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Abstract

Quantitativenuclearmagneticresonancavas usedto measurethe freezing behaviourof lamellar
phases of phosphatidylcholime waterandin solutionsof sorbitol. Both soluteand solventwere
deuteratedn different seriesof experimentgo allow the calculationof the partitioning of solute
and solvent molecules betwetre lamellar phaseand unfrozenbulk solution. Sorbitol, aswell as
water,wasfound to redistributebetweenthesephasesas a function of temperatureThe results
show a strong, repulsive,interlamellarforce which decreasesapproximatelyexponentiallywith

hydration. Comparedto measurement®n lipid/water systemsand solute/watersystems,the
hydration of the lamellar phase containing solutes is slightly less than thef $hethydrationsof

lipid and solute at any given chemical potential of water. Famallar phasewith a given quantity
of lipid, interlamellar sorbitol and water, reduction of chemical potential of watgeaterthan that
due to lipid acting alone plus that due to solute acting alone.

Introduction.

This study is inspired by the desieunderstandhe mechanisnof freezinginduceddehydration
damagen cells. This is one of severaltypesof freezingdamagein which colloidal effects have
beenproposedo explainthe ultrastructuraldamagenbitthis casethe stressesvhich are produced
by hydration forces in systemswith low water contents[1,2]. Cellular membranesare often
modelled by lipid bilayers. In this paper we measure and analyse the hydration behaviayeof
membranesat freezing temperatureand in the presenceof high concentrationsof osmotically
active solute.

Whentissuesor suspensionsf cells arefrozenrelatively slowly, freezing almostalways occurs
first in the extracellulasolution. This concentrateshe extracellularsolutesin the small remaining
unfrozenvolume and causessevereosmotic dehydrationof the cell. The dehydrationis often
sufficiently severethat the non-aqueousomponent®f the cell, including membranesare forced
into separation®f order 1!nm. At this range,the strong,repulsivehydrationinteractionproduces
large anisotropic stressesin membranesand these often result in strains such as lateral
compressionpart fusion of membraneslateral phaseseparationsand formation of non-bilayer
phases[3-7]. Such deformationshave been associatedwith freezing-induceddamagein cells
(reviewedby [2]; seealso[8,9]). The placeof dehydration-inducedhembranestrainsin freezing
damage is represented in Figure 1.

We have reporteda techniquefor measuringhydration forces betweenmodel membranesat
freezing temperatures in pure water [14]. The situation is considerably compbyateslpresence
of osmotically active solutes,and in this paper we report experimentswhich determinethe
hydration forces between phosphatidylcholine bilayers in the presence of sorbitol.
Phosphatidylcholings a major componenof biological membranesand is often usedin model
studies.Sorbitol is a sugaraccumulatedoy somefreezingtolerantspecies.The effect of some
cryobiologically importansolventson the forcesbetweendioleylphosphatidylcholindilayershas
beenstudiedby [15] usingthe surfaceforcesapparatusin thattechnique psmoticeffectsdueto
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the solute are minimised becauseof the free exchangeof solutesand solvent betweenthe
interlamellar layer and a very large solution reservoir.déobitol, that study found no measurable

specific effect on the intermembrane forces at concentrations exceeding 1!Rnawidittle effect
on bilayer structure.Sorbitol is thereforea suitablesolute for investigatingosmotic effects on
interlamellar forces.
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Figure 1 shows some of the mortal dangers (indicated by dark bars) awaiting cells subjected
to freezing and thawing. Cooling rates are divided into fast or slow by the characteristic time
for hydraulic equilibration across the plasma membrane: ! = r/3" gLp where r is a cellular
dimension, " o the osmotic pressure of the suspending medium and Lp is the hydraulic
conductivity of the membrane [13]. For slower cooling rates, such as occur in nature, the
water can leave the cell faster than heat does, so the cell remains in hydraulic equilibrium
with its surroundings, which usually means substantial osmotic contraction for even modest
sub-freezing temperatures. For faster cooling rates, such as are used for artificial
cryopreservation, there is insufficient time for water to equilibrate by leaving the cell, so
supercooling occurs rather than extensive osmotic contraction. The cellular damage that
inspires this study occurs to cells which survive slow freezing to reach very low hydration
levels, but which then suffer a range of ultrastructural strains and which lose
semipermeability.

