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Nuclear Maqnetic Resonance Spectroscopy ol Frozen-
ifrospfratiOV-fcnoline-DrO Suspensions : A New Technique for

measuring HYdration Forces
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iiiilit oiiiv"ic,. rne Univercily ot New south wales Kensington Austtatia
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*ii,il,.i" .i|.."rr", "haso;ith r€duced warer content. rhe repursive rorce p€r unit area between rame ae

" in" "i,""u* .i,rt" p,,irsure In lh€ unrrozen rnlerlam€llar wal€r' whlch is determin€d bv the chemical poten-

tli ."J ri"" ov t'".i.p"ralure When deuleriat€d water is us€d' the Jrsction remainins unlrozen is determined

ri.. it" "."rritu,i.n ro,re nuctear magnelic resonance signat. when rhe rnotecular area in the plane oi lhe

tame ae and the density ol water aro known or may be interred, lh€ interlamsllar s€paration may be calculated

We ieport t'e use ol tiis lechniqLie to moasur€ lorc+hvdration and lorce-nistanc€ curves at rreezino tem'

psratures lor egg Yolk lecitnln

When sudaces separated by water are btuu8ht lo sepa'atiots
olabout a nanometfe, tbe lorcc belwcen tbe sudaces is dorni-

naled by a larS€ repulsion. This lbrce dccrcases rpptox'
imaLelv eroonenrrr lh  { r rh .epa arron wirh a Jhdra. tern l r '
arun* o i ra.  o. )  nm l r  F u.udl l l  cJ l l<d rhc h\d 'arron fur !e

and som€ researchen attributo il 1o lh€ no. fandom or.n1a'
lion of {ater nolecules wi$in a few molecular lave6 of the
surface.r''� Another group attribules it-to a combinalion of
modes oilbe.mal molion ofthe surtace.'

These large shorl-ran8e forces arc ot conside.lble inpor_
tanc€ in cryobiology.a When biological tissues or cell sDspen-
sions are froz€n, the extracellular solu(ion fi€€zes firut The
e rd(e l lu lar  .o lu le\  are (on.e l r rd leJ In rhe emarntng
unfroze. water aDd. ex@pt at lery high lreeziog rates' thc celt
is dehydrated osmotically. As the temPeraturc fllls ro - 10 or
-20'C, lh€ water conlenl of the cell talls to a snall ftrction
(typically seve.al per eno, and all the non aqueous com_
ponenr '  arc fo 'ced. losel \  tn8erhct  dnd thei r  \enarat ion
enters the range in which hydralion forces dominate Thc
produces large anhotropic strsses in the mcmbranes and tl
has been proposed lhal thjs may b. responsible lor lbe free,'
in8 danage characleised by Ios otosmolic response in celh
and tissues frozen in this rangc.'n This hvpothesis inlites
measuremenls of inter-nembranc forces at fieezing lem_

In 1976 LeNereu er d/. rcponed neasuroments of torccs
betwecn tbe membrrnes of lipid water llmellar phases using
the osmotic strcss lechnique.l ln 19?7 lsraelachvili reporled
oeasurement oi the fore b.t*een molccularll smoolh mica
slrfaces in aqueous solution using rbe surtace lo.ces appar'

In lhe osmotic slress lechnique, the de-qree ot hydralion oi
fie lamellar phase ol lipid water mixlures is varjed bv con
trolling the chemical polential ol the water' To reduce ils
chemical polential, wal.r in lhc lamellar phase can be
,1 owed ro equr Ibr ! le  q i rh d bul [  . . t lur ion of  Inn{  n o\mor(
prc$ure, or silh an ahospbere of known !]poor prcss!re of
water. (This atmosphere is produced by equilib.alion wilh a
saluraled salt solulion.J The irrce l]e! unrl area belwecn 1be
membranes equals the suclion in thc inlerlamellaf watc.. 3nd
thal is delermined from the chemical polential oi lhe erlenul
wate. phase. The inler Drembrane septrarion is lbcn cal.!
lated irom the results olX-ray difraclion mcasuremenls Thrs
technique has becn used to study a .ange ot lpids '3 1"

