water relative to its single neighboring bi-
close toag in Fig. 2 would then account for the VPP. layer, that ne|ghbor!ng b|quer and the vyhole stack are also
What was missing in the previous analy§&6] is the fluctuating, so the single bilayer calculation seems a reason-

dependence df, on the external water spacitgwhich we able gpproximation for the deca_y length of quctuatioansup-
now analyze. First, let us defiteto be zero for a completely Pression. For values of the bending modulég near 10

dry system. Next, let us consider the free enefgy, for €'Y and an in-plane coherence lengtk1 um, using the
hydration of the headgroups. The smallest external watgiormula[22]

layer that would exist in saturated water vapor, dendtgd

2__
would consist of enough water to solvate the lipid head- o1=LkT/4mK, 2
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(9F19a),=0=(aF/db),. 3)

gives a decay length;~100 A. 1 2 3+ NN+l

The average values afand ofb are those that minimize

the total free energy, so

Providing that the relative humidity of the surrounding vapor b'fajaj- - -Jag ®

is maintained at 100%, Fig. 3 indicates that the equilibrium

value ofb should become very large. Stated more colloqui-

ally, the stack of membranes can lower its total free energy

by attracting enough liquid water to its external surfaces that FiG. 4. Schematic of a stack ®f+1 bilayers on a solid sub-

it can fluctuate as freely as in bulk water. Therefore, thestrate. Mean spacing between bilayersiiand the space between

stack of membranes should have the fully hydrated watethe stack and the substratehis. The water(gray areaextends far

spacinga,y . to the right of the stack when the stack is immersed in liquid water
It is especially important to appreciate that the aboveand extends a distanéewhen the stack is in vapor.

analysis includes and does not contradict the mathematical

analysis of the previous theof,6]. It does point out that osmotic free energy, namely,Pb, is not. Generally, the

there is an extra degree of freedom, namely, the size, of largerN is, the larger the driving force for growing the

that was not previously considered. Therefore, even though ivater layers relative to the osmotic energy required to con-

was concluded from the previous theory tlmshould be strain the growth ob. Therefore, if there is a criticdP,, it

smaller thara,, due to the suppression of fluctuations at theshould increase a increases.

vapor interface, it is now realized that the system can lower

its free energy by growindp until the fluctuations are not B. Films on a solid substrate

suppressed. Therefore, the recent thgér§] does not really

predict thata should be smaller for a free standing film than

3y for MLVs immersed in water, provided that the relative liquid water. If b’ is small, then the substrate will suppress

e 0 . _
humidity is 100%(osmotic pressur®=0). Thus, the theory f{uctuations, much like the vapor interface does for free

E(r)]\éve?gtac?cl)zts that there is no VPP in the sense that it was flrsstanding filmg[5,6] and this will increasd-;, compared to a

Next, let us consider the case when the relative humidit tack of lipid bilayers detached from the substrate with large

is less than 100%. Because of the fluctuation free energy, tl} e: herheafcsn(rae,ailgcerov\\;%c:(rj ?ﬁ;’;l{hgzgfea;e; ::p:glglﬁyﬁsrf e;ir;:
interesting regime for smak is still b>b,; then the external o P ' P g9

water is essentially bulk water which is at a higher chemicafmer"’lctlons of the stack with the substrate, then the stack

; ; : b ill detach and fluctuate freely with the samag, as fully
potential than the vapor. This requires an additional osmoti . ) S
pressure term in the free energy per unit area, ‘fvwvydrated bilayers. As with free standing films, there should