The method previously describedby us for obtaining hydration force curves at freezing
temperaturesises quantitative deuteriumnuclear magnetic resonance(NMR) spectroscopyto
determine the hydration of th®layers,and hydraulic equilibrium to determinethe hydrationforce
[14]. Some of the experiments reported here yg@ Whose deuterium NMR signeanreadily be
resolved into ice and unfrozen components because the vastly different moleculazr madéen in
the two phasesproducesignalsof greatly differing linewidth. Other experimentsuse H,O and
deuteratedsorbitol so that the distribution of solute can be resolvedinto the fractions in the
interlamellarsolution andthe bulk solution. The lamell%were formed from phosphatidylcholines
(PC): either eggolk phosphatidylcholindEYL) or dioleylphosphatidylcholindDOPC). We also



measuredhe freezingbehaviourof sorbitol/D,O solutionsto determinethe osmoticbehaviourof
the solute in this temperature range.

Freezing a mixture dfpids andwater,with or without solutes,producesvirtually pureice at zero
hydrostaticpressurevhosechemicalpotentialis readily calculatedfrom the temperaturg18]. In

hydraulic equilibrium this determineshe chemicalpotentialof waterin the unfrozenwaterin the
sample.The chemicalpotentialof interlamellarwater can be decomposedn different ways. We
treat the lamell3 as macroscopicboundarieswhich exert a force on each othe?. At small
separationsywhich arethe region of interestboth in this paperand in cryobiology, this force is

large and repulsive,and is usually attributedto the hydrationforce [16,17]. In the absenceof

solutes, the pure water phase between the lamell% has a hydrostatic prggsunecR is equalin

magnitudeto the interlamellarforce per unit area,F, but oppositein sign. Thus, for lipid/water
samples at freezinggmperatureghe temperaturaleterminesijce andthus F. The intensity of the
NMR signal yields the total amount of unfrozen water, faghich the interlamellarseparatiorcan
be deduced, and this yieldshydrationforce which falls exponentiallywith separatiorandwhose
characteristic length is about two hundred pm [14].

Consider now the system containing PC, water and sorbitol. Sasbiedily solublein waterbut

is not expected to dissolwe the hydrocarborregion of the lamell3..1t canthereforepartition into

the interlamellarwater and into a bulk aqueoussolution phase(see Fig 2). Under appropriate
conditions, it might alsarystalise althoughthe last possibility was not observedunderany of the

conditions in this study. Here we report the details ottiexistencef ice, sorbitol solutionanda

PC/sorbitol/water lamellar phase.
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Figure 2. This figure shows the two observed phase coexistence regimes of the lipids, water
and solutes studied here. We neglect the finite but small concentration of lipid monomers in
water, and we assume that the ice is a pure phase. (a) shows the situation observed above
freezing: a bulk aqueous solution of the solute coexists with a lipid lamellar phase whose
aqueous layers contain solutes. (b) shows the situation at a freezing temperature. Ice coexists
with a concentrated bulk solution whose concentration at equilibrium is determined by the
temperature (freezing point depression). The chemical potential of the water in this solution
is lower than that in (a), so some water leaves the lamellar phase. This exodus of water is
however opposed by the repulsive forces between the lamell34. The concentration of solutes in
the lamellar phase of (b) is greater than that in (a). The value of the concentration depends
on, among other things, whether or not the solutes permeate the bilayers. If they do, the
increasing concentration in the bulk phase causessolute to partition into the lamellar phase.
For such a permeating solute, the bulk solution may disappear entirely if the ratio of
solute:lipid in the whole sample is sufficiently small. For a permeating solute, the initial
water content of the sample is irrelevant to the composition of the bulk solution and lamellar
phases at freezing temperature: more water simply means more ice.

2 Once could instead define the pressure of the datinellar phaseto be zeroandintroducean energyof hydration
of the lamell%4. This energywould decreasevith increasinghydrationandgo to zeroat mole ratios of order20:1.
Physically, the two systemsof accountingcan be simply reconciled:the pressurein the hydration force picture
equals the derivative of the energy of hydration with respect to partial molar volume of whgshymrationenergy
picture. For the benefitof readerasvho may be surprisedby the ideaof large negativehydrostaticpressuresn the
interlamellarwater, we point out that cavitationis unlikely evenat very large suctions:the water is boundedby
highly hydrophilic surfacesandits thicknesds lessthanthecritical radiusfor cavitation.



Materials and methods

Materials: Egg yolk phosphatidylcholine (EYL) was bought from Sigma and
dioleoylphosphatidylcholingDOPC, MW=786.12) from Avanti Polar-lipids, Inc. DO with

nominal purity 100% was boughtfrom Sigma. Sorbitol was purchasedrom ICN Biochemicals.
Sorbitol-1,1,6,6-d4 with minimum 98!atom!% deuterium was bought from Matheson. Alusede
without further purification.

Quantitative NMR: A Bruker MSL 200 spectrometer operating at 30.720 Nids usedfor the

2H NMR measurementA cooling systememployingboil-off gasfrom a liquid nitrogen dewar
provided temperature control with a precision of 0.1!K when employing a specially de@ignesl
built) NMR probeinsert. The methodwas previously describedby [14], and further details are
given by [18]. The spectral width was adjusted usualthé@range2 kHz - 40'kHz, dependingon
the type of samples used. Ttypical #/2 pulselengthwas~8 us. Datafile sizewaschosento be

41k to 8lk. The numberof acquisitionwas typically in the range64 to 256. The recycle time
between consecutive acquisitions was usually 1 to 3 seconds.

The temperaturesensitivity of the radio frequency NMR coil and associatedelectronics was
calibratedby measuringthe total signal in sampleswhich do not freeze over the range of the
experiment. Perdeuterated methanol was used for one calibragi@mwés also used overlienited
range of freezing temperatures by performing cooling experiments and recordioigltkignal as
a function of temperature over the range of supercoolingtérhperaturecontrollerwas calibrated
by measuring the melting temperature gD which was set to 276.97!K [19].

Exchangebetweenhydrogen and deuterium: The hydroxyl groupsof sorbitol can exchange
protons with O. This would produce DHO andB in D20, resulting in thgossibility that the

composition of the ice and watphaseanight be different and so the unfrozenfraction could not
accuratelybe determined.To minimise this effect, the exchangeabl@rotonswere replacedwith

deuterons. Sorbitavasdissolved in excessd®. The ratio of the OD groupsof the D20 to the

exchangeabl®©H groupsof sugarwas 10:1. The solution was then dried in an oven until the
crystalline form of the sugavas obtained.This procedurevasrepeatedAfter two repetitions,we
expect 99% of the exchangeable OH groups in sorbitol to be replaced by Qe gdrbitol used
in D20 solutionswasOhydroxygroupdeuterated@® this way. The deuteronsn the OD groups
of the solutesandthoseof the D>O contributeto the NMR signalandthe contributionfrom the
solutes can be subtracted because the number of solktesis. Sorbitol-1,1,6,6-d4vasusedas
a deuteratedsolutein H,O solution. In this casethe deuteriumatomsare not in the hydroxyl
groups and therefore are not exchangeable wath.H

Two methods were used to prepare EYL samples. The lipid was purchssagedin chloroform
and methanol.In the first method,about2!ml of solution (containingabout200!mgof EYL) was
dried in a streamof dry nitrogento removemostof the solvent,then placedin a desiccatorwith
P>0Os. The pressure in the desiccator was then reduced by vacuum pump for 12 houenébthe
which time the EYL formeda fine powder.The desiccatomwas openedin a nitrogenatmosphere
and about 50 mg of lipid was then transferred to an NMR tub@pfiropriateamountof aqueous
solution was added to the sample which was then weighed. The sample was tengeaiedlyith
a plasticcap andremovedfrom the nitrogenatmosphereln the secondmethod,the lipid solution
was transferred directly to a pre-weighed NMR tube which was placedacuumdesiccatomith
P>Os as above. After pumping for 12 hodcsreducethe EYL to a fine powder,aqueoussolution
wasaddedin an amountdeterminedby weighing,in the laboratoryatmospherebeforetemporary
sealing. The exposureto the atmospherewas less than one minute, and we expect that the
adsorption of water frorthe air by the samplein the NMR tubewasinsignificant. The hydration
behaviours of samples produced by the two methods were indistinguishable.

DOPC was purchased as a powder and samples were preptredanondmannerdescribedor
EYL. Becausdahe exactamountsof lipid and solution are known only after weighing, it is not
possible to produce sampleswith exactly the same composition. In all casesthe sample
compositionis well known, however,and the variationsin compositionamongsamplesdid not
hinder the analysis of results.

The temporarilysealedtubeswere centrifugedat ~1000!g.The bottomof the tube, containingthe
samplewasthenfrozenin liquid nitrogen.The otherendwas quickly flame sealedto producea



size appropriate(about 20'mm long) for NMR measurementhile keeping frozen the end
containingthe sample After sealing,the samplewas mixed by further centrifugationfor several
hours with intermittent reversal of the sample orientation.

For solutionsampleswithout lipid, about50 to 100ll of solution was addedto a pre-weighed
NMR tube and re-weighed. The sample was then frozen and flame sealed as described above.

A range of treatments were employtedachievegood mixing: sampleswerealso sonicatedor 24
hours at roontemperatureand subjectedo ten or more cyclesof freezingandthawingandaged
for several days at room temperature.

Freezing runs: The sampleswere first cooledto 253!K to initiate crystallisationof water and
allowed to equilibrate at lea&ir 30!min. Measurementsvere usually carriedout during warming,
with occasionateturnsto lower temperatureso ensurethat therewas no thermalhysteresisapart
from supercooling The sampleequilibration at eachsuccessivdemperaturewas monitored. In
mostcases20!minutesof equilibrationper 1!K increasein temperaturaevas sufficient to ensure
that the signal amplitude did not change appreciably with time. At some temperatures theasgnal
monitoredfor severalhours following this equilibration,and no further changeswere observed.
The process is described in more detail by [14] and [18].

Resultsand discussion

Figure 3ais a deuteriumNMR spectrumof a sampleof DOPC/sorbitol/DO at T = 263!K. It
showstwo distinct componentsThe narrow centralpeakis attributedto water moleculesmoving
isotropically in domainsof bulk solution. The broad componentis attributedto water in the
lamellar phasewhich exhibits anisotropicreorientationon the NMR time scale,giving rise to the
observed powder spectrum. The resolved splitting arises from incomplete motional aveirdgeng
(spinI'=!1) quadrupolarcoupling of the deuteronsn the water moleculesof the lamellar phase.
The spectralcomponentueto ice is so wide (~!150!kHz)that it forms the baselinein this plot.
The solutioncomponentanbe well fitted by a Lorentzianline shape,and its integral calculated.
Oncethis componenis subtractedthe remainingpowderspectrumcan be integrated.Thesetwo
integrals are proportional to the amount of water in the two phases.

It is also possibleto look at the distribution of the solute directly using NMR. Figure 3b is a
deuterium NMRspectrumof a sampleof EYL/sorbitoly/H20. The signalto noiseratio is not as
good as in 3a, becausedhere are fewer deuteronsn the sample.(Although the solute has four
deuterons per molecule and the solvent two, there are margsolventthan solutemolecules.)A
simulationof this spectrumis also plotted, but it is not clearly seenas it overlapsthe datavery
closely. The simulation is the sum of two components warelalso shownindividually in Figure
3b: a Lorentzian with a line width of 70!Hz and a Gaussian aitie width of 240!'Hz. The width
of the Lorentzianas a function of temperatureagreeswell with that measuredor sorbitohs/H20
solutions (data not shown, sge]). The Lorentzianis attributedto sorbitol in the solution phase,
and the Gaussianto sorbitol in the lamellar phase.The width of the spectralcomponentof a
putativecrystallinephasewould againbe muchwider thanthe scaleshownhere.The amountsof
solute in the solution and in the lamellar phase can be calculatedfrom the integral of the
component®f the simulatedspectrumin this case.Howeverthereis a possibleerror of up to
severalpercentin suchdata,becauseahereis somelatitudein the rangeof parameterglinewidths
and relative intensitiesof the two components)or which the simulationsfit the experimental
spectra. From such data, the amount of solute in the two phades daterminedas a function of
temperatureand this is shownin Figure 3c. The sum of the two componentsequalsthe total
amount of sorbitol in the sample. Note however that the relative proportitmstafo components
vary with temperature: the sorbitol conterfitthe lamellar phasefalls andthat of the solutionrises
with rising temperature. As the temperature rises and ice thavexttadamellarsolutionbecomes
more dilute, and so the sorbitol diffuses from the lamellar phase into the solution phase.

The decomposition of spectra candmnemore preciselyfor spectralike 3athanfor spectraike
3b becausan 3a the differencein spectralshapeand width of the two componentsis more
pronounced, and because the larger number of contributing deueresa bettersignalto noise
ratio. Fortunately the compositionof the different phasescan be determinedentirely from D20
spectra. Deuterium spectra of sorbit@gkDsolutions over the range 261 to 28gt&atanot shown,
see [18]) give the amount of unfrozen water as a functieengperatureand thus the composition



of a sorbitol solution at any temperature i.e. the freezing behaviour.From spectralike 3a we
calculatethe amountof waterin the solution phaseof the lipid/solute/watersample,and from the
solution freezing behaviour we calculate the amadirgolutein the solution phaseof that sample.
The rest of the (unfrozen) solute is thereforein the lamellar phase.This indirect method of
determining the solute partitioning gives data that agreetiugtbegainedfrom spectraike 3b, but
are more precise.

The determinatiorof the watercontentsof the two different phasess madedirectly from D20
spectra. In Figure 4 the hydratioh threedifferent phasesas a function of temperaturas shown.
One set of datais for DOPC/D;O without solutes. The other data set is for a sample of
DOPC/sorbitol/BO in total mole ratio 1/0.52/20.1. Tlelid anddashedinesin thatfigure refer
to the hydration components of the DOPC/sorbitgBRieterminedas describedabove.The solid
line is the hydrationof the lamellar phase,and the dashedline that of the solution phase.The
hydrationof the lamellarphasecontainingsolutesis larger than that of the solute-freephaseby
several waters per lipid, the amount increasing with temperature.

How can the hydration of such a phase be analysed? The chemical potential of water is
! = 1p0 + kTN ay + Pvy (1)

where g is the activity of water andyvits partial molecular volume. In our accounting tbpulsive
forceF per unit areabetweenthe lamell%asuppliesthe hydrostaticpressuregerm because® = -IF.
Solutes obviously affect the chemical potentialti@entropyterm kT!In ay, andin principle they
may also affeck. Let us define the osmotic contribution of the solutes thus:

KT
"s $ W!Ina,\,

pl-lpo
whence % $ Vov = "s&F (2)

where% thus defined is called the water potential [20].

The vertical axis in Figure5 plots & % as a function of hydrationfor lamellar phaseswith and
without solutes. For the DOPC#D sample% = P = &F, whereF is the repulsiveforce per unit
area between the lamell34. Its approximately exponeatg@@ndencen hydrationis similar to that
reported by other authors [21] at room temperature, but a little smaller.

At any given chemical potential, Figure 5 shows that the hydration &irtredlar phasewas higher
in the presenceof solutes.The two otherlines on Figure5 representwo very simplistic ways of
treating these data for the lamellar phase with solutes present. Both use the indepeedsotligd
hydrationof the solutein a sorbitol/D,O solution. The dotted line was obtainedby subtracting
from the lamellar hydration the hydration of the solute in a sirspligtion at that temperatureThe
fact that this line falls below that for the pure lamellar phase in the abskesokite showsthat the
hydration of the lamellar phase with solute present is less than the sum of that of the liptikst plus
of the solute,but not by a greatdeal. To obtainthe solid line, the osmoticpressureof a solution
havingthe compositionof the interlamellarlayeris addedto % of the lamellar phasewith solute
present.This line falls abovethat for the lamellar phasewithout solute,showingthat the freezing
point depression in the lamellar phase vaititute presentis more thanthe sumof thoseproduced
by the lipids andthe soluteseparatelySo the hydrationsof the lipid moleculesand of the solute
moleculesare not simply additive, and neither are their colligative effects. One could arguethat
osmotic pressureof the interlamellarlayers should be larger than that measuredor a solution
having the samecomposition.The interlamellarlayers are not very much larger than molecular
dimensions and one might expect that the solute molecules are excluded from aclodeartwethe
lamell%. Such an excluded volume effect would lower the solid line in the gdiering it closer
to the data for the lamellar phase without solutes.

Could therebe specific effectson the bilayer hydration due to the presenceof sorbitol, or non-
specific effects other thasorbitolO®smoticeffect?Working in a systemthat minimisedosmotic
effects, Pincetand co-workers[15] did not measurespecific effects, but they worked at lower

concentrationg1 kmol.mP3 than those reportedhere. It is difficult to answer this question



unequivocally from the data in this study because it is difficudistimatethe osmoticeffect of the
interlamellarsolutes,as discussedabove.Neverthelessye can cite some possibilities. First, the
presence of sorbitol in water high concentrationgmole ratios of order 1:30) might be expected
to affect water structureand thereforethe hydration force. Second,it is possiblethat sorbitol
interactswith the bilayersand/oraffectsthe way thatthe lipid headgroupsnteractwith water. Of
the many conceivablesuchinteractionsan exclusionof the solutesfrom a region nearthe lipid
headgroupsvould be one of the simplestand would be qualitatively consistentwith the results
reported here and with those of [15].

Conclusions
i)  The NMR freezingtechniquedescribedhere using deuteriumlabelling of the solute and

solvent alternately allows one to separate hydration components of laamellamlk solution
phases, and therefore to measure the partitioning of sotdtsolventinto thosephasesasa
function of temperature.

ii) At a given freezing temperature, the hydration of a lamellar phase of @R@ing sorbitol is
a little less than the sum of the hydrations of both individually.

i) The observedfreezing point depression®r reductionsin chemicalpotential of water due to
DOPC andsorbitol are not simply additive. For a lamellar phasewith a given quantity of
lipid, interlamellarsorbitol and water, the reductionof chemicalpotentialof water is greater
than that due to lipid acting alone plus that due to sorbitol acting alone.
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Figure captions

Figure 1

This figure shows some dtiie mortal dangergindicatedby dark bars)awaiting cells subjectedo
freezing and thawing. Cooling ratesare divided into fast or slow by the characteristidime for
hydraulic equilibration across the plasmambrane! = r/3" oLp wherer is a cellular dimension,
" o the osmoticpressureof the suspendingmediumand Lp is the hydraulic conductivity of the
membrane [13]. For slower cooling rates, such as occur in nature, theardtavethe cell faster
thanheatdoes,so the cell remainsin hydraulicequilibrium with its surroundingswhich usually
meanssubstantialosmotic contractionfor even modest sub-freezingtemperaturesFor faster
cooling rates, such as aneedfor artificial cryopreservationthereis insufficienttime for waterto
equilibrateby leavingthe cell, so supercoolingoccursrather than extensiveosmotic contraction.
The cellular damagethat inspiresthis study occursto cells which survive slow freezingto reach
very low hydrationlevels, but which thensuffer a rangeof ultrastructuralstrainsand which lose
semipermeability.

Figure 2.

This figure shows thévo phasecoexistenceegimesof the lipids, waterand solutesstudiedhere.
We neglect the finite but small concentration of lipid monomers in water, and we assumeitieat the
is a pure phase(a) showsthe situationobservedabovefreezing: a bulk aqueoussolution of the
solutecoexistswith a lipid lamellar phasewhoseaqueoudayers contain solutes.(b) showsthe
situation at a freezing temperature.lce coexists with a concentratedbulk solution whose
concentrationat equilibrium is determinedby the temperature(freezing point depression).The
chemicalpotentialof the waterin this solutionis lower thanthatin (a), so somewater leavesthe
lamellar phase.This exodusof wateris howeveropposedby the repulsive forces betweenthe
lamell%4. The concentratiorof solutesin the lamellarphaseof (b) is greaterthanthatin (a). The
value of the concentration depends on, among ¢tinggs, whetheror not the solutespermeateahe
bilayers. If they do, the increasing concentration in the bulk phase causessphutdion into the
lamellar phase. For such a permeating solute, the bulk solution may disappear etieebtid of
solute:lipid in the whole sampleis sufficiently small. For a permeatingsolute, the initial water
contentof the sampleis irrelevantto the compositionof the bulk solution and lamellar phasesat
freezing temperature: more water simply means more ice.

Figure 3

(a?is a deuteriumNMR spectrumof a sampleof DOPC/sorbitol/DO at T = 263!K. (b) is a
deuterium NMR spectrum of a sampeEYL/sorbitolys/H20 at 264 K. (c) showsthe numberof
sorbitoly in the lamellar (m) andthe bulk solution(®) phasesThe total numberof sorbitol per
EYL in this sample is 0.76.

Figure 4

The total hydration for samples of DOPGD(°) andDOPC/D,O/sorbitol (©). The totalsample
hydration is expressed as a mole ratio of water per lipid but note that, in the pressiatesiot
all of the wateris interlamellar. The hydrationof the samplewith sorbitol is divided into the
hydrationof the lamellarphase(solid line) and the water in the unfrozenextra-lamellarsolution
(brokenline). Thereare 0.52 sorbitol moleculesper lipid moleculein this sample.The freezing
point depressions greaterin the presenceof solutesthanin the absencef solutes,so there are
more data for DOPC/ED.

Figure 5

(Minus onetimes) the water potential (% $ (4 & p )vy) is plotted on a logarithmic axis as a
function of hydrationof DOPC lamellarphasesin the absencef solutes(O), an approximately
exponentiaforce law is obvious.The dashedine is an exponentialffit to the dataof Ulrich et al
(1994) for the hydration forcem DOPC lamellarphasesat room temperatureThe water potential

in the presence of solutes is also showhds afunction of hydration.In the presencef solutes,
the chemicalpotentialof watermustbe more negativeto achievethe samehydration. The dotted
line is the result of subtraction from the hydration of the lamellar phase the hydratiesofutes
acting alone. The solid line is the result of addinthe®s of the lamellarphaseincluding sorbitol

the osmotic pressure §) of a bulk solution with the same composition as the inter-lamellar layer.