In thc surlace iorces apparalus (SFA). rhc scptraoo" N
dete,m ned f ' )  oprrc l l  Inrcr leronerr)  "nd rh(  I , ' r .e  n meJ_

sured direclly using the defleclion of a calibraled sprinS. The

SFA has alto becn used lo measure forces between mem

branes which havc been deposiled on the nica surfaces.r' rl

The.e are praclicd dilficulti€s jn using the lwo lochnrques
menlioned above 1o make measurements of inter nembrane
f()rces at lreezing 1empe.atur6. In lhe SlA. ice itr $e bulk

Dhase would prohibit force measuremcnls- The osmotic stress
icchnique would require considerabl€ modiiication for u$ at
freerng temperatures.

We reporl the ft@zing behaviour of lipid lamellar phases

in deulerialed water and se dcacribe a new technique tor
melsuring forces in lipid waler pha*s al freezing I€m_
p€ratures. The l€mperature is used 1o conlrol the chemi@l
polential of water, and thus the 'nter-m€mbrane pressure

The hydration ot the lamellar phde is calculated lrom th.
untro?en fraclion of deul€rialed water which is derived from
rhe intenqly o l  ns charal l . r is t ,c  srgnal  in  nuclear  md8ner ic
rcsonance (NMR). The inter-membrane separation mav also
b€ estinalcd. We report forc. hydration and force distane
relations al ftee?ing lemperatures for lamellar phases ot e88

to l l  le f i lh in.  a modcl  membranc \ r r rem who\e ptnner l ies

hale beer well sludicd al hi*her tcmperatu.es using a varielv

TheorY

The water in a lipid lamellar pha* is conlined to lhin (ca

nm) laye6 bctween the hrdrophilic surfaces oflhe lwo adjac-
enl lipid bilayer membranes (Fig. 1) For lcmp€rahres above
.a. 30'C. ice d@s not form in lhese thin layeB For suc'
rions less ftan about 100 MPa, the water in lhese rhin lavers
does nol calilale. the Gibbs f.ee etergv of formation of a
dddain ol ice or a domain of saler vapour in liqu'd ealer
includes botb volumeric aDd surfae lerms For a spher'cal
domlin witti rldius .,lb. free energres ar€ r.spe.hvely:

C,^,= Ptnri + L4nrt

*hcre /r is thc densily ot water, qr", the lalent heal ot fusiot.
?:lhe bult meltins tcmPeralure, f tbc pressure (<0) in lhc
Iiquid Dhase, ). the lrce energ] ricr unil area ot the lapour/
*;ter inrertace and 1i- thal ot lhe ic.,rwller intc.face ln lhe
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Fig.1 Simpl€ stet.n showing r'6ranete$ wh'ch are rmpona.t ro
ou; anahs.' I-ach lDr.l molNule o.(rprc. dn drea  n rhe pldnc nI
,he kmei la.  The { ;arar ion b€r$cen rh '  dennr)  hf 'shreJ Ink ' larc '

absence of nuclei for ireczing or tor cavitalio., the crilical
radii for ice tormarion and toi cavitation are obtained bv
selting the above expressions to zero, $hene:

- '  l i -
' i '  

r ,q , , . ( l  -  T/1. )

_ lr_
P

Firsl consider jce formalion. At T :260 K. and using
standard values. lhe criticil radius tor i6 formalion is cd 6
rm. Thus sponraneous ice iormalion it the inlerlanellar
spac€s is unlikely. For this reason, supercooling of 10 K or
more is posible in th€ waler iD lam€llar phases, bul may be
avoided by cooling to lo* lempe.atures and tben heati.g lo
lh. t€mperature orinlerest. When lrezing does occu.,lhe ioe
forms domains wilh dimensions much la.ger than 6 nm, rn
equilibrium {jlh a .educed volume ot unlroze. waler
bctwoen th€ lametlae (lu,1hcr discussed in the Resulls

Nexl consider cavila(ion. Al a suclnln ot l0O MPa. the
crnical radius lor cavilation is ca. 2 nm. Tbe iomation ot
vapour domains beiween the lamcllae is theretore unhkel!.
cven though larSe suclions (P<0) hal occur. The hler
membrane repuhior wilhin the ldmellar phase is balanced by
lhe (negatile) hydrcstalic lressure in lhe thin {aler layers At
low hydration Gmall sepa.!tio.), ihe hydration .e|ulsron can
be quilo larso: up lo rens of MPa al dirances ot les than I
nm. Tbe suction in the lqueous reSlon is equally large, but
lhc hyd.ophilic surfaces and tbc small difrensions oi the
jnterlahellar water allos such luge srcl,ots stthoul calr

ln a llmellar phase at iull hldration . the ini€rlamellar
water is in equilibrium with bulk water, so rts cbemlcal
poieriial equals rhar of water in the standard slalc. For a
lanellttr phae at lss lhan full hydralntn. llte chcnical polcn'
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lial ol the walef is less than th.tt of the s&mdard slate' i'

*ork must be done to dohydrale the fullv hvdrat€d lamellar

pha\e.  In  energ!  equJt 'on ' .  Ih i \  enerS'  ran br  in f luden in

;ne of luo drfl;renr ways. One say i\ ro drfine an enerS' ol

hvd.alio' which is itself a function of the degree of hvdration

Tiis convention is not adopted by those inlesliSating hvdra-

tion fo.ces b€caus€ it gives lillle further insighl ln the svstem

or dccounling adopled hcre. the worl done In rcmoving
sarer  l rom lh(  b ' la lcr  i '  r teared.s the wot l '  done in over
coming a repulsive fore bclween lbe lamellae: hence 1b€
name hyd.atioD torce. The equivalencc ol the lwo prctdres 's
establishcd by stating thal. tor I given area of intert@, the
bydration for@ equals the dorir'ative of the hvdration cn€rgv
wirb f€.specl to sepa.at'on.

Crlculiting th€ Pr€ssrr. h th€ Wrter

Consider firet the equilibrium betweer Pufe ice and pure

lvater at T = ?:, the equilibrium bulk melting lemrEralure
The entbalpy qr,, and entopy AS ofthe transilion are.elated
by lJ = q,,J?:. To fi.st order, *e take  s to be indepe.dont

Now conside. water (w) and i@ (i) ar equilibrium at T <
7:. The ice js in a macroscopic phas€ with P:0. and the
pressure P in the u rozen waler is negativ€ al equilibrium.t

d = l 1 l + P ! . = l t l + q r , ,  7 A S + P 0 "

,  , , . 4 i "  .  -= r ; + q r ! .  r  
T - + r u "

wher€ I is the chemical potenlial, superscripl 0 denoles the
standdd state, ,* is tie volDme of a unil quantjly ot wrter
and P is the hydrosutic presore in the interlamellir water'
RearaDgemenl gives:

r -  ' " ' l r  = l  L r )
r" \ t./

Fo. D2O. the densilyra is ll05 kg m '. the molar ma$ is
0 . 0 2 0  l 8  m o l  i a n d  \ o  ' l s  m o l ( c u l . r  ! o l u m e . 0 " .  n
l.0l x 10 :e m! ln melling lemperalure, 4, is 276.97 K and
ils latent healr5 h S,", = 315 kJ kg I : 2.61 x 10 I' J
molecule 1. Thus lor DrO eqn. (l) may be {rnlen f = (126
MPa K rl" 

\l wheft Ii:27697 K. we are intcresred
only in the range T < li where P js nesalive We uw lhc
symbol F(= P) for lhe torce per unit area belween rhe

Crlcuhti.g tle Sep.rttiotr

Lel the samplc contain n' lipid mol€ules and r" waler mol_
ccules and let r be $e number ratio r*: n, Al the bilayer
sater interla€, a is the area pcr lipid in the plane ot lhe
inlertacc and do i1s value at full bydration ot zero imPosed
stress. The thickne$ of wdler belween thc volume_wei8hled
inlerfaces is l. (See !i8. l.)

The tolal lolome of waler belore rreezing h ,,u" We
assume lhat lh. saler is incomp.essible, which is a good
atprorinulion f(tr presures ofmagDilude much less than tho

t ln rhc rhcrnativ€ picturc. rlr prcssnre ul *ater in the ladcllrr
nh.se is ser ar Tcro ,nd one inlroduces ,nncd thc cnctay oI hydrr-
lion or rhc lipids. There r thus rn €ru. cner8, lemr Ir()) m rhe
chernical polenlial nn lhis enerSy oI hydtalron Fquillbiium *ould
be wrnh rhus : /l -. /11 + U(r) l. rh. prcsure a{ounlins' Drcture.
'hc  *or l  d .  nc  rn  ' r r ^ \ 'nB *dre  F  l ' r  $ i {k  t  d ,  done 'n  m r 'n1
rhe sntaces closci roCelher agat.sl rheir nururl rcpulion In the
'hydrarioD 2eountinS piclur€ the w.rk done is work df hvd.aron
dt, in rcmovi.s qalertr.n the l.nellarl,hdsc

ttfi[rtu
uffirufir
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bulk modulus,l4 which is 2.0 OP.r The volumc of unfrozen
water in ih€ lamella. phase al sepa.ation I is i ldJ lhis
slatemcnl is a delinition of lhe separation I as used berc The
fraction / of unfrozn sater is
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lcft for a ninimum of 72 b 10 rcmove the remaininS chloro'
form. lhe lipid was then a frnc powder.

Wc look precaulions to ninimise lhc absorplion of ll,0
by rhe samplc. Thc desiccalo! was transterred to a dr]_nilro-
gen atnosphere, and.a.50 ms otdry lipid was t.ansterred lo
xn NMR sample lube \rith 5 mm dianeler rnd 300 pm wall
t,)ickn€ss (wilmad Class. Buena. NJ). The rhin walls wcre
used to achieve large heal llux bctvccn the sample and thc
coolant. DrO .i known lolume w6 addcd liom a n'cro'
syfinge. The lube *is iempora.ily sealed with Paiaflib. The
lube was lhen .emovcd from lhe nitrogen ahosphe.e, thc
sample end ws froren in liquid nilrogen and the olhe. end
w6 immedialely fiame sealed. Tbc sanplc was entrifuSed
sereral times and the tubc was inverled b€lveen subsequent

NMR

The NMR measuremerts wcre pcrformed on lr Bruter
MSI--300 Speclromeler operalinS at 46.062 MHZ The probe
*!s modined to prolide exrra thcmal insulalion and a larSer
coil rvar used lo accommodrle thc sample tenperature
conlrol plumbin8. The coil was m^d€ ffom copper ribbon 10
inprove the dissipstion of heal gencraled by fie radior.e'
quency tuhes or conducted along tbe leads ol lhe coil. Typi'
cally 1024 scans were sDmmcd at c&h temperature to achiele
sigral lo noise ratios of bctwen 20 and lm :1. The quad.D'
polar echo scqucncc wls us.d.lr Tbc speclrutu widllr was l0
kHz aod rhc lcngth ofthc 90' pulse *as aboul I I ps.

Tcmperttu.e Cont.ol rtrd Cslibration

The diflerence signal belween lhe sel lempcralurc and thal of
a thcrmocouple close 10 tbe sample was i'rpul lo the dilTefen-
tial feedback cont.oller supplied with lhe sp@lrometer. This
conlrolled lhe healing of a strcam of pre cooled air. The
sanple was cenlred in an insulatin8 j.cket and the stream ot
gas passed belween the sample and the jackcl, thcn psed
over the therhocouple, then pased around lhe outside oflhe
jackel, aboul which was wound the induclion coil. Thus the
cooling 8as was aho used to rcnrove hcat generlled rn the

The lempcraturc control w$ calibrared using a sample ot
pure D,O. Whcn it is hcaled th.ough lhe lrrnsilion lem-
p€rarure, the srre.gth of the na.rov signal trom the unfroren
componenl 'noeases very rapidly silh lcnperature. On the
srcep part of lbis curle. selcral runs scre conducl€d wjth
different values offlow in thc cooling gas. Al high rales, the.e
was no detecrable dcpcndcna on flow rate. Thus al tbese
rales the cooling syslcn is trot limiled by rate ot hoal
fenrolal. and sd the sdmple hls .ome into lbernral equi
libriuh wilh the grs slrerm, *hosc lcmpefalure is lnen moa-
sured by lhe thcrmocouplc. Similarly therc *as no
depcndcDcc of lhis sigral on tbe duly cycle of thc rad'ofrc
quency puhcs supplicd to lhc coil. We thereiore conclude
ihat hcat dissiparion froh Lhe coil produced no change in ltre

A snmplc ol pu.c DrO (180 !!l) al lhe pbrsc-transrhon lem-
perarure was aho lsed ro delcimine the heatinS and cooling
tnncs oflhc samplc. Usine such i sample, thc s.l lemrrorllure
wds chdnged abruptl) rrom 276 10 278 K.'I he signal i cnsily
al lirst irc.eascd rapidly wilh timc ($ the 'cc mcltcd) bul
thcre was no lurlhcr inc.clsc in sisDll aiter 20 min. Ihc hoal
nux reqoired i)y lhis rclalilcly Iargc santplc or DrO ar ils
lrlnsjlion tcDl)eralure wrs much grerler thdn that .equ'red
by any olLhe samples sludied.

Durng lhc tenporatu.e runs. al leist 20 min cqu'libr{lion
tihe was ̂ llowcd bctwccn lcmperltlr.s {discussed turlhd in

J :  2 n-r- ' - 2vr-

(2)
I

As water is r€moved, r de$eascs. Thc area per mol.cule. d.
also dedeases. The exlcnl of this conraction in the plane or
the interiace can bo calculaled usin8 lhe rrea nodulus ft" of
rhe bilaye. {bich is lbe raiio oflaterll pressure I| to the aiea
st.ain in the linear elastic limit:

Higher ordcr tcrms in the slress slrain relation will introduc!
eron in cqn. (3) for lateral pressu.es II which are non-
negligiblc conpa.ed with k, K*ok and Evanslb Sivc fr.:
140 t 16 mN m ' for egg you{ lecithin. I1 is usually lcss rhan
l0 mN m ' in these erperiments so thc lcglecl ot s.cond-
o.dcr r€rms should i.lroduce an erro. of al most sevcral per
ccnt jn sre! and thus in r. Thc area pcr molcculc is aho
welkly depcndenl on leftpe.alurc in thc fangc thal does not
include the phase lransition. This can bc includcd using the
cocmcicnl d of rhemal expansiviiy in a.ca, and thc rctcrencc
tcmpcfalure 4 at which ao is fteasured.

l-rom the eqn. (2) and (.1) for a, and includins rhermal

vf i  f  Pr l
l + r ( T  I ) + : : l

r  I  r r t

which is qurdralic '. .l and yields

l  r l  q , a .  / 1 \
r  ' ^ : - { r  '  ' r i  / , ,  / 1 L r  '  , L r  i , , l r  I

2 P \  V t  t , - d ,  ) J

ln rhe limit whcre d:0 and to fir( ord€r in Pr"./k.ao, this
Bilcs ] : 2'[-/do which is the linit oieqn (2) tls 4 -..{,.

Mrterials and Methods

DrO was pulchlsed from Sisma (St. Louis. MoI tts nonjn.rl
purily was 99.9 al.% deutefium and it wd uscd witboul
runhcr purification. Phospharidylcholinc fiom hcn cC€s (cg8
yolk lecilhin, FYI-) and dirnyrjstoyl-phosphrlidylcholine
(DMPC) {ere purchased l ron Sisha. lhe DMPC wa! ,n lhe
tornr  oIa po{der  and the EYL in 9:1 chloro ionn:mcrh.no]
solulion. The nominal purily *as 991t lnd they *e.e used
withoul lurther plrilicloon. Thc [yL was barcMA *hich
conlained 0.1 w1.% bulylatcd htdroxtr(nucnes in the k'lvent
as anti oxidanl. (Force dstance rclations are in pri.ciple
atrecled by ionic impuriries in tbc slmples becruse x)ns
scre€D the clectflc doublc laycr forccs. In lhe region sludied
here, hoseler. the shorl-range rctulsion donrinale\ and rhe
torce rs almost lotally independenl oi tu.ic .dncenlrdli{)n in

for cach sample, a quariitr'� oI nilultun containing sevcral
rens ol ng of lipid was added ln a samplc rubc and dricd
under a skeah ol nilrosen sls until mosl of thc chlorolo.m
claporared. Thc lube sas ther r'laced in r desi{aktr aho
containing ! quanliry of P,O5. evlculted ro .a. 0 I Pa and

I l  P r
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the Resulls smtion). Fo. all heezing expcnmedts' the sampfs

w€re cooled to -25"C to initiale frcezing (ie to alord

'upe(o.hngl .  VeJsurcmenh $ere usu" l l )  rnadc n rncrc$ing

orier of temperature. wilh occasional .elums to low lem_
perature to ensure lbat rhere was no hvsteresrs

Crlibrrlion of Sensilirill

Ar any given t€nperaluf€, the siSnd amplitudc is '\ med lo

be DroDortional to the numbc! ot cottribuLing d.uleions
rtre constanr of proportlonilitl is howcver a tDnclion otlcm_
peralure because ot tbe Curie law and b@aus€ ot thc 1en-

De.alure dep€ndence of the delccling circuit due to changes
in resistance and in the O of the coil Dcuteriated methanol
ICH,OD). which does not fieeze ove! the temperalure range
was 

"used 
ro calibrate rhe lempcralure dep€ndence ol lhe

sisnal to lhc number of conbibuling delterons Tbe sample
oimerhanol had a dcuteron contenl simila. 1() thal of the
hiShly hydrated lipid samples.

Crlculrtion of .he Wrler SiSnll

The peak in the spectrum which arises lrom uni.ozen waler
lar ; widlh ot lypically 100 Hz Thc width of the ic'e si8nal13
is 240 kHz which is much larger lhan the scale used in these
experimenls. The lwo signals were separated by numencal
diferenliation ol lhe speclrum. The na(ow region inclDding
rhe dill€renlial of fte peak {as .eplaed by a linear mtcF
polation. This function was then integrated atd subtraclcd
lrom lhe original sp€ctrum to leave only the conlribulion 10
the spectrum from unlrozen water. Ihis was integraled witl
respect to trequency to oblain what is hereafier refeffed lo as
the *aler signal. The {ater siSnal was then correcled tof
probe sersitility as desdibed abole. and exl)resed as a ftac
rron o l  ih  averagc value a l  rempcrdrute.  dhovc f recz ing

I>H Exchrnge?

we have no r€ason |o expect deuterium exch.nge wnh
hydlogens in the phosphatidylcholine headgrouP An upper
bound for the exchange was delermited lbusr a sPectrum was
measured for a sample prepared as desoibed above {ilh 17
moles oi D,o per lipid rnd ii renained sealed tor 3 weeks
The sample wd then lnsealed and, to remole most of thc
DrO. il wd plac.d in a desiccalor under lacutrm in the pres
ence ol P,O5 for 24 h. It was lhen rehydrated wilh H1O and
its specrrum was remeasured. Afte. thts treatment, the deute-
rium signal was undetectablc, i.e. reduc€d by a laclor of at
least 10!. Thus less than 0.04 deulerons remair per lipid. This
demonstrates that there h little exchange oi deulerons wrlh
Ihe htdrogers ol lhc lipid. lt also shows that lbere ,s lcry
litlle sater of hydration lefl atter evacualion it the presence

R€sults ard Discussion

Fig.2 shows lhe amplitude speclra otlamellar phases oI EYl.
in D:O at difTerenl lemperatutcs over lhe rangc [.om 20 to
20'C. All trequencics are measured with tcspecl n, the cenlre
frequency of the deulerium rcsonance ar 46.062 Mtlz lhe
peak with a linewidlh of (d 100 200 tlz indicales relatilely
heel) rolating nolecules and is rttribuled to rnfrozcn sater
berween the lanellae. The width of (he ie siSnal (240 kH2) is
larger lhan lhc scale kno*n bcre {10 kHu). so ir rorms tbc
baseline. Beyerl" showed thar there is lilde exchange bcl{eon
ihe ice and later phase over tbc limcsc.rle of an Nl\'lR oea'

The siSnal gilcD by a pure sample of bulk D:O w!1e. is a
single Lorenlzian line silh ljnewidth oi bclos 20 H2 Thc

J .  C H t V .  \ O (  l A R l r r A \  
' r R A N r .  

l $ 1 .  V O I  N c

F i s l  S D c c u a  r f  l a m e l l " t  p h a s c ( o l  l l l  i n D O  m . ' l r r J ' i o I  1 7

sr ; r r i !  i  rh  rhe l^we' l  curve rhe rempe'r rdres dre '0  10.0 )
4. lO a;d 2O"C F equ€ncid are n€asurcd with respect 10 fte centrc
freque.cy oflhe deulenun teso.anct al46062 MH2 (lhe aro on
lnc ft€quency scale) Thc ordinate js the Fouriet lraDslom or lhe
porennat aificrene a(os the induclion coila.d is in arbilrarv unils.

wi.lth of lhe water signals in l ig 2 is largcr than lhal ot pure
$rrcr be(au\e of the ordering near rhe lipi.l inreriae (d Fhe
nomcnon e\rensi ' r rv  descr ibed t re\ iou ' lvro: ' r '  A l  "uc
ce$ively lower lemperatures below heczing. the width ot the
signal first becones lrrger. Over thu roge, the separalion
betwcen lamellae is reduced, moleules of {ate. sp€nd o.
average nore ol the; lime close to the interiace 2nd so tbe

aveiage ordering of water molecules in the laliellar phase n
incredod. The speclrum at - 10'C shows a reduced ord€nng
otsaler due to thc proximity of the liquid crystalto Seltran'
sirioo.zr At 20"C, the siSnal shows a brold signal due lo
highly ordered lamellar waler, and a narros signal vh'ch wc
interprel as due to regions ot supercooled walet vhich bas
nol equilibrated wilh the ice. We discuss this below-

FrNctioD of tl .oztr Wrler

The lolal intens;ty of the water signal (thc integral undor lhe
waler peak in the Fourier kansiorm) is the r!)osl imporlanl
parameter in rhis study. For lhe tenp€ratuf€s above lrezinS'
l_ig. 2 shows that the area under the saler p€ak d@reases
slowly with tcmperature. This is in pa.t duo to lhe nvcrse
bmperalure dopendene of lh€ Curie law, and tn part du€ 1o
lemperature'd.p€ndenl sensitivity of the probe. This explicit
lemperatur€ dependen@ was calibratcd as de$ribed in
Malerials and Metlods.

Al lemperrtures below f.eezinS (<4'C) the integral of the
waler si$al decreases rapidl! *ith d@rea$ng lempcrature
Ljsing tbc calibralion dcscribed above, lhe unlrozen *aler
conterl is calcDlated as a i.a.1ion of lhc waler conrent nbove
tleczing. Samples *6re made w;lh a ranse ormol. rllios fiom
9 to 50 walers per lipid. The samples witb lowe. {aler con_
lents hale a lower frcczing tenperaturc bul below lrcezinS all
samples bchave sift ilarl).

Thc pressure in thc unhozen waler pbase is knowo onlv ii
ihe water and i.e are it eguilib.ium. Equilibration wa rapid
(sc!c.al minutes) td lