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1. Introduction

In retrospect, perhaps, ‘hydration forces’ shouldn't
have been surprising. After all, the defining principlz of
an amphiphile is to combine strongly polar and non-
polar drives within the same molecule. The phospho-
lipids that meigs their hydrocarbon tails to create bi-
layers are faced with a phalanx of polar groups that
must hold onto the solvent into which they would
otherwise dissolve. The tenacity of holding this water,
then, is part of a natural tension in amphipilic aggre-
gates, a balance between the high energy of a hydro-
carbon/water interface and the energy lowering ad-
sorption of solvent. But why a force that extends ten or
twenty angstroms and prevents the aggregates from
making molecular contact? Most probes of water near
bilayer surfaces indicate little perturbation beyond the
first hydration layer. The answer appears to be in the
very size of the membrane, the fact that the displace-
ment of a bilayer entails the displacement of hundreds
or thousands of water molecules. Even the tiniest en-
ergetic perturbation per water molecule is multiplied by
hundreds or thousands to be an important energy on
the scale of the bilayer membrane (Fig. 1).

So ‘hydration forces’, now known to dominate the
interaction of most or all phospholipid membranes as
they approach contact, remained unrecognized until
relatively recent times. There were clear experimental
signs, tae restrained drainage of water from soap films
independent of the ionic strength [1], the structural
disjoining forces between polar surfaces [2-5] and the
thickening of phospholipid bilayers resisting contact in
multilayers undergoing dehydration {6-8]. But only dur-
ing the past decade or so have these forces been sys-
teratically characterized in terms of their exponential
decay, been compared with other operative forces such
as van der Waals, electrostatic double layer and steric
interactions, and been examined in terms of the molecu-
lar features of the bilayer surface that regulate them.
Even now these interactions are just beginning to be
utilized in analyses of membrane fusion and theories of
phospholipid polymorphism.

This review comes at a time when phospholipid
bilayer interactions are enjoying increasing attention
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Fig. 1. The hicrarchy of lipid aggregation and assembly into bilayers:

the short-range driving force of hydrocarbon aggregation to form

bilayers covered with polar groups; the assembly of bilayers into

multilayer arrays whose spacing reflects long-fange interlamellar
forces

from many laboratories. It is a time of healthy debate
and careful examination of assumptions that go into
various methods of measurcment, a time when a great
amouat of data is being collected and many new ques-
tions are being posed before old questions are answered.
We begin with a summary of various direct methods of
force or energy measurement and then attempt to sum-
marize the large body of experimental results in order
then to allow comparison of material properties as well
as methods of measurement. We next describe the ways
in which hydration forces combine with other interac-
tions occurring at 10-30 Angstrdm separations and the
ways these forces are expected to act in situations other
than those in which they were measured, in phenomena
such as in unilamellar vesicle interaction and bilayer
phase transitions, In this way we hope to stimulate
systematic work and further examination of outstanding
questions refating these important forces to the micro-
scopic properties of phospholipid assemblies.

II. Measuring hydration repulsion

We will combine results from three complementary
methods of force or energy measurement, osmotic stress,
the surface force apparatus and pipette aspiration (Fig.
2).

Since each of these techniques provides direct mea-
sures of some quantities and is limited by inference of
extrapolation for estimating others, the best strategy is
to use all three to the extent possible, Apparent con-
tradictions in results do occur, however, and their reso-
lution can be instructive.

I1-A. Osmotic stress (OS) method

The osmotic stress method of measuring interbilayer
forces in multilamellar systems as well as between mac-
romolecules in ordered assemblies has been reviewed
recently in detail [12]. It is shown schematically in Fig.
2. The water in a multilayer array is brought to thermo-
dynamic equilibrium with a second phase of known
water activity. This equilibration can be achieved either
by subjecting the multilayer to a polymer solution of
osmotic pressure P whose large solutes cannot penetrate
between bilayers; or the multilayer is physically squeezed
under a pressure P in a chamber with a semi-permeable
membrane to allow exchange with a reservoir of pure
water; or the multilayer is brought to equilibrium with a
vapor of known relative humidity ( p/p,) to create an
effective osmotic pressure (kT /v, )In( p,/p), where k =
Boltzmann's constant, T is the absolute temperature
and v,, the partial molar volume of water. The chemical
potential of the water with which the lipid is equi-
librated, whether varied osmotically, by mechanical
means or through the vapor phase, gives the net repul-
sive pressure P between bilayers. X-ray diffraction of
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Fig. 2. Three ways of measuring forces between bilayers. Osmotic
stress (OS) gives the dehydration or desolvation free energy of ther-
modynamically well-defined phospholipid phases equilibrated with
water at different activities; the structural consequences of solvent
removal are usually monitored by X-ray diffraction [9-12]. The
sutface force apparatus (SFA) is designed to measure attractive and
repulsive interactions between crossed cylinders of mica coated with
lipid bilayers and immersed in different solutions {13,14]. Pipette
aspiration (PA) measures energies of adhesive contact between large
unilamellar bilayer vesicles in solution, as well as bilayer strength or
compressibility under lateral deformation {15-18).

that equilibrated phase gives the repeat distance d of
the lipid plus water layers, often 10 better than angstrom
accuracy. The method is not limited to lamellar phases
and has been applied recently also to inverted hexago-
nal phases, for cxample, see Ref. 12. The amount of
water per lipid molecule, AV, removed under pressure
P, yields the work of dehydration, PAV,, which is a
change in the chemical free energy of the lipids. This
work is independent of any model of hydration and of
any assumptions about the structure of the phospho-
lipid phase. Given the many ways of applying osmotic
stress, it is possible to bring structures to virtually
complete dehydration at pressures corresponding to over
1000 atmospheres, or log,, P > 9 when pressures are
measured in dynes/cm?, Attractive forces cannot be
measured directly, but are inferred from the point of
balance between repulsive and attractive forces.

The assignment of a measured work of dehydration
to a force or energy of interaction between bilayers or
to a work of rearranging the bilayers requires dissection
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of the measured repeat distance 4 into a bilayer thick-
ness d, and separation d,. It also requires recognition
of the pressure P as both a lateral and an inter-bilayer
stress [11).

If bilayers were incompressible, then changes in re-
peat spacing d would equal changes in bilayer sep-
aration d,. A force vs. distance relation could auto-
matically be constructed from measured pressure P vs.
repeat spacing d reduced by a constant bilayer thick-
ness d,. But bilayers are laterally compressible
[15,20-23]. The same isotropic osmotic stress that pushes
bilavers together also acts to deform them laterally
{11,24]. There is a predicted decrease in cross-sectional
area A and bilayer thickness d,. Consequently, esti-
mates of these structural changes are required in order
to estimate bilayer scparation d,, (Fig. 3).

In the Appendix we describe more fully three ways
of gauging the bilayer thickness but they are sum-
marized as follows.

First. the gravimetric traditional procedure of Luz-
zati divides the repeat spacing d into a lipid layer
thickness 4, that contains all the lipid and none of the
water plus a water layer d,, that contains only water {6).
This division requires a knowiedge of specific volumes
of the lipid molecules and their parts and of the inter-
vening water. A compendium of these is given in the
Appendix. The procedure is to measure repeat spacing
d as a function of the known lipid/water ratios in
gravimetrically prepared samples. As long as the repeat
spacing d is monotonically increasing with the volume
of water ¥, per lipid molecule, one can convert the d
spacing obtained under osmotic stress into a bilayer
separation d,, for that d spacing in the gravimetrically
prepared sample. The procedure works well except near
limiting, or saturating, amounts of water where slight
changes in 4 with added water make an accurate de-
termination of water content difficult. While this ap-
proach provides clear evidence of bilayer deformation,
it citcumvents the difficult issue of interfacial structure.

Second, the ‘electron density’ profile determined from
low-resolution X-ray diffraction analysis can be used as
an estimate of bilayer thickness. A comparative study
{25] showed differences between thicknesses measured
this way and by the gravimetric method. Similar dif-
ferences have been found by others {26]. In an cnalysis
of 15 Angstrdm resolution electron density maps as a
function of osmotic stress, McIntosh and Simon [27)
have concluded that that there is essentially negligible
bilayer deformation. However, low resolution requires
assumptions about the structure of the interface and
that the bilayer thickness should be taken as the dis-
tance between two electron density maxima correspond-
ing to the center of the polar groups plus a 5 ngstrdm
width on each side of the bilayer to include the (hy-
drated) headgroup. Their estimates of hydration energy
refer then to dehydration to the point of outermost
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Fig. 3. Geometric parameters for describing bilayer thickness and separation as a function of applied pressure. The repeat spacing d is traditionally
divided into a pure lipid layer of thickness d, and a pure water layer thickness d,. The volume of water per lipid molecule can be written as
V, = A-d, /2 where A is a mean cross-sectional area projected onto the average plane of the bilayer. A further division of d, is to imagine a puse
hydrocarbon interior of thickness, d,. beiween two polar layers, dp,. that contain the lipid polar groups. The work of removal of water 4V,

under applied pressure P is a change PAV,, = AG in the lipid bilayer free cnergy. Such pressures cause decrease in area A as well as in scparation
d,,. It is sometimes possible to describe the bilayer di ion by low 1 ] density distributions whose peaks correspond roughly to
the location of the lipid-water interfaces. The peak-to-peak distance d, plus a constant to include the width of the polar group layer is defined to

be a layer thickness d,,. The remaining space, d, ( = d ~ dy) is another measure of separation.
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contact between these bilayers. The decay distances
from this method are understandably different from
those which envisage bilayer deformation. Furthermore,
conclusions about relative bilayer separations among
lipids can depend on which method of determining
separation is chosen (see Appendix). Ultimately, the
estimated work needed to push bilayers to ‘contact’ will
depend dramatically on the convention used to define
the ‘zero’ of separation.

Third, by the ‘compressibility’ method [36] one can
use independently measured bilayer compressibilities.
Each of the above approaches suffers from being only
an insensitive measure of bilayer compressibility, i.e., a
measure of the changes in bilayer thickness or molecu-
lar area with changes in hydration. However, this diffi-
culty can be circumvented by using the recent indepen-
dent, very sensitive measurements of bilayer com-
pressibility itse'f [18). One may begin by using either the
gravimetric estimates of 4, and d, at low enough
hydration to be quite accurate, or the estimates from
electron densities. Then, using measured lateral com-
pressibilitizs it is possible to compute bilayer deforma-
tion and changes in d, and 4, over a range of deforma-
tion for which compressibility is known. We now con-
sider this procedure, which replaces the weakest step in
carlier methods with a precise measure of required
quantities, to be the best way now available to de-
termine the variation of bilayer thickness with sep-
aration and hydration. The empirical P vs. d,, fits
given in Table I use this procedure, originally suggested
to us by E. Evans (personal communication). This ‘com-
pressibility’ approach neatly reconciles data originally
interpreted either by the ‘gravimetric’ or ‘clectron den-

sity’ analyses, giving identical dehydration energies and
pressure decay rates as functions of bilayer separation.

Extracting hydration pressure, P,, from P. Dissection
of the measured net pressure P into its physically dis-
tinct components is a problem almost as difficult as the
theoretical explanation of those components themselves.
For convenience, we imagine that the net force per unit
area is made up of three kinds of interactions: P, due
to surface hydration, P, from (attractive) van der
Waals or dispersion forces, and P, from the structural
fluctuations of the thermally excited bilayers. Since a
proper theoretical formulation of any of these compo-
nents poses severe problems at the observed distances of
bilayer encounter [36], we emphasize here an empirical
description of P vs. d,, rather than force the data to fit
into un arbitrary formalism. Still, some assumptions
must be made.

Except near the limit of swelling in unlimited amounts
of water, the nature of the force observed between
neutral bilayers is essentially exponential with decay
distance A of some 1-3 angstrdms. We therefore de-
scribe this force in the form

Foexp(—d,, /A)

by fitting to points that are well away from the region
where attractive forces create a deviation from exponen-
tial,

I1-B. Surface force apparatus
A second method of force measurement, recently

applied to phospholipid bilayer interactions, is by means
of a ‘surface force apparatus’ (SFA) [13,14]. Here, one
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Fig. 4. Forces between crossed cylinders compared to those between
parallel surfaces of the same material. By the Derjaguin approxima-
tion, the force between crossed cylinders F, is equivalent to that
between a sphere and plane F, W it corresponds to the energy E,,
betweenpmllelwduuwhenlharupuauon,d lsmuchlmthan
the radius of curvature R. Therdauonbetweznlhemxsl:‘ -
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energy) between long-range attraction and shorter range repulsion will
always occur at smaller separations for oppositely curved surfaces
than for parallel surfaces. Remarkably, the cquilibrium separation
between oppositely curved surfaces is independent of their size.

coats lipids, cither by adsorpticu from suspension [28)
or by passage through monolayers [29] onto mica sheets
glued down onto cylindrical surfaces. One measures the
distance between the crossed cylinders by means of
interference fringes that are set up between the silvered
backs of the mica sheets. Forces between the surfaces of
the crossed cylinders are read from the deflection of a
cantilever spring system of variable tension that can be
moved to bring the surfaces to a given separation.
Repulsive forces are seen as a continucus deflection
away from contact and are limited only by the onset of
deformation of the mica surface. Attractive forces are
scen either from the position of a jump into ‘contact’ as
surfaces are brought together with springs of different
thickness, or from the position of a jump away from a
spontaneously assumed minimum energy position. Rela-
tive changes in position can be measured to accuracy of
1 &ngstrom. The ‘zero’ of separation is computed by
subtracting from the measured distance of contact be-
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tween half-bilayers in air and subtracting again the
thickness of a bilayer based on the estimated phospho-
lipid volume and the lipid cross-sectional area of the
source monolayer.

Two important differences between this method and
applying osmotic stress to spontancously forming mul-
tilayers are (1) the immcbilization of the bilayers that
comes from attachment to the mica surface and (2) the
cylindrical versus parallel geometry. To correct for the
geometry, the mica surface measurements routinely as-
sume the validity of a trensformation, according to
Derjaguin (30) the force between crossed cylinders of
equal radius R is the same as the force, F,, between a
sphere of radius R and a plane flat surfaoc Further,
this force F,, is cquivalent to the energy E,, between
plane parallel surfaces of the same matenal Specifi-
cally,

E,=F,/2=R

For this reason, forces F,, measured with the SFA
are routinely plotted as F,,,/R and are therefore im-
plicitly related to the Energy rather than the Force
between parallel surfaces.

The position of a spontaneously assumed minimum
energy (zero force) position between bilayers in the
multilayer system will occur at a greater separation than
that seen as a point of force balance in the mica
cylinder system (see Fig. 4). So, to compare forces
measured on multilayers with those between crossed
cylinders it is necessary either to differentiate the cylin-
der-cylinder forces or to integrate multilayer forces from
a hypothetical infinity (32).

The observation [31] that mica surfaces will bend at
F,/R =10 dyne/cm allows one to estimate an upper
limit on the equivalent pressure between planar surfaces
to which the SFA method can be used. We can say that
an exponential pressure P of decay rate A cotresponds
to an energy, AP=E_ with a2 maximum value =
10/27 = dyne/cm. Then for A= 2 A, typical of phos-
pholipid hydration repulsion, the maximum pressure
will be P = 10® dyne/cm?,

Given all these differences in technique it is pleasing
to sce the good agreement between cstimatcs of hydra-
tion forces from the two techniques [32] as will be
described below.

II-C. Pipette aspiration

Evans (15-18) has developed a procedure, schemati-
cally shown in Fig. 2, for manipulating vesicles aspirated
into the ends of pipettes in order 10 determine mechani-
cal properties of isolated vesicles and contact energies
of adhering vesicles. On an isolated vesicle, one mea-
sures the tongue length inside the pipette as a function
of applied suction pressure 4 P. At first, small pressures
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have a large effect on the tongue length, because of the
removal of bends and folds; then the bilayer becomes
taut with the subsequent length/pressure relation re-
flecting the bilayer area elasticity. We follow Evans’
terminology in referring to the modulus of this elasticity
as a ‘compressibility’.

For bilayer adhesion measurements, iwo vesicles are
drawn taut and brought to contact on the ends of
approximately coaxial pipettes. Measnred diameters and
tongue lengths are used to determine bilayer arca, Then,
keeping both pipettes fixed and maintaining tension on
one vesicle, tension is relaxed on the other allowing it to
spread over its taut neighbor. Measurement of the di-
ameter of the contact area together with monitored
pressure and tongue length allows determination of
contact angle and lateral tension in the bilayer. These
then combine using Young's equation to give the ad-
hesive contact energy, G, as described below. These
are used as a standard to compare with energies derived
from the integrated force curves from the osmotic and
SFA techniques.

III. Meximum hydration and structusal dimensions of
lipid pwltilayers

The most unassuming measure of the strength of
hydration of bilayers is the amount of water multibi-
layers imbibe from excess solution. Whether determined
from the simpler gravimetric method or further refined
by adjusting for compressibility makes little difference
to the measured volume of water per lipid molecule
(compare Tables I and VII). Polar group identify, polar
group methylation, the physical state of the hydro-
carbon chain, chain heterogeneity and inixinz of lipid
species, all appear to affect total hydration. We have
grouped the entries in Table I to facilitate recognition
of these factors without intending to obfuscate other
comparisons that might occur to the reader. This is not
a comorehensive list of lipids that have been studied,
but is culled from the more recent of an extensive
literature of phospholipid phase diagrams selected to
highlight the major differences in maximum hydration
of neutral lipids or charged lipids in high ionic strength.
Also we have used the preferred compressibility-ad-
justed values where available, otherwise the gravimetric
values. Still, it is worth noting that there is little dif-
ference between qualitative comparisons using the
gravimetric and those using compressibility derivations,
This updates an earlier review of phospholipid hydra-
tion [33).

In order to make comparisons among lipids which
differ in the size of their polar group, the maximum
volume of water per molecule, ¥V, , has been normalized
to V,./PE, a volume of water per polar group mass
equal to that of PE. One will note that differences in the
amount of water usually correlate with comparable dif-

ferences in maximum bilayer separation in excess water
d,.

The most striking factor that increases maximum
hydration is ‘methylation of the polar groun layer. This
is summarized in Fig. 5 where maximwmn hydration
Vuo/PE is plotted as it varies with the number of
methyl groups per 100 A? of polar group surface. The
dramatic effect of methylation is seen among the follow-
ing factors which affect maximum hydration.

Hydration of lipids with different polar groups. In the
comparisons of the homogeneous synthetic lipid the
PEs, DOPS, SOPC and DGDAG, the methylated species
hydrate nearly twice as much as the other lipids. As a
class, phosphatidyicholines (PCs) hydrate more than
PEs cven though there is a wide range of sorption
within each class, Compare, for example, palmitoy-
loleoylPE (POPE) with stearoyloleoylPC (SOPC) whose
hydrocarbon chains differ by only a -CH,-CH - link in
one chain. Their cross-sectional areas A4, Jiffer by less
than 15%, bilayer thickness d,, by less than 3%, yet the
volumes taken up and bilayer separations differ by
more than a factor of two.

Dioleoyiphosphatidylserine (DOPS), a charged lipid,
put in 0.8 M NaCl to screen out electrostatic repulsion,
and digalactosyldiacylglycerol (DGDAG), a neutral
species, swell only as much as POPE. However, the
swelling of melted chain PCs, egg and dilauryl at room
temperature, dimyristoyl at 27°C and dipalmitoyl at
50°C, are much like SOPC. To us the higher hydration
suggests the action of polar group methylation, the
defining difference between the PCs and their unmeth-
ylated sisters.

Polar group methylation. In the methylation of egg
PEt to egg PC, large but disproportionate increases in
hydration results with each methylation. Beginning with
egg PEt, a PE created by replacement of the polar
groups of egg pC, then creating singly (egg PEt-Mc) and
doubly (egg PEt-Me,) methylated derivatives, one may
systematically examine the effect of methylation alone.
A single methylation results in a 28% increase in hydra-
tion, while successive methylations give 7% then 16%
increases for the fully methylated PC. This is also seen
with the successive methylations of DOPE [39] and
DMPE (not shown in Table I) [40). (see also Refs. 46
and 47.)

Merhylated lipids added to bilayers. These last effects
of methylation hold also when the methylation of the
polar layer is varied by mixing, in the bilayer, methyl-
ated and unmethylated species, cither SOPC and POPE,
shown here, or egg PC and egg PE [41), Fig. 5 shows a
remarkable parallel between these mixed bilayers and
the methylated series just described.

These studies of the systematic methylation of bi-
layers show that there is a disproportionate effect of the
first methyl groups. A single methylation of the PE
polar group results in a large increase in hydration, with
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TABLE |
Parameters

Repeat spacings of lamellar lattices in excess water, d,, are directly d. Water p d as dry weight (raction, ¢,. cross-sectional
areas, A, and bilayer separation, d.,, again in cxcess water, are derived cither by the gravimetric method or, where osmotic stress data have been
measured, by the new ‘compressibility” method (sex text and Appendix) using the compressibility K (dyne,/cm) cither directly measured or inferred.
Volume of water per lipid molecule ¥, = A4d,,/2. For comparison among different species, this volume has been renormatized as V,_, /PE, the
volume of water per mass of PE headgroup. Hydration force parameters, P, and A, are fitted to data in the high pressure region where log P vs.
separation is a sicaight line. The Gy, (erg/cm?) are absolute values of negative quantitins; *hess estimates are based on extrapolation of
exponentially decaying P to separation d,, with the ussumption of a van der Waals attraction vs. exponential hydration repulsion. Data without a
reference number are our unpublished results,

d, PN Ay dy, d,, V. Veo/ K A 08P, Gue Ref.
& @ & Ad A PE dyes (A (dyme/ e/
V) omh) o) cnf)
DDPE 458 0712 S5 25 133 365 365 34
DAPE 5723 079 58 43 10 29 290 34
DLPE 461 20 270 35
POPE (3°C) 832 01 56.6 a3 114 323 323 233 08 125 0.14 36
DOPS (08 M) 535 074 0 396 139 485 361
SOPC (30°C) 646 063 643 406 24 ™m 667 200 20 105 02 36
DGDG 532 073 798 388 144 574 38 200 17 103 024 3
POPE/SOPC
19/1 543 36
9/1 564 074 573 417 47 41 A5 233 13 N2 009 36
a1 595 3%
2/1 612 068 58.5 41.5 197 576 559 22 21 100 0.08 36
32 63.3 36
1721 638 36
DGDG/SOPC
45/55 572 068 728 389 183 666 467 200 18 106 0.18
DGDG/POPE
11 54 072 702 389 151 530 385 216 1.7 103 023
DOPE/DOPC
3/1 58 067 638 38.6 194 619 597 200 1.8 102 003
es3PE 529 064 721 338 191 690 690 200 13 125 014 38
DOPE (-2°Cc) $2 070 65 » 15 487 a3 39
DOPEMe (-2°C) 61 063 62 39 2 632 648 39
DOPE-{Me), (-2°C) 62 060 66 38 25 825 747 k]
DOPC (-2°C) & 059 70 36 24 840 7 39
cggPEL 52 072 65 314 146 474 474 200 1.1 123 0.20 36
cggPE-Me Al 066 607 408 21 637 605 200 13 10.3 0.01 36
e3gPEL(Me), 631 064 626 404 27 T3 646 200 18 104 001 3%
egsPC 619 060 695 ¥ 249 86 749 145 21 106 003 36
PC16-22 635 060 693 383 252 873 758 145 21 101 001
¢ggPC/CHOL 1/1 655 064 956 42 235 1126 99 1000 11 138 0003 38
DPPC/CHOL 1/1 66 065 879 431 29 1005 8N 600 15 115 001 38
eggPC/DAG-125 63 0.58  81.2 %6 264 1070 829 145 24 104 005 42
DLPC 59 054 o4 316 214 877 761 145 20 106 0.01 38
DMPC (21°C) 622 057 67 387 265 316 708 145 22 105 002 38
DPPC (50°C) 67 054 681 359 31 1059 919 145 21 1 001 38
DOPC 64 056 721 359 281 1013 862 145 21 106 001 38
DPPC (25°C) 638 074 486 471 167  wS  38) 1000 12 123 003 38
DSPC 673 0T 516 417 196 506 431 1000 13 129 01s 38
DPPC/Chol 8/1 0 064 475 S08 292 694 602 1000 20 107 0004 38
smaller increases on successive methylations. beyond bringing their complement of water to these

SOPC/POPE mixtures 2/3 hydrate to the same extent mixtures, lipids with methyl groups induce a structural
as pure SOPC. These disportionate effects suggest that change in PE bilayers that result in further hydration.
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Fig. 5. The uptake of water by multilayers under zero osmotic stress
correlates strongly with the density of polar surface methyl groups.
The correlation seems to hold whther n.2thyls are successively bound
to polar groups (squares) or are added by mixing methylated (SOPC)
and unmethylated (POPE) species (X symbols). Pure DDPE and
DLPE, as well as a non-methylated DOPS in solutions of high salt
concentration, hydrate in the same low range as DOPE and POPE.
DOPE data from Ref. 39, POPE data from Rel. 34 the data for the
remainder are from Ref. 36.

We suggest later in the text that this change is a
disruption of hydrogen bonding that appears as an
attractive force between (PE) bilayers {36).

Chain melting and heterogeneity. There are differences
in hydration that appear to reflect effects of the hydro-
carbon chains. Gel phase lipids hydrate less than their
melted counterparts; DPPC-25°C < DPPC-50°C.
Among the PEs, hydration increases with chain hetero-
geneity and degree of polyunsaturation; POPE < egg
PEt < egg PE. Between SOPC and DOPC, SOPC with
one unsaturated bond seems to hydrate less than DOPC
which has two.

Other kinds of lipid mixtures. These show dispro-
portionate degrees of hydration, not easy to correlate to
polar group structure. Comparisons of the pro-
portionate calculated values with observed values of
V.o/PE for the 1/1 mixtures of DGDG/POPE,
DGDG/SOPC, and SOPC/POPE are shown in Table
1L

Addition of norn-polar lipids 10 bilayers. Cholesterol or
diacyiglycerol (DAG), which can be considered to act as
lateral spacers between polar groups, cause large in-
creases in water uptake per polar group mass. Thus,
cholesterol added to DPPC at low levels, so that most
of the hydrocarbon chains are still in the gel state,
results in a large increase in hydration [43]. Addition to
the extent of disordering the chains at room tempera-
ture gives hydration levels equal to that of the melted
state. Equimolar levels of cholesterol [38] or 12 mol%

TABLE Il
1/1 mixtures of lipids V,,,/PE - proportionate fobserved

POPE SOPC DGDG
323 495/651 326/385 POPE
667 497/467 SOPC
328 DGDG

DAG [42] added to egg I'C results in hydration levels
somewhat larger than pure egg PC. To pressures of 10*
dyne/cm?, Mclntosh et al. [44] report little effect in
pressure vs. separation for egg PCs to which cholesterol
has been added up to 1:1 molar ratios. Given the
lateral dilution of polar groups by cholesterol [45], this
again shows increased hydration normalized per polar
group.

IV. Forces between lipid bilayers

Even to choose the mathematical form for describing
pressure versus separation, one must be aware of at
least four different kinds of interaction expected to
occur between bilayers: the hydration force due to
perturbations of water by the polar surface, van der
Waals attraction that limits multilayer hydration, repul-
sion due to thermal undulations of the whole bilayer,
and possibly steric interactions of polar groups whose
conformations are confined by an approaching surface.
In the sense that these all involve a positive or negative
work to remove water between bilayers, they are all
‘hydration forces’ of some kind. The challenge is to
estimate the relative contribution of each to the total
energy. Each of these interactions will be considered in
more detail below. The problem with any empirical
description is to decide how to fit an experimental curve
that can be fit with a minimum of parameters, with a
set of postulated interactions that involve many more.
Little can be learned using more than the minimum
required parameters.

We emphasize here a minimum parameter descrip-
tion of the measured force curves. Plots of pressure as
log P vs. separation d, (Figs. 6-9) all suggest ex-
ponential decay of repulsive forces at high pressures,
then a drop to a limiting scparation, d,,. A minimum
description of the exponential part is given by

Peexp(—d,/\)

8r [ ]
..
a &
7t LI
log P . .
(dynesicm?) o .
6F = * [
) .
5 2 -
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dw (A)

Fig. 6. Comparison of pressure vs. separation for POPE (open squares)

and SOPC (solid squares) both at 30 ®C. Note the difference in range

and slope (cf. Table I). Both lipids undergo phase transitions at
pressures above those shown here.
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Fig. 7. Pressure vs. distance measured for egg PEt and its methylated
derivatives. (X) cgg PEt; (open square) singly (square with dot)
doubly and (solid square) fully methylated. The gr h is
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Fig. 8. Effect of chain melting on hydrati pulsion. DPPC at 50°C

(open squares) and at 25°C (solid squares). The 50°C data are

caused by the first methylation. "

Whether we fit to the full curve using this exponen-
tial plus an attractive van der Waals potential to enforce
the ‘hydration minimum’ at d,,,, or we fit an exponen-
tial to the upper part alone, there is no qualitative effect
on the extracted A and P,. These parameters do give,
respectively, a good comparative measure of the range
of the repulsive force as well as the strength it is
expected to reach at a given separation. From these one
can extrapolate the energy per unit area (or per mole-
cule) that is encountered when two bilayers approach.
What remains is to determine the contribution of each
separate underlying force with an aim to understa~ding
its physical origin [36].

Decay constants, A, do correlate in a systematic way
with polar group identity and state of the hydrocarbon
chain. Again, using compressibility-adjusted estimates
(Table I), statistical tests of the decay lengths (36) show
that with a probability of > 98%, these decay lengths
are in the sequence

POPE < egg PEt = egg PE < ¢gg PEt-Me = egg PEt-Me, = ¢gg PC
=SOPC.

One sees that all the PEs (POPE, egg PE, egg PEt) have
A values of 0.8-1.3 angstroms, a range that includes
decay rates for the two frozen-chain PCs (DPPC-25°C
and DSPC). Decay constants for the melted chain PCs,
with the exception of egg PC/cholesterol 1:1, are
1.5-2.4 Angstrdms. A for DGDG is somewhat closer to
those for PCs.

As with total hydration V,,, when compared within
related lipid species, there is a striking effect of methyl-
ation on A (Fig. 7, Table I). A single methylation
changes the value from 1.1 angstroms for egg PEt to 1.8
Angstrdms for the monomethyl egg PEt-Me and the
dimethyl egg PEt-Me, compared to 2.1 for the full
methylated egg PC. And a 9:1 POPE/SOPC mixture
shows a A of 1.3 Angstroms compared to 2.1 ingstréms
for a 2:1 mixture. Chain melting (Fig. 8) and increased

limited to log P < 7. since further dehydration causes acyl chain
freezing.

chain heterogeneity (Fig. 9) increase bilayer hydration,
seen in terms of force curves, just as they do in terms of
maximum water absorption.

V. Hydration free energy

It is important to recognize that the dehydration
measurements made under osmotic stress are in fact a
direct measure of the free energy of the lipids as a
function of the amount of water. Because lipid phase
transitions usually involve significant changes in water
content, these measured free energies can be a useful
source of information in examining the phospholipid-
water phase diagram and in testing various models of
phase transitions. Guldbrand et al. [48} were the first to
recognize this possibility in a model of the gel to liquid
crystal transition. Leibler and Goldstein have recently
developed an order parameter formalism to include
hydration energies in this same transition [49]. Cevc and
co-workers have performed practical and imaginative

By
a [ ] .
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Fig. 9. Comparison of forces between bilayers with identical (PE)

polar groups but different hydrocarbon chains. (open square) syn-

thetic POPE, (solid squase) natural egg PE, (square with dot) a

derivative egg PEt made by transphosphatidylation of egg PC. Chain

heterogeneity and degree of polyunsaturation increase the tendency of
PE hydration {36).
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measurcments of the temperature and entropy of this
same transision as a function of water content [50,51).
Since we benieve that this kind of analysis is just the
beginning of many possible uses of dehydration/phase
transition data, we have codified the data on bilayer
dehydration in terms of osmotic stess vs. water volume
paramsters [36). The enormous energies of bilayer dehy-
dration may be appreciated by examining one case, e.g.
cgg PC. where forces have been measured virtually to
zero water. Taking AP, as a measure of the integrated
work, one sces (Table 1) that at a pressure of 10°
dyne/cm?, for example, dehydration has involved a
work of some 20 erg/cm?®, and that for bilayers ap-
proaching zero-water contact this energy can grow to
the order of 100 erg/cm’. Translated into chemical
units, this amounts to 2-10 kcal/mol (8.4--42 kJ /mol).
These energies are of the magnitude known for oil-water
of vapor/liquid contact.

V1. Measured bilayer adhesion energies

Phospholipid hydration, preventing anhydrous con-
tact, is an important factor affecting the strength of
adhesion between electrically neutral bilayers. For this
reason, the measured strength of adhesion between bi-
layers can be a useful inverse indicator of the strength
of bilayer hydration. The pipette aspiration method
provides the most direct measure of the energy (nega-
tive) per unit area, G, of spontancous interaction
between bilayers. The messured contact angle, 8, and
applied bilayer tension T in the bilayer give, by Young's
equation [76).

Gon=2T(cos #~1)

One can combinec this G, with an estimate of
average bilayer separation d,, measured by X-ray dif-
fraction. This combination allows one to test various
models for bilayer attraction forces and to correlate
strengih of adhesion with hydration force measurements
(18.37).

The osmotic stress measurement alone allows a sec-
ond estimate of contact energy, but it relies on an
extrapolation of the exponential repulsive force

Pyexp(—d_/\)

to the position, d,,. where this force is equal and
opposite to a longer range attractive force. For example,
if one assumes the distance dependence of van der
Waals attraction in its simplest form, onc has [10]

Foyu=Ay/(6nd.’)

TABLE Il
Bilayer-bilayer adhesion energies derived by three methods.

Osmotic stress (OS) extrapolations assume 8 simple 1/d° van der
Waals altraction. Agreement of all three methods is excellent for
digalactosyldiacylglycerol but not for PEs or PCs. Osmotic stress (OS)
and pipette aspiration (PA) measurements are on unsupported films.
Undulations of these films might explain some of the difference from
surface force apparatus (SFA) measurements for the PCs and PEs, but
most of these differences are not understood. (Source references are in
square brackets. OS values are from Table [.) Temperature is taken to
be at 25°C unless stated otherwise. G, wbulated are absolute
values of negative quantities (erg/cm?).

Lipd  SFA PA os

es3PC 001

DLPC 01 (2°C)(52) 0.01-0015[17) 0.01(25°C)
SOPC 0.012* 18) 002(25°C)
DMPC 0.02(27°C)
DPPC  0.18(1°C)(53) 0.03(25°C)
DPPE  030(LA)(5Y)

POPE 0.12-0.15(La){18) 014
DGDG  0.29(53) 0.25(37) o4
MGDG  043(29)

® When accounting for undulation forces present in the OS and
possibly in the PA and absent in the SFA bilayers, 0.012 erg/cm?
becomes 0.0163 erg/cm? (E. Evans, personal communication).

as indicated from SFA measurements {29,52,53). Then,
integrating these two forces from infinity, one infers

Gran (dog) = Frgu(d o) ((d o /) = M)
Avd,..

Froutdy,) = Pexp( = d  /N)

so that

Grialduo) = (4o /)= A)-Foexp( - d /)

which can be cvaluated from measured F;, d,, and A,

As long as the attractive force is of much longer
range than the repulsive one, the order of magnitude of
G ..a extracted by this procedure is not very sensitive to
the form of attraction. For example, if one includes the
finite bilayer thickness or even subdivides the bilayer
into regions of different polarizability (10). estimates of
Grin Will not be qualitatively affected.

The force £, at the position of maximum attraction
where two phospholipid-coated mica surfaces jump to-
gether in the SFA gives yet a third way to measure G,
{52.53). By th: Derjaguin approximation (see Fig. 4 and
related text).

Ga= Fo72eR

In Table 1Il we have compared estimates from these
three methods. What is puzzling is the much greater
estimate of G, from the coated mica surface measure-



ments compared to those between unsupported bilayers.
In any case, all these minima are <1 erg/cm’, rela-
tively weak on the scale of oil /water or vapor/liquid
interfacial energies.

VII. Hydration of charged phospholipid bilayers

Because of the high pressures producesd by combined
hydration and electrostatic double layer forces. hydra-
tion interactions between charged phospholipids arz no!
always easy to see. With the OS method. it is necessary
to apply high stress and go to small spacings, especially
in solutions of low salt concentration. in order to ob-
serve deviation from pure electrostatic repulsion. Oftea
such pressures cannot be attained with the SFA before
there is bending of the supporting mica surfaces. For
cxample, mcasurements of forces between di-
stearoylphosphatidylglycerol (DSPG) in NaCl solutions.
using the surface force apparatus, were limited to sep-
arations greater than 20 ingsirdms, a scparation (0o
large and at pressures too low to observe hydration
repulsion {31).

It is worth considering where one should see a transi-
tion from eclectrostatic double-layer-dominated re-
pulsion to a regime of hydration force dominance (Fig.
10).

Consider, for simplicity. an clectrostatic repulsion
between parallel surfaces, separated by a distance d, of
the form

Pu(d) = Popxp(-d/7,)

where P, depends on surface charge and the decay

101
m"p a* &
{ynevem 7y 8 A

1 SFA

M-w FUR
[ (dynesicm)

0 10 20

o (A

Fig. 10. Difficulty of detecting hydration forces between charged
bilayers. The sum of the clectrostatic and hydration repulsion is
plotied a3 a pressure, P, mwaﬂdwfmwnummm
equivalemt, F./R b d cylinders of radims R: F. /R =
2sE,, where E,, is the encrgy between paraliel surfaces. Paramcters
uedue.lo:hydnmnpuhuumhrw&atb«m?&k-lk

P, 10" dyne/cnr; and for the cloctrostatic double layer. made so
amr = Pyq 8112 A with Debye leagth of 10 A. Lines are drawn
mmmﬂewmmr and to the sutface force
sppanatus, F, /R, without deformation. Note (he shilt in the position
of swichover from clecurostatic double layer 10 hydration (orce
(arrows). Theoretical curves omitl contribution of uadulatory fluctua-

tioms.
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distance A, is the Debye-Huckel decay tength. Add to
this a hydration repulsion of the form

Prald) = Pexp( - d/2)

Between parallel surfaces, then there will be a transi-
tion from eclectrostatic to hydration forms around a
position d, where these two quantities are of compara-
ble magnitude,

Fasxp( ~do/A,) = Pexp( ~ dy /D)
or
dy= UAA /A, = AN I P /P

This separation d, will typically be less than the
maximum distance assumed by neutral bilayers of com-
parable hydration tendency.

Between oppositely curved surfaces, such as the
crossed mica cylinders, this transition will occur at a
scparation d. where the integrated energies. A P (d)
and AP, ,(d) are comparable. That is

NP eapi-d /A )= AP expl - d /D)
so that
do= AR/ (A, = A ALY/ (A P ))

= d, = ((A-A,)/(A = AD)-In(A /)

The effect of opposite curvatures is to shift in toward
contact the place where hydration (orces °take off.
Except for solutions of very high (i.c.. molar) salt con-
centrations, A, > A, and this shilt is approx.

d.-d,=\a(A,/\)

This is some J to 8 hydration decay lengths in solutions
of 100 to | mM ionic strength, respectively. This repre-
sents a non-trivial difference in the stress required to
observe hydration forces between oppositely curved
surfaces, as illustrated in Fig. 10.

Although hydration repulsion between charged bi-
layers has not been as thoroughly cxamined as that
between ncutral bilayers, there is clear evidence of an
extra non-electrostatic repulsion. Early measurements
of egg PG/egg PC and erythrocyte Pl /egg PC mixtures
under osmotic stress in zero-salt solutions showed an
extra repulsion at small separations that were taken to
indicate hydration repulsion [54). The deviations from
clectrostatic repulsion at 5 and 10 mol® PG or PI
almost exactly followed the curve for pure cgg PC at the
same scparations. The very high forces encountered
with pure PG at closc scparation are similar to those
seen with egg PC hydration. but a purely electrostatic
explanation cannot be ruled out (J.N. Isracalachwili,
personal communication).



362

I
7} o®
L ]
log P @
2. ¢ %
{dynes/cm )
oB L.
st 2 4
4 v T T T T ety 1
10 20 30 40 50 (1]
dw (A

Fig. 11. Intecbilayer pressure between PS bilayers as it varies with

separation in (0) 1.0 M NaCl, (@) 0.4 M NaCl. For 0.4 M NaCl, the

dden onset of a repulsion at about 20 A gives a much steeper slope
than expected from electrostatic decay.

Evidence of an extra, non-electrostatic force is much
less ambiguous in measurements on pure egg PG and
egg phosphatidylserine (egg PS), in 0.01 to 1.0 M uni-
valent salt solutions [55). Both materials showed the
sudden onset of a repulsion at some 20 Angstréms
separation, of a much steeper slope than expected from
electrostatic decay, and apparently unscreened even by
high salt concentrations (Fig. 11).

In retrospect, these data suggest a non-electrostatic
double layer repulsion more like that between egg PE
bilayers than between egg PC bilayers. In fact, we have
recently found *hat DOPS in 0.8 M NaCl swells like egg
PE, a repulsion that becomes important at an about 14
Angstrom separation and varies with the approx. 1-2
Angstrom decay rate of egg PE. The opportunity exists
for further measurement in these and related systems.

We have recently measured forces between bilayers
of the non-phospholipid, dihexadecyldimethylamine
acetate (DHDAA) in 5-500 mM acetate solutions. In 5
mM acetate solutions, for example, there is a clear
break away from electrostatic double layer repulsion at
an 11 Angstrom separation and at a pressure of 6- 108
dyn/cm’®. Below this separation there appears to be an
exponential repulsion much like that of POPE. The
integral of this force curve corresponds nicely with what
one sees with the SFA [56] where, between curved
surfaces, there is primarily electrostatic interaction with
no break down to a separation of 5 Angstrdms. This
comparison illustrates well the implications of the shift
inward of the hydration take-off point for oppositely
curved surfaces relative to parallel surfaces.

Qualitatively, different kinds of interaction occur
between acidic phospholipid bilayers exposed to diva-
lent cation solutions. The many studies of such systems
show that the interactions are strong enough to break
through the hydration barrier and allow very close
contact. Much use has been made of this in attempts to
model membrane fusion. An example of such a
remarkable change occurs in PS bilayers exposed to
Ca?* ions. Even at micromolar Ca?* concentrations,

these bilaycrs precipitate to virtvally anhydrous contact
often with crystallization of hydrocarbon chains {57-59].
By comparing the binding constant of Ca?* to the outer
surface of multilayers [60] with the strength of binding
between bilayers [58), we estimate an energy of contact
on the order of 100 erg/cm’ in these Ca*-collapsed PS
multilayers, quite enough to completely overcome
hydration repulsion. (Method of Parsegian and Rand
[61) updated with the binding constants of Feigenson
(58).) The fact that this precipitate contains no detecta-
ble water argues against an attractive force based on
ionic fluctuations [62,63] and suggests, rather, the kind
of dehydration characteristic of insoluble ionic crystals.

VIi. Amplification of bilayer repulsion by undulatory
fluctuations

For some time, since the pioneering work of Helfrich
[64] on steric repulsion between lipids, there has been
the sense of a dilemma in deciding whether lipid bilayers
repelled because of actual forces between them or be-
cause of collisions that occurred when they experienced
normal thermal undulations. It appears now (65,66) that
there is no dilemma. Bilayers do undulate. These undu-
lations are suppressed by long-range interactions rather
than the hard collisions originally imagined. And the
loss of undulatory entropy, suppressed by membrane
repulsion, is an important part of bilayer packing en-
ergy.

There appear to be two limiting regimes: one where
bilayers are so close that undulations are effectively
suppressed and bilayers interact only through the un-
derlying or direct interbilayer repulsive force; another
where bilayers are sufficiently far apart that forces
between them are weak enough and of relatively short
enough range for them to repel as predicted by the
oniginal Helfrich model [67). In between, there is a
coupling of steric undulatory and underlying or bare
interactions that results in behavior different from cither
taken alone.

To clarify the relative strength of bending undulatory
and direct interaction forces, it is worth examining the
form of the undulatory fluctuation force, P,, in a
regime where the underlying interaction is dominated
by a single exponentially decaying force

Poexp(-d,/\)
In that case
Po = (nkT/32M)[((Py/BN) exp(~d,, /2X))

(To derive this result, see Ref. 66. Introduce Eqgn. 18
or 19 into Eqn. 16 or into the derivative of Eqn. 14 of
that paper.) Here, B is the bilayer bending modulus
(usually about 25 kT') and A and P, are the decay rate
and coefficient of the underlying repulsion. For dis-



tances, d,,, much bigger than A, this fluctuation compo-
nent will dominate to give a force that decays haif as
fast as the underlying force. It is possible at these larger
distances to infer the actual bilayer—bilayer interaction
only through a theoretical construct that takes the un-
dulatory force into account.

It is instructive to compute the point of crossover
between the dominance of a direct exponential force

P,exp(—d, /)
and the undulatory fluctuation force. Set
Poexp(—dy/A) = (xkT/320)((Po/BA) exp( - d,, /2N))

For A =2 Angstrdms, P,=10'"" dyne/cm?, B=25 kT
= 10~ erg, equality is satisfied for d,, = 17 Angstroms.
Below this distance, one would not expect appreciable
contributions from fluctuations. At greater distances,
onc may see expanded cxponential decay due to
fluctuations.

Indeed, recent measurements of forces between
parallel DNA double-helical linear polyelectrolytes (68}
show precisely this halving of the decay rate. In salt
solutions of low concentration, but at sepas:ticas much
greater than the Debye length, forces vary with half the
classical Debye decay rate. In very high salt concentra-
tions, where charge interactions are screened, there is an
exponentially varying hydration force at separations
less than 10 Angstrdms and an extended region of half
the decay rate at greater separations. Simultancous mea-
surement of molecular motion indicated by progressive
broadening of the X-ray reflections, confirms that the
region of extended decay corresponds to a regime of
steadily increasing molecular motion.

In general, the interplay of direct forces and undula-
tory fluctuation forces will not always result in cleanly
visible behavior of one or the other type. Between
phospholipid bilayers which enjoy undulatory freedom
near the position of force balance between van der
Waals attraction and hydration repulsion, the action of
fluctuations seems to be 10 amplify hydration repulsion
near the limit of swelling, Fluctuations shift the force
balance outward [66).

Fortunately, it is possible to compare experimentally
measured forces between bilayers undulating within a
multilayer array with those between bilayers immobi-
lized onto rigid mica cylinders, where unduiations are
presumably impossible. Fig. 12 shows the force vs.
distance between bilayers on crossed mica cylinders,
differentiated to0 give the equivalent force per molecule
Fg (shaded band), together with measurements of re-
pulsion between bilayers in a multilayer array, also as a
force per molecule (points). Both data sets are for PCs
with melted hydrocarbon chains. It is clear that in a
region of strong repulsion the two show similar forces
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Fig. 12. Comparison of forces d b bilayers in 2 mulu-
layer () using ¢ ic stress and b bilayers immobilized onto

the crossed mica cylinders of the sutface force apparatus (shaded
band). The data points arc for DLPC at 25°C where hydrocarbon
chains are melted except at high pressure (@). Data from Ref. 33. The
SFA curves are for a set of meited chain PCs [32,52). The dashed line
is the uaderlying interbilayer force after subtraction of undulatory
fluctuation forces in the multlayer system [66). Amrows indicate
limiting spacing at zero force. This plot shows () the expansive power
of undulatory steric fluctuations in the regime of small pressures
(lower third of figure), (b) the suppression of these flu ions at
higher pressures, (¢) the remarkable agreement SFA and OS measure-
ments once one takes account of the difference in apparent zero of
separation. ( Fy is force per molecule. For details see Rel. 32))

with only a small horizontal shift due probably to
differences in ture defined ‘zero’ of separation. But at
low pressures there is a distinct divergence between the
two data sets; the limiting spacing of the multilayers is
considerably greater than that between adsorbed bi-
layers. If, though, one subtracts undulatory entropic
contributions from these data using the theory of Evans
and Parsegian [66], one obtains the dashed line that is
remarkably parallel to the fixed-bilayer shaded band of
the SFA measurcments [32].

This comparison actually teaches us at least two
things. First, undulations act to enhance the hydration
force giving it a greater apparent range. Second, at
higher pressures undulations are effectively suppressed,
svggesting that one can use measurements in this range
to estimate the underlying hydration force.

There are cases where fluctuations probably always
dominate the repulsion of weakly hydrating bilayers
such as the case of the non-ionic alkylpoly(oxyethylenc)
(PEO) surfactants. Tiddy and coworkers have used con-
trolled vapor pressure to measure forces between bi-
layers of compounds of various hydrocarbon and eth-
yleneoxide lengths. Tiddy et al. |69,70] argue that the
polyethylene oxide chain polar groups are extended and
probably hydrate with only one layer of water, and
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within their residence space form a PEO/water mash.
Mclted bilayers separate to greater extents than when
they are frozen. Melted bilayers of the shorter chain
compounds swell appreciably more than the longer chain
species. which are presumably less flexible, and achieve
separations greater than the maximum length of the
fully extended amphiphile molecule. There is good rea-
son then to think that these long spacings occur from
undulatory fluctations confined by collision between
the hydrated polar regions of facing bilayers [69,70].

IX. The vapor pressure paradox

Widely recognized among phospholipid physical
chemists, and even more widely ignored among those
who prepare lipids for laboratory study. is the fact that
lipids exposed to a water vapor of 100% humidity will
not take up as much water as will the same sample put
into contact with liquid water (Refs. 41, 71, 72, compare
to Table I). Typically. for example, a phosphatidyl-
choline multiilayer will imbibe some 45-55% (w/w)
waier from the pure liquid but only some 30% from a
water-*saturated’ vapor [52,72). What is more, a sample
rquilibrated against liquid will actually give up water to
a 100% r.h. vapor and then reversibly regain water from
a liquid when given an opporiunity to do so. (Rand,
R.P., unpublished results; Gruner, S. and Templar. R..
personal communication).

Worse, a charged phospholipid. e.g.. phosphatidyl-
serine [71] that will swell indefinitely to isolated bilayers
in liquid water [55] will actually stop swelling in vapor
at a water content far less than that taken up by
phosphatidykcholine under similar conditions {71). The
limit of swelling of multilayers on solid substrates (Ref.
73 and Gruner, S. and Templar, R., unpublishr re-
sults) seems to resemble that of lipids in vapors.

What is going on? Isn’t the activity of a 100% r.h.
vapor the same as that of the liquid water with which it
is supposed 10 be in equilibrium? One's first thought is
that perhaps, because of slight thermal gradients, the
vapor activity is somewhat less than that of its mother
liquid. Consider the osmotic stress [T eqaivalent of a
vapor of relative humidity p/p,.

1= ~(kT/c)in( p/po).

where ¢ is the 30 A’ volume of & water molecule and
(kT/v=14-10° dyne/cn?’. For p necar p,. we may
write p/p,= ! - A and

He=(AT/c)d = (1.4-10%)48.

An osmotic pressure ef 10° dynes/sm?. enough to
remove 1/3 1o 1/2 the water from a multilayer, is given
when 4 = 0.00075, or the relative humidity is more than
99.3%. which co:ld come from a 0.01°C dip in the
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Fig. 13. Molar ratio (waer/lipid) and bilayer separation for eggPC

bilsyers plotied as function of pressure expressed four different ways:

(i) osmotic stress dyne/cm?; (i) chemical polential, g . relative 0

bulk water: (iii) equivalent relative humidity; (iv) lemperatuce in-

crease that would correspond 10 the same changes in equivalemt
relative humicity and osmotic stress.

temperature! See Fig. 13 for (he great effects that small
changes in relative humidity. resulting from tiny tem-
perature fluctuations, can have.

Temperature fluctuations will explain the escape of
water from bilayers in liquid to vapor. But thermal
fluctuations do not explain the observation that water is
lost to a vapor maintained at 110% relative humidity. In
that experiment water-saturated air was cooled before
being blown at a hydrated sample (Gruner, S., personal
communication).

A second possibility therefore is that the action of a
vapor/ muliilayer or solid/ multilayer interface is to
suppress the bilayer undulations that enhance hydration
or electrostatic repulsicns. Quantitative comparison of
water loss in vapor with the predicted shift in equi-
librium spacing using the model of Evans and Parscgian
(66] suggests that, considering present theovies, one can
account for about onc half of the observed cffect via
this explanation.

Other possible explanations might recognize the re-
straining effects of high surface iensions. The results of
Safinya et al. [74] on planar lipid films stretched over a
hole and exposed to vapor show that the geometry of
the overall multilayer is not critical.

The inability of charged lipids to swell in vapor
suggests 10 us that the phenomenon is at the very icast a
practical problem. One knows that charged lipids must
repel. If this swelling is uawittingly prevented. a han-
dling problem is certainly evident. On preparing sam-
ples in vapor, onc should be suitably aware that. under
these conditicns, lipids will not go to full hydration.



X. Interaction between oppositely curved bilayer surfaces:
vesicle interaction and deformation

Very often one must kniow the interaction between
bilayers that are in the form of vesicles or curved
surfaces. We emphasize here that the form of interac-
tion will depend on whether the curved surfaces arc
parallel to each other or whether they curve away from
each other (have the opposite curvature) as they neces-
sarily do in vesicle-vesicle and vesicle-plane interac-
tions. It is also clear that the forces encountered are
strong enough to deform inieracting bilayers. to restrain
thermal undulation, or to flatten neighboring vesicles. It
is instructive 10 see how hydration repulsion and the
adhesion energy. G,,. between parallel surfaces at a
position of force balance, show up in the interaction
between curved surfaces. These phenomena have been
cxamined rigorously by E. Evans and co-workers
(16-18,20-22.24).

As described above, a convenient approximation due
to Desjaguin [30) allows one to transform lorces men-
sured between parallel planar layers (pp) t0 interactions
expected between spherical vesicles (ss) or sphencal
vesicies and Mat layers (sp). Between crossed cylinders
of radius R or between a sphere of radius R and a
plane. the force F is related to the energy £, by

Fo/R = 2ek,,

Between two spheres, the transform is

F/R=vE,

lusmuhblethuhemtd,olwonalomcot
minimum energy is the same between two spheres.
between a sphere and a (lat layer, or between two
crossed cylinders, and is quite independent of radius R.
Further, this d, between oppositely curved surfaces will
always be expected to occur at a smaller separation than
between parallel surfaces. (cf. Fig 4, E,, = 0 at a smaller
separation than where £ = 0.) The interaction between
surfaces which curve away from each other is a sum of
individual interactions at different separations. In the
Derjaguin approximation some parts of the surface may
feel net attraction, some repulsion. The longer range
force will be felt over a greater arca of the surface than
the repulsive. It will have a proportionally large *say’ in
determining the final position of force balance. (For an
illustration of the result of mixed atiractive and repul-
sive electrostatic double layer forces between spheres,
and a rigorous examination of the axcuracy of the
Derjaguin approximation for such interactions. see Rel.
75.) But this same combination of attraction and repul-
sion will create a torque to deform a curved surface.
One must therefore recognize surface deformability in
any problem involving curved surfaces.
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What can one say at the level of vesicles of 200
Angstrom radius? First, between nigid spheres compared
1o paralle]l layers, there will be an inward shift in the
position of force balance between long-range attraction
and short-range repulsion. Second, since vesicles are in
fact not ngid. they will flatten to create regions of
planar adhesion having the energy. G... per vnit area
descnibed above.

Riged spheres

For simplicity, consider a repulsive force of the form
P = Pexpl —d/\) and attraction of the van der Waals
form F,, = ~(A,/6%d"). (Here we use 4 as the dis-
tance between the surfaces. By virtue of the assumption
of ngidity. onc ignores any action of undulatory repul-
sion.) The corresponding energy between two planar
surfaces experiencing these foroes is

E = APexpt - d/A) - A, /(120d°)
~(APY-(d/2) Fyy

Sketches of force and encrgy per unit arca for typical
parameters (Fig. 14) show the inward shift in zero-force
pusition for spheres or cylinders from that for paralict
planes.

Since the force between spheres goes as the radius R,
the depth of the energy minimum for interacting spheres
is propostional to sphere radius. By £ = wR £, the
energy of interaction between two spheres is repre-
sented as

E.~(NPexpt - d/A)- A, /(120d))eR
=~ (N PY-(dY/2)-F, X2

The fact that the minimum energy position of two
spheres is at & separation less than that of two paraliel
plancs means that the closest parts of the spheres are
actually being pushed to a scparation where they repel
(Fig. 14). The simultancous attraction and repulsion on
different pans of a vesicle create a torque that can be
relaxed by vesicle deformation.

Deformable vesicles

The stress of hydration repulsion and even weak van
der Waals atteaction is such that virtually any curved
bilayer surfaces must deform to some exient when in
adhesive contact [76]). Lateral tension T within the
bilayer surface develops against the drive to creatc a
flattened area of contact of adhesive energy. G,,. in
such a way as to satisfy Young's Eqn. and to make a
contact angle @ (Fig. 15).

O 0=1+(Gg( -1/27)
For smali contact angles cos @ = 1 - #°/2 and

O -Got-vF
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The area of flattening 7R%0? = 7R?G,,.,(~)/T, the
fractional area of flattening is

*R2G i (= )/(TARR?) = Gy (— )/4T
and the energy of interaction over this flattened area is
#R3G in(—)/T.

The factor of 10 difference in G, between PE and
PC leads to a factor of 100 difference in the contact
energy between deformable vesicles. For example, con-
sider an R=200 A wvesicle under tension T=1
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Fig. 14. Simultaneous attraciion and repulsion between rigid spheres

occurs at a minimum energy position which is Jess than that of force

balance Fop = 0 between paralle) planes of the same material. (a)

Spheres at separation corresponding to maximum attraction; (b)

spheres at their minimum energy separation (where ( E,, = 0). Small

arrows shuw conflicting repulsive and attractive pressures creating a
torque on curved surfaces.
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Fig. 15. The balance of line tension T and attractive energy Gou(—)
to create a deformed region of phospholipid vesicle interaction.
Genin( =) between neutral phospholipids is usually pictured as a bal-
ance between van der Waals attraction and hydretion repulsion.
Despite the tension developed there may be some repulsion also from

dulatory fl some phospholipids there may also
be hydration attraction or H-bonding moss a water layer due to
complementary surface polar groups.

dyne/cm. The adhesive interaction for G, = —0.01
erg/cm? will be only 1/5 of the thermal energy kT =
42-10"Yerg,

But for G, = —0.1 the interaction energy will be
some 20 kT.

Depending on tension, the contact energy will often
be dominated by G,y,,, - area of contact.

Other contributions, such as the residual attraction
between non-flattened areas and the work of deforma-
tion will very often be small by comparison. When
vesicles are deformable, as is usually the case with
phospholipids, their interaction is more characteristic of
forces between parallel planes than between curved
surfaces. It is puzzling to us why most models of
vesicular aggregation neglect this important feature of
interaction.

XI. Hydration in other systems

It was our purpose in this review to collect informa-
tion strictly on phospholipid bilayer hydration, informa-
tion that has become available from different experi-
mental methods. It would be wrong, though, not to
mention for reference what is being learned in other
systems.

All modern studies of solvation and hydration follow
the major achievements of Derjaguin and his school. It
was these people who built and designed the first suc-



cessful surface force apparatus, developed much of the
physical theory of long-range forces, and recognized the
importance of the ‘structural component of the dis-
joining force’ (for which read *solvation’ or *hydration’
repulsion). This work is the subject of a book and
several recent reviews [2-5).

The swelling of clays, by the action of both electro-
static and hydration forces has been recognized for
several decades. Early work examining layer spacings as
a function of vapor pressure [77] showed multiple spac-
ings that gave a first indication of discrete layering of
water on hard smooth surfaces. Studies during the past
two decades, particularly those of Low and collabora-
tors (e.8., Ref. 78 from which references to the very
large amount of earlier literature may be traced) have
shown exponentially varying forces measured by osmotic
stress. Closely related to these arc the now extensive
studies between mica surfaces using the surface force
apparatus and reviewed recently by Israclachvili who is
the principal designer of the present form of the ap-
paratus [79). In particular, measurements by Pashley,
Israelachvili and coworkers have found that mica-mica
interactions are often oscillatory with an oscillation
period corresponding to the dimensions of intervening
solvent. We take it to be significant that oscillatory
forces have not been seen between bilayers or between
macromolecules in solution; the smoothness and hard-
ness of the mica or clay surface probably creates a
different perturbation of solvent than is effected by the
relatively flexible groups that make up most lipids and
large molecules. Pashley has also found many instances
of 3-10 Angstrdm exponential decay which is interpre-
ted as due to *secondary’ hydration of ions adsorbed to
the mica surface [80,81]. Correlation with the clay swell-
ing measurements is good, once account is taken of
differences in definition of the ‘zero’ contact distance.

We have already mentioned the osmotic stress mea-
surements of forces between DNA molecules (68,82);
one should mention as well similar force determinations
on polysaccharides [83). We note again the work on
oxyethylene surfactants tpat seem to be dominated by
undulatory repulsions between hydrated bilayers [69,70]
and our recent measuiements with charged dihexade-
cyldimethylamine acetates that show strong exponen-
tially growing forces at less than 11 Angstrdms sep-
aration much as some synthetic phosphatidylethanola-
mines. The surface hydration of such bilayers has been
well recognized by Ninham and Evans and collabora-
tors for the many ways in which it influences lipid
polymorphism (34,85).

We have written elsewhere of the relevance of hydra-
tion repulsion to bilayer fusion processes [86,87). Forces
measured between natural nerve myelin strongly resem-
ble those seen between phospholipids although the cell
surface is likely to be a far more complicated structure
{88]. We will forego the temptation here to list the many
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biological phenomena that may relate to the hydration
properties of molecular and membrane surfaces.

There have been several reports of a long-range
‘hydrophobic’ attraction detected in the SFA between
mica surfaces coated with monolayers whose hydrso-
carbon chains face out onto the water region (e.2., Refs.
89 and 90 and references thereii:). This force has been
detected to some 900 Angstroms separation and shows
exponential decay rates up 1o 160 angstrdms {90). Re-
cent observations and arguments suggest the improb-
ability of a solvent-mediated force of this range [90).

XIL Theoretical questions

Much effort has been spent to develop a satisfactory
theory of hydration. In lipid systems, difficulties are
compounded by the several phenomena affectinrg surface
hydration. Bilayer undulation, lateral comprescibility
and deformation, polar group packing and rearrange-
ment, all no doubt contribute to the wide range of force
decay rates and works of dehydration that emerge in the
comparisons presented here and debated in the current
literature.

Why ‘hydration’ at all? Essentially because of the
work encountered in bringing together neutral bilayers
in distilled water or low salt buffers. Added salt seems
to make relatively little difference except at molar con-
centrations [91). Charged bilayers do interact in ways
that suggest salt-screened electrostatic double layers,
but only at distances greater than where strong forces
are encountercd between ncutral bilayers. At shorter
distances (=20 Angstroms) charged bilayer repulsion
usually resembles that between neutral phospholipid
bilayers [55).

So, at the root level, a ‘hydration’ or ‘dehydration’
force implies a work of removal of water from between
membrane or molecular surfaces. One could include in
that work any steric forces of polar groups or of entire
undulating bilayers, specific arrangements of polar
groups that enable attraction as well as repulsion, and
actual adsorption of water to the membrane polar
groups. It is not clear when any of these factors stands
out so clearly as to be distinctly identified. What is
clear, though, is that it has not been possible to rational-
ize measured forces with any theory that neglects the
structure of the intervening solvent.

For simplicity we still favor the approach originally
proposed by Marcelja and coworkers [92]. A polar
surface will perturb aqueous solvent just next to it; and
the propagation of this perturbation by solvent—solvent
interactions mediates a force that extends, with a
solvent-characteristic length, over many solvent layers.
The strength of interaction was seen as a function of the
perturbing strength of the surface, while its exponential
decay was a characteristic of the intervening solvent.
The original formulation spoke in terms of an order
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parameter of undetermined type. Gruen and Marcelja
[93,94] emphasized the importance of water polariza-
tion, while later studies by Kjellander and Marcelja {95)
examined the possibility of H-bond rearrangement
within the water solvent or of the coordination of water
molecules. The formulation of Ruckenstein and Schiby
[96) emphasized the importance of surface polarization
and water dipole interactions.

Cevc and coworkers [97,98] have argued for recogni-
tion of a hydration potential, a measure of the polaric-
ing or hydrating power of polar groups, rather than a
fixed value for the operative order parameter at the
hydrating surface. This idea of a potential has been
developed into an effective surface polarity, a function
of polar group ionization, methylation or other surface
parameters, that is responsible for reorganizing
boundary water [99,100). It has been possible to create a
self-consistent model allowing a near-quantitative ex-
planation of a large body of data on phase transitions
[101,50). Much of this material has been reviewed re-
cently in some detail [99]. Simon and Mclntosh [102)
have argued recently that the surface potential, mea-
sured across phospholipid monolayers in presumed
equilibrium with free multilayers, is the organizing
potential that would fit into the Cevc et al. formalism.
Since dipole potentials can be inferred from bilay:r
transport measurements, it scems worthwhile investigat-
ing this claim by direct comparison.

Kornyshev et al. [103] use a continuum dielectric
formalism with a non-local response to rationalize the
decay of hydration forces. In recent work, thev have
succeeded in coupling solvent correlation length with
the lattice constant of interacting surfaces. The result is
a net decay length that can be different for different
surfaces interacting across the same solvent material
[104). Quite recently, Attard and Batchelor [105) have
proposed a model that recognizes the progressive ent-
ropy loss (or enthalpy gain) of the surface-perturbed
water H-bond network. Decay lengths reflect surface
boundary conditions as well as solvent lattice lengths to
allow some variation in decay rate. This approach em-
phasizes the non-electrostatic nature of the solvent
parameter that mediates hydration forces.

Indeed, the continuous 1-3 &ngstréin range of mea-
sured decay rates for forces betweesn phospholipid bi-
layers suggests that a single-decay picture is either inad-
equate or results from being combined with other forces.
Forces decaying exponentially with approx. 3 angstrom
decay constants have been seen much more consistently
between linear polyelectrolytes [82]. Perhaps in these
systems they can be more fruitfully analyzed theoreti-
cally.

Computer simulations of H-bonding water near polar
surfaces [95] do not show the kind of extended decay of
perturbation expected from the original Marcelja for-
malism or presumably from later H-bond models. But

this may be due simply to the fact that these simula-
tions are accurate to some 0.5 kcal/mol of solvent (e.g.,
Ref. 106) while the perturbations of water that seem to
be important are as small as approx. 1 cal/mol (Fig.
13). Indeed, the essence of these forces, and the reason
they were not expected from probes of water itself, is
that they come from virtually indetectable perturbations
of solvent summed over large numbers of water mole-
cules. One can obtain some idea of the difficulty of
modelling hydration forces by looking at the force
distance curve in chemical rather than physical units.
The right hand scale in Fig. 13 shows the applied
osmotic stress in units of small calories. It is im-
mediately clear that the pressures over which forces are
observed correspond to perturbations that are less than
thermal energy (= 600 cal/mol) on most of the inter-
vening water molecules.

MclIntosh and coworkers have suggested from data
on eggPC that there is an additional upward break in
the pressure vs. spacing curve that is duc to steric
repulsion between bilayers that have less than approx.
10 water molecules per PC [107). Such an upward break
is not seen in the PC data processed as we have done
here. Its appearance depends heavily on the definition
of bilayer thickness. Should one expect interactions
between hydrated polar species to be separable into
hydration and steric components when the polar group
conformations will always involve their associated
water? Or does hydration repulsion combine both such
interactions inasmuch as one expects continuously in-
creased polar group restrictions from the very first steps
of dehydration?

XIII. Hydration attraction?

In their review of structure in ordered phospholipid
phases, Hauser [108] made clear the intricate pattern of
hydrogen bonds among the phospholipid polar groups
and their hydrating waters. These patterns are expected
among phospholipids, such as certain PEs that take up
relatively little water compared to PCs or to charged
species [109,110]. Can the great strength of adhesion in
these systems (Table I) be explained solely in terms of
weakened hydration repulsion to allow a relatively
strong van der Waals attraction? Or can solvent restruc-
turing, thought to cause repulsion between hydrating
surfaces, also mediate attraction between laterally
ordered surfaces?

As noted above, multilayers of PE as a class tend to
imbibe less water than PCs. Still, there is a larger range
in the amount of uptake, natural PEs with heteroge-
neous chains, such as eggPE, swell the most. Remarka-
bly even one methylation or the addition of methylated
species to a bilayer will lead 10 sudden swelling of the
multilayer lattice (Fig. 5). If one relies only on average
properties of the bilayer surface, it is hard to see how a



generalized hydration repulsion and van der Waals force
cause such different results with chemically similar
surfaces.

However, the same Marcelja order-parameter formu-
lation that describes hydration repulsion between like
surfaces will also predict attraction between surfaces of
opposite polarizing tendencies. Indeed, this formalism
has been applied to the long-range attraction observed
between DNA double helices. There, a characteristic 3
Angstrém exponentially decaying repulsion, much more
cleanly defined than that seen among lipids, which
becomes a 1.5 A decay when DNA binds certain poly-
valent cations. The shift in decay length is characteristic
of the Marcelja model rederived for ordered heteroge-
neovs surfaces,

We have suggested elsewhere [35] that the same kind
of combined hydration repulsion and attraction might
explain the shortened decay rate of repulsion between
poorly swelling PEs such as POPE and that a
solvent-structure-mediated attraction might cxplain the
anomalously high attraction seen in these cases [36,52].

One should also be aware of a growing literature on
attractive forces that will occur between surfaces of
mutually orienting dipoles. Several models have recently
appeared [112-114] using classical electrostatics to for-
mulate a dipolar fluctuation force appropriate to polar
zwitterions attached near a dielectric interface.

XIV, Conclusions

In a broad sense, any exertion to remove water is a
form of hydration (or dehydration) force. One has grown
accustomed to using ‘hydration force’ for that part of
the exertion due to perturbation of water structure by
the membranc or molecular surface. From this perspec-
tive it is puzzling why neutral bilayers will repel at an
approx. 20 A scparation. But membrane undulation,
polar group steric factors, clectrostatic forces, and even
van der Waals attraction might also contribute to the
effort of dehydration. The real problem is to determine
the distinguishing features, relative importance and in-
terplay of these factors in what we have empirically
called ‘hydration forces’. A solution to the problem is
impeded by many experimental uncertainties intrinsic
to the structural disorder of most phospholipid liquid
crystalline systems,

In phospholipid crystals where such disorder does
not exist, X-ray crystallographic determinations show
an intricate arrangement of polar groups with positive
and negative charges neatly matched between facing
bilayers, an intricate set of hydrogen bonds among lipid
zwitterions and the few included water molecules (sce,
for example, Refs. 108 and 115). But most lipid species
under most aqueous conditions do not form such dehy-
drated crystals. Apparently these precise arrangements
of polar groups do not occur with such low energy as to
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create a significant driving force for crystal formation; a
pre-existing order in the rest of the bilayer seems to be
necessary. In fact most systems are driven to hydrate.

The simplest measure of hydration, maximum water
uptake by neutral phospholipids, shows that disruptions
of bilayer order — from double bonds in the hydro-
carbon chain, from heterogeneity of chain type, from
chain melting, from bulky methyl groups on polar
amines - all seem to increase the uptake of water, to
drive bilayers from crystalline arrangements. There is 2
kind of synergy in this drive. Disorder in the lipid
causes water uptake by disrupted polar groups that
concomitantly loosens bilayer structure. We find it re-
markable that the equivalent molar concentration of
zwitterions, even at full bilayer swelling, is far greater
than the saturating solution concentration of these same
polar groups existing as pure unattached solutes. But
when they are attached to non-polar hydrocarbon
chains, these closely packed polar groups virtually never
precipitate into crystalline ordered arrays. The natural
tension between the hydrophilic and hydrophobic parts
keeps the polar groups themselves poised between pre-
cipitation and dissolution.

However, to go further, to describe the physical
forces that swell the space between bilayers, une must
rely heavily on definitions of bilayer thickness and
separation. Difficulties are especially severe at low levels
of hydration. Just as there is no mathematically ideal
interface to define the progressive change from lipid to
water regions, so there is no way to state boundaries
without some idealization or ancillary construction. The
progressive work of hydration, a pressure times a change
in volume, is thermodynamically well-defined. Molecu-
lar dimensions are not. Different definitions - construc-
tions based on very low resolution electron density
maps with additional assumptions from models, or defi-
nitions based primarily on the wate. to lipid mass -
lead to different comparative hydration strengths and
cven different features of the pressure vs. distance
curves.

One such qualitative difference in feature has evoked
the proposal of molecular steric interactions of polar
groups. These are suggested by an upward break in the
pressure vs. separation at less than 10 Angstroms sep-
aration. But such a break is far more evident from low
resolution electron density construction than from a
mass average construction which so far suggests hardly
any break at all. Clearly this region of high osmotic
stress and very limited hydration merits far more study
using both forms of data analysis. If this thermody-
namic-structural work could be coupled with better
probes of changes in polar group order — by neutron
diffraction or by nuclear magnetic resonance, or per-
haps by more precise analysis of thermal transitions -
then the action of polar group steric forces would be
more systematically understood.
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At greater separations between bilayers, where polar
group crowding between bilayers is no longer expected,
there is still a question of how much of the observed
hydration repulsion is due to straight affinity of water
for the polar interface and to what extent that u~derly-
ing force is enhanced by forces of membrane undula-
tion. If means could be devised to monitcr membrane
disorder, as has been possible for forces between poly-
electrolytes, then one would have a clearer idea of the
magnitude of the underlying hydration itself.

In any event, there are questions about the molecular
basis of hydration, 2bout the mechanism by which
water will be perturbed some layers from the surface.
And of all the possible cuntributions to total hydration
- do differences in total water uptake reflect differences
in mechanisms of attraction between different kinds of
polar layers? Or are there simply differences in strengths
of repulsion with broadly similar van der Waals attrac-
tive forces? Does the presence of a net electrostatic
charge that can drive bilayers to inde.initely large sep-
aration also affect surface-bound water to change surface
hydration forces? Does the exclusion of solutes (small
sugars or large polymers) that are unable to compete for
water near the bilayer interface create thermodynami-
cally different conditions for bilayer stability?

XV. Appendix
XV-A. Measuring bilayer thickness and separation

We describe the steps in determining bilayer thick-
ness and separation and, from osmotic stress, the inter-
bilayer force.

(1) Fig. 16 shows an example of the relation between
the experimentally measured X-ray repeat spacing of
the spontancously formed multilammelar structure, d,
and the weight percent lipid, ¢, in the samples de-
termined by gravimetrically adding water to SOPC.

(2) On the basis of the densities of lipid and of
water, ¢ can be converted to the volume of water per
lipid molecule ¥,, the volume fraction of lipid in the
same @, and the area A available per lipid molecule on
one plane perpendicular to the axis of the lamellar
repeat.

8=1/(0+(1—¢)-»,/c-9)
A=2-10%M-5,/8-d- N,
V,=(1-8)-A4-d/2

MW, is the molecular weight of the lipid, N, is
Avogadro’s number and », and »,, are the partial specific
volumes of water and phospholipid, respectively.

These structural parameters are independent of the
distribution of the water and lipid within the lamcllar
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Fig. 16. Structural parameters of the lamellar phase formed by SOPC
as they vary with water content and determined by X-ray diffraction.
(@) d, lamellar repeat spacing; (0) d,, bilayer thickness determined
gravimerrically; (O) d,,, bilayer separation; (@) area available per
molecule on a plane perpendicular to the disection of lamellas repeat.

repeat distance d, i.c., are model independent. They are
dependent, however, on a good knowledge of the partial
specific volumes of the lipid. We have listed in Table 1V
the values used for the indicated lipids. These are taken
from, and are consistent with the measurements and
derivations from a number of references listed in Table
V),

Interesting observations emerge from these data.

(a) », for CH, chains in bilayers are 1.05 cm’/g if
frozen and 1.17 if melted, and for hydrocarbon solu-
tions are 1.07 and 1.29, respectively. This suggests that
when constrained to bilayers the melted hydrocarbon
chains have a lower partial volume than when free in
solution.

(b) The lower value for melted chains in bilayers is
required to give sensible polar group partial volumes.
For example, from the measured value for DAG, 1.07,
if »pe = 117, v, = 0.745, comparable to the published
value of 0.793 for glycerol. This correlation also requires
that the C=0 groups to be included in the polar group
molecular weight.

(c) White et al. (73] have shown that the global
paslial specific volume of phospholipids does not change
over the range of dehydration used to study interbilayer



TABLE IV

Partial specific volumes for lipids and their parts (cm’/g} (Refs. in

brackets)

Liquid paraffin 129(116,118]

Melted he 1.17(117)

Melted he, #C, PE 117(117)

Crystalline he 0.998(117), 1.07 [118]

Crystalline he PC 1.05 [118], 1.008, 1.006

Gly-Pc+C=0 0.668 [117], 0.758 {122}, 0.713 DOPC,
0.768 DPPCm, 0.751 DPPCI

Serine-P 0.660 [119)

ZAnino-cth PO, 0.640 (120}

Gly-erol 0.793[116) 0.743 DAG,

Gly-°€ 0.697{115) 0.67 DMPE. [116]

DPFC, DMPC, DSPC (gel) 0.94(117]

DPAC(45°C) 1.005 [117]

DMPC (30°C) 098(117)

DSCP (55°C) 1.02(117)

DOPC (20°C) 0.990

DMPE 096121

DAG 1.07

Synthetic PEs 0.96-1.02 [34)

forces. This lends credence to the structural parameters
and their changes derived using the Luzzati formalism.

Table V provides molecular weights, partial volumes
and compressibilities used to calculate the structural
parameters of the lamellar phases of phospholipids.

(3) To proceed to define bilayer thickness and sep-
aration, assumptions are required about the distribution
of water and lipid within the repeat distance d of the
multilamellar phase. We describe three methods of doing
this.

Using the Luzzati method, which assumes that the
lipid and water pack into completely separate layers
containing all and only the single component, d can be
partitioned into a layer of lipid of thickness d\(=8-d)
and a layer of water of thickness d_(=d — d,). Further,
a knowledge of the molecular weights and densities of
the hydrocarbon and polar parts of the lipid molecule
(see Table V) allows the bilayer itself to be divided into
hydrocarbon, d, (=8, :0-d), and polar group layer,
dp(=d, — d,), thicknesses where

O =MW, -7, /(MW -»)

and MW, is the molecular weight of the hydrocarbon
portion of the lipid molecule and »,. is the partial
specific volume of that hydrocarbon.

Table VII provides the structural parameters and
degrees of maximum hydration using this gravimetric
method.

An alternative definition of bilayer thickness is used
by McIntosh and Simon [27) and makes use of the
clectron density distribution of the bilayers, shown
schematically in Fig. 3. To the peak-to-peak distance
across bilayers, assumed to represent the distance be-
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Fig. 17. Net interbilayer pressure, P, for SOPC, as it varies either with
water content. ¥,,. the volume of water per lipid molecule or with
lamellar repeat distance, d.

tween polar group phosphates or some fixed position
near them, these authors add an estimated polar group
thickness. These alternaie approaches make a consider-
able difference in the way one estimates the distribution
of water around the polar groups, and therefore of
bilayer separation and definition of bilayer contact.
Such differences are illustrated in Table VI for the fully
hydrated lamellar phase and for the lamellar phase
undus moderate stress. The different definition of bi-
layer thickness leads natwurally to the difference in ab-
solute values of bilayer separation. However, what is
striking is the opposile conclusion one obtains regard-
ing the relative bilayer scparations under moderate
stress. McIntosh and Simon would conclude that gel
DPPC bilayers are further apart than egg PC bilayers,
we would conclude the opposite.

Each of these methods using X-ray dimensions suffers
from too low a structural resolution to define bilayer
thickness and separation adequately, and how, conse-
quently, they change with dehydration. The latter is
important in determining the hydration force parame-
ters described below. Consequently, to determine the

91
~ J *
~
8
£ LY
> LY
g 7 s
» [ ]
5 ] .
° [ ]
g6 .
- »
[ ]
5 v T T J
0 10 20 30
aq, &)

Fig. 18. Net interbilayer pressure, P, for SOPC, as it varies with
intesbilayer separation, 4, determined gravimetrically.
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TABLE V

Molecular weights of the total lipid (MW), its hydrocarbon (MW, ) and of polar (MW, ) parts; lipid specific vohume (v, em’/g), and specific volume of
the hydrocarbon part of the molecule (v, ); bilayer compressibility, K, and bilayer thickness, d,, at the asmotic stress of log P = 7 used to calculate the

structural parameters according to the formula described

MW MW, MW, » e X d atlog P=1

DHDAA

POPE n 433 269 1 117 233 420 a1 7.04

DOPS 832 an 361 ) 117

SOPC 86 475 m 1 117 200 41.2a17.08

DGDAG 933 452 an } 117 200 391
POPE/SOPC

9/1 7S 444 27 1 117

9/1 79 446 273 1 117 233 42,0 a1 7.06

4/1 729 4“9 m 1 117

2/1 231 454 m 1 117 22 4194103

32 M 455 286 1 117

1/1 749 459 290 1 1.17
DGDAG/SOPC 45/55 852 469 ki) 1 117 200 39.3 a1 7.06
DGDAG/POPE 1/1 82 452 310 1 117 216 39.221705
DOPE/DOPC 31 750 am 219 0.99 117 200 39
czg PE 733 464 269 1 117 200 34.1at7.01
Egg PEt 733 464 269 1 117 200 377
Egg PEt-Me 747 464 283 1 117 200 41.3a17.03
Egg PEt-Me, 761 464 297 1 117 200 40.8 21 6.99
Egg PC 175 464 n 1 117 145 37.7a17.03
PC 1622 800 490 310 1 117 145 39
Egg PC/Chol 1/1 nun 851 326 1.03 112 1000 4.1
DPPC/Chol 1/1 1120 810 310 1.02 112 600 443
Egg PC/DAG-12.5 787 4s5 33 1 117 145 373
DLPC 621 in 310 0.98 117 145 22
DMPC-27 677 367 310 0.98 117 145 364
DPPC-50 733 423 310 1.005 117 145 36.7
DOPC 787 47 316 0.99 117 145 36.6
DPPC-25 733 a3 310 094 105 1000 412
DSPC 789 an 316 054 105 1000 a8
DPPC/Chol 8/1 ™ 462 310 094 1.05 1000 50.9

changes in lamellar phase dimensions, the indepen-
dently measured bilaycr compressibility modulus, X
[18], should be applied to the bilayer thicknesses mea-
sured by X-ray diffraction. This is illustrated for the
gravimetric data using the following procedure, but it
could just as well Le applied to the dimensions derived
using electron density profiles,

(4) Fig. 17 shows the experimentally determined re-
lation between the net interbilayer pressure, P, and the
repeat spacing, d, of the resultant lamellar phase, again
for SOPC. The linear part of the curve can be described
by

P=Pyexp(—d/\,)

By reference to the gravimetric data the repeat spac-
ing, d, can be translated into the volume of water per

lipid molecule and the relation between P and V,, (also
shown in Fig. 17) can described by

P=Pyexp(=V,/p)

By reference to the gravimetric data the repeat spac-
ing, d, can also be partitioned as described above and
again the linear part of the curve described by

P=Pyexp(-du./M,.)

The parameters for these three experimentally de-
termincd cxponentials for many lipids are shown in
Table VIIL.

(5) The structural parameters d, and 4, for the
osmotic stress data which make use of the indepen-
dently measured compressibility of the bilayers have
then been derived in the following way. First, the bi-
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layer thickness, 4;* at log P* =7 is chosen, since the

water content is known accurately and the compressibil-
ity of the bilayer, K, is in the linear range. Second, the
compressibility modulus, K dyne/cm, measured by

TABLE VI
stlog P=~0 atlog P=7
d d, d, d d, d,
Egg PC
MandS* 632 478 154 56 495 6.5
RandP® 619 37 249  s6 85 175
DPPC
MandS 633 519 17 65 52 85
Rand P 638 471 16.7 60.5 43 125

Evans and Needham [18] is used to calculate bilayer
thickness, d|, and separation, d, =d —d,, for all the
osmotic stress experimental points where log P < 8. The
actual values of d,* and K used for a variety of lipids
are shown in Table V.

M and S, McIntosh and Simon; R and P. Rand and Parsegian.

K is the fractional change in area for a change in
bilayer tension, T, and is equal to AT/AA/A,,.

TABLE Vi1
Structural parameters of the fully hydrated lamellar phases as defined in this appendix and determined gravimetrically
dy L 4o dw des dyo dpo Voo Veoo/PE
(A) (A%) A) (&) (A) (A) (R) (A%)

DDPE 4.3 0.72 55 2. 133 365 365

DAPE 5.3 0.19 58 413 10 290 290

DLPE 4.1 2%

POPE 532 0.78 36 a3 n? 301 1n2 38 328

DOPS 3.5 0.74 7 396 139 262 134 485 361

SOPC 4.4 0.60 66 39 26 276 114 858 742

DGDG $32 0.1 80 386 146 24 162 586 335
POPE/SOPC

9/1 545 0.76 3 a2 133 29 13 83 3%

9/1 56.4 0.73 58 a2 15.2 299 ns a4l 435

a1 599 0.69 8 a3 186 298 15 543 527

21 612 068 59 a3 199 300 1.3 585 368

32 613 065 60 a1 22 295 1.6 665 625

1N 638 064 61 03 70 293 1ns 202 651
DOPE 52 0.7 65 37 15 a7 @
DOPE-Me 61 063 62 39 » 682 648
DOPE-Me, 6 0.60 6 3 25 825 747
DOPC 6 0.59 ') % 2 840 ”m
DGDAG/SOPC

45/55 572 0.68 7 389 183 2.1 138 665 466
DGDAG /POPE

11 54 (1% 7) 7 389 151 250 139 530 38s
DOPE/DOPC

N 58 0.65 66 M3 20.3 280 97 6N 647
Egg PE 529 0.61 7 323 205 29 34 766 766
Egg PEt 52 020 66 36.5 15.5 270 95 517 517
Egg PEt-Me 618 0.60 67 3”1 247 270 101 827 86
Egg PEt-Me, 63.1 0.58 ) 36.3 268 259 104 938 850
Egg PC 619 0.57 74 351 268 246 105 992 858
PC16-22 63.5 0.59 n 375 26 269 10.6 920 798
Egg PC/Chol 1/1 65.5 0.62 96 40.3 25.2 k) ) 8.6 1210 998
DPPC/Chol 1/1 66 0.57 9 317 283 299 78 1365 1134
Egg PC/DAG-12.5 63 0.54 87 342 288 4.1 10.1 1253 m
DLPC 9 0.51 6 30 29 179 121 996 364
DMPC-27 622 0.56 65 7% 223 23 122 903 ;7]
DPPC-50 67 0.51 n 342 18 230 1.2 1168 1014
DOPC 64 0.50 82 kY] 2 26 9.4 1312 1m?
DPPC-25 633 0.69 52 42 196 285 1.7 513 a“s
DSPC 613 0.68 55 455 218 0.5 150 596 507
DPPC/Chol8/1 80 0.56 54 45 35 0.1 149 945 820
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TABLE VilI

Expouential hydration force parameiers describing the bilayer repulsive force using (a) log P vs. d, (b) log P vs. V,,, (c) log P vs. d, gravimetric and (d)

log P vs. d,, compressibility adjusted

Ep_id Grav. (d) Grav. (vol) Grav. (d,) Comp. (d,,)
A4 log Py B log Py Age log £y A log Fy
POPE 064 12.64 249 1205 0.84 1237 0.82 1249
DOPS
SOPC 1.55 23.19 81.9 9.8 2.29 10.14 1.98 10.51
DGDG 1.38 23.35 736 10.03 1.76 10.13 1.67 10.27
POPE/SOPC
191
9/1 094 3212 368 11.04 1.24 11.24 1.26 11.16
4N
2/1 16 22.29 65.8 9.84 2.09 10.06 208 1003
32
1/1
DGDG/SOPC 45/55 1.36 24.46 68.9 1054 1.81 10.72 1.84 10.6
DGDG/POPE 1/1 125 25.23 61.1 10.33 1.64 10.55 1.72 10.3
DOPE/DOPC 3/1 148 22.36 70 9.56 2.09 9.75 1.78 10.19
egg PE 0.73 3726 85.1 10.09 206 10.58 132 1245
egg PEt 0.68 3941 789 9.24 208 9.65 1.08 123
egg PEt-Me 1.36 2448 789 921 233 9.46 1.76 10.28
egg PEt-Me, 147 23.35 85.1 9.33 2,38 9.65 1.83 10.36
egg PC(RP)* 14 24.15 98.6 9.51 265 9.76 207 10.58
(MS) ® 20
PC 16-22 1.74 20.58 98.6 9.27 2.53 9.58 21 10.09
egg PC/Chol 1 /1 10?7 30.94 723 1197 1.40 126 1.08 138
DPPC/Chol 1/1 145 24.83 180.8 872 320 9.19 153 11.54
egg PC/DAG-12.5 1.87 20 160.7 9.18 317 9.62 237 1037
DLPC 1.6 204 96.4 $.36 260 9.72 204 10.56
DMPC-27 1.96 18.92 90.4 9.52 2.60 9.94 2.16 10.49
DPPC-50 198 19.4 103.3 9.78 2.55 10.38 213 1n
DOPC 1.63 21.61 120.6 9.25 290 96 211 10.63
DPPC-25 (RP) 1.04 323 53.6 9.63 2,00 9.83 107 123
(MS) 14
DSPC 119 30.67 66.8 9.79 229 1017 1.26 12.93
DPPC/Chol 8/1 1.98 21.93 88.6 89 3.00 947 2 10.74

* Values calculated according to the method of Rand and Parsegian.
® Values calculated according to the method of Mclintosh and Simon.

For osmotic stress, changes from P* to P cause
changes in lateral temsion AT=(P—P*)-d,. The
fractional change in area A4 /4, = ~A4d,/d* = (d* —
d))/d®* for constant lipid molecular volume. Hence
dy/d*=1+(P-P*/K)-d, and, since d=d,+d,,
then d,/d* =(K+ (P—-P*)-d)/(K+(P—-P*)-d*)
frotn which can be derived from the new d and P, the
new d, and other structural parameters.

We have shown that the derived parameters are
independent of the chosen osmotic pressure for log P*
<75.

Fig. 18 shows the relation between log P and d,,
derived this way. As a descriptor of the data, the linear
part of the log P vs d, curves is then best fitted to
P=Pyexp(—d,/\.). These are shown in Table VIII
for a number of lipid species.

By extrapolating to low stress, the limiting value of
d,, and, therefrom, all the structural parameters describ-
ing the lamellar phase in excess water, can be de-
termined. They are within error of the gravimetrically
derived data. Since they come from the preferred method
for deriving lamellar phase dimensions and hydration
force parameters, these results are shown in Table II.
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