then be no VPP. If there is a strong and specific short-range
Fp=P(Na+2b), (4)  adhesion between a lipid bilayer and the wall, then the first
bilayer, or maybe even a few bilayers, may remain pinned
where P is given by Eq.(1) and N+1 is the number of closely to the wall. But, when the number of bilayers in the
bilayers. Adding Pb to F in Fig. 3 shows thab will now be  stack becomes large, then the total free energy can always be
constrained to be finite. For large valuesRfequiliorium  lowered by having a larger water layer with spacligat a
values ofa andb will be determined mostly by the compe- distance beyond which the direct short-range interactions
tition between the osmotic pressure and the bare repulsivith the substrate have decayed. Thus, Fig. 4 should be in-
hydration force. This is indicated in Fig. 3 for<b, by the terpreted as allowing for a small number of bilayers remain-
steeply risingFyq. ing firmly adhered to the substrate, but with the bulk of the
However, one must also remember that application of osfilm fluctuating with the fully hydrated value f,.
motic pressure decreasasas can be easily seen by adding A different case arises if there are long-range forces be-
PNa to the total free energy in Fig. 2; this will reduce the tween the substrate and the film, such as van der Waals or
amplitude of decay oF(b) as shown in Fig. 3, which, in induced electrostatic forces. The observation that stacks float
turn, will further decreaséd. A decrease irb further de- Off glass substrates but do not float off mica substrates could
creases; for each value oh, so there is positive feedback be explained by the greater effectiveness of long-range
in the reductions o& andb induced byP. Of course, without ~ forces with mica substrates. Figure 5 illustrates qualitatively
a detailed functional form foF;(a,b) as a function of both the substrate energies that could bring this about. As shown,
variables, the only quantitative conclusion is that the fial there is a finite equilibrium value & (designatedb), in Fig.
andb must satisfy Eq(3). Nevertheless, there is the possi- 5) that keeps the stack loosely attached to the substrate, with
bility that, asP is increased from zero, there may be a criticallarge enoughb/, that the fluctuations are not much sup-
value P, at whicha andb undergo a transition, either dis- pressed. In this case the oriented spacings are approximately
continuously or higher order. We will call such a possibility equal to the MLV spacings,~a,, andd,~d,,.
the vestigial VPP. We next consider the case in which the liquid water on
Finally, it should be noted that the number of bilayBrs the nonsubstrate side of the film is replaced by an aqueous
should play a role. The fluctuational free enefgly should  solution that exerts an osmotic pressure on the water between
be roughly proportional tt\ whereas the surface part of the the bilayers. This is accomplished experimentally by the es-
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Figure 4 shows a stack of membranes next to a solid
substrate at distand® and in contact on the other side with
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tion to b, with application of osmotic pressure. Free energy scale is L1
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. o PVP weight fraction
tablished procedure of mixing into the water large polymers
that do not mix with the lipid but which compete with the  FIG. 6. Lamellar repeat spacimgfor DMPC atT=303 K ver-
bilayers for the watef1]. Since the bilayers are impermeable sus polymer(PVP) concentration(weight fraction on the lower
to these polymers, any water spacibg near the substrate horizontal scale. The upper horizontal scale shows the percent rela-
(as well as the interbilayer water spaciregsmust consist of tive humidity (%Ry) and the corresponding osmotic pressure in
pure water which is now under osmotic pressBr@he extra  atmospheres. Neutron data fdg from oriented samples are de-
free energy of this water is thé?(b’ +Na), of whichPb’ is  picted by open squares and x-ray datadgyfor unoriented MLV
added toF, in Fig. 5. Let us ignore, for the moment, any _sar_nples are show_n by solid circles. The d_aghed curve_schematically
feedback involving reductions ia,, due toP. If Fy, has a indicatesd, behavior if there were a vestigial VPP with.=0.3
secondary minimum as shown in Fig.(& even a noncon- atm.
vex portion sufficels then there will be a critical valuB, at . . ] )
which b’ will jump from a large value for lowelP to a 100% In a vapor. It is much easier to control osmotic pres-
smaller one at higheP. Since this suppresses fluctuations in SUre using a polymer/water soluti¢t]. Therefore, for the
the stacka will also jump from a value neaa,, to a lower ~ €xperiments we chose the system of a stack of bilayers on a
value. This is the second reason that a vestigial VPP migrﬁlngle mica substrate which was then |mm(_arsed in solutions
exist for a film on a solid substrate immersed in a polymer/of water and the polymer PV@olyvinylpyrrolidone — MW
water solution. The first reason is the same feedback mech49 000. As discussed in the preceding section, this system is
nism discussed for free standing films. a_Iso_ somewhat_ simpler theoretically, while conceptually
Finally, we consider hydrating the bilayers with water va- Similar to hydrating from the vapor. o
por. This system is conceptually similar to the two previous The lipid chosen was DMPC (k-dimyristoylphos-
ones. Compared to the free standing film, the difference i®hatidylcholine from Avanti Polar Lipidswhich is in itsL,
the interaction with the solid substrate. Compared to th®hase above 297 K. For oriented samples the lipid was de-
polymer/water solution, the difference is the liquid waterPosited on a mica substrate in organic solvent which was
layer between the outermost bilayer and the vapor. The fludhen allowed to evaporate. The aluminum sample chamber
tuational free energy becomes a function of three variablestnd sample preparation were the same as described previ-
Fa(a,b,b’), and the osmotic contribution to the free energy0usly [16]. The dry stack was then immersed in water/PVP
is P(Na+b+b’). This complicates the free energy graphssolutlon. The aligned mulnbﬂaygr experiments were carrled
and one would expect a shift in critical press@gat which out at the NRU reactofChalk River Laboratories, Ontario,

a putative jump ire might occur, but no fundamentally new Canada using the N5 triple-axis spectrometer which has a
features are involved. thermal flux of 5<10° cm 2 s ! at the monochromator

position. Neutron wavelength 2.37 A was selected using the
(002 reflection from a pyrolitic-graphite monochromator
and a graphite filter was employed to eliminate higher-order
The purpose of the experiments was to determine if ther@/n neutrons. The first two orders of lamellar diffraction
is a vestigial VPP as defined in the preceding section. Thisvere measured and used to obtaig(P). As in previous
requires measurind, as a function of osmotic pressuPeto  work [15,16, the stack remained well oriented.
determine whether there is a critical vall®g where d, Results ford, as a function of weight fraction of PVP in
changes rapidly or jumps, when compareddtp for unori-  water are shown in Fig. 6. The upper horizontal axis shows
ented MLV samples. The historical VPP suggests fhat the corresponding osmotic pressuPe(obtained following
should be small. However, it is very difficult to measure and[23]) and the relative humiditjusing Eg.(1)]. Althoughd,
control small osmotic pressurgselative humidities near decreases rapidly witR, it does so smoothly and continu-

IIl. EXPERIMENT
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ously, so there is no apparent criti¢dl . Also shown in Fig.  order diffraction peaks cannot be seen. This is a pernicious
6 are the lamellar spacingk, for MLVs, obtained by x-ray artifact from the viewpoint of obtaining a good bilayer struc-
diffraction[24]. The result thatl,=d,, for P=0 agrees with  ture. One way to avoid this problem is to suppress the fluc-
the previous results that there is no VPB]. If there were a  tuations with application of osmotic pressure, but this
vestigial VPP, then synergistic or cooperative effects wouldstresses the bilayers which cause them to thidke®4,25.
reduced, below the valued,, obtained for powder MLV A vestigial VPP offered hope to minimize the fluctuation
samples as indicated by the dashed line in Fig. 6. From thartifact by suppressing fluctuations at a lower presyge
experimental result it must be concluded that there is nalue to a synergistic effect of the surfaces. This would in-

vestigial VPP forP<16 atm. volve a kind of phase transition in which the small osmotic
pressure would flip the stack from being loosely bound to a
IV. DISCUSSION substrate to one where it was strongly pinned and therefore

suppressed fluctuations. However, such a vestigial VPP was

The main theoretical result in this paper is that theoryclearly absent in our experiments, at least ufPte 16 atm.
does not predict a VPP. This result does not contradict th@ecause the hydration forces dominate the fluctuation forces
essential analysis of the previous the¢B6], namely, that ¢ higherP [19], one does not expect a higher value Ry.
long-range correlations exist in stacks of flexible bilayers on the other hand, our result should be helpful in a dif-
and that a stack pinned to a solid substrate or with a nearljerent way for future studies of lipid bilayer structure. One
bare Vapor/bilayer interface W|” have redUCdg. |.n.5tead, can usua”y measure more ordﬂmgerq and therefore bet-
our result builds upon the previous theory by critically ex-ter spatial structural resolutipfor oriented bilayers because
amining the assumption that a lipid multibilayer stack will the diffraction peaks are not spread into rings as is the case
remain pinned to a solid substrate or that the Vapor/b”ayefor powder Samp'es‘this saves a factor aﬁ in the Lorentz
interface remains nearly bare. Our analysis shows that thgcton. Moreover, high-flux x-ray sources make it easier to
system should reduce its total free energy by exploiting theptain intrinsically weaker highy data, but layers of solvent
breakdown of this assumption and increasing the thicknesgnd solid substrates absorb x rays. Therefore, the best sample
of the water layers bounding the bulk of the stack. SUC(:preparation for x-ray studies is a stack of bilayers hydrated
thicker water |ayerS then permit the fluctuations that avoi rom water vapor, but it is difficult to measure the osmotic
the VPP. . pressure in such experiments. The data in Fig. 6 suggest that

As is well known for MLV samples, suppression of the pne needs only measudsfor oriented x-ray samples in va-
fluctuations is accomplished by application of osmotic prespor and then use éversusP curve obtained from unoriented
sure[13,20. A question raised in Sec. Il is whether the sur- MLy samples to assign the correct valueRfo the oriented
face effects in oriented samples could synergistically triggegamp|es_
a transition to the fluctuation suppressed regime at some non- Qur experimental result that there is neither a VPP nor a
zero osmotic pressure.. If P is close to O(RH close to  yestigial VPP is consistent with our new theoretical analysis.
10099, then the difficulty in obtaining and controlling in This analysis involves too many undetermined parameters to
the range 0 could help explain why the VPP was histori- do more than make the suggestion of a vestigial VPP. That
cally so persistent. suggestion has now been refuted by our experiments, at least

Such a vestigial VPP could also have been useful to thggr DMPC bilayers on smooth mica substrates. It is, of
biophysical goal of obtaining better structures for a variety ofcourse, possible that roughening the substrate or using dif-
lipid bilayers. One of the most basic measures of the strucferent substrates might give different behavior. However, it
ture of lipid bilayers is the electron density profil€z) along  seems that mica was more likely to exhibit a vestigial VPP
the bilayer normak. As is well known, thenhth term in the  than other conventional substrates and DMPC is a character-
Fourier expansion op(z) is related to the intensity of the stic lipid, so the VPP appears to be absent, even vestigially.
hth order of low angle lamellar diffraction. To obtain the
best possible spatial resolutiongiiz) requires measurement ACKNOWLEDGMENTS
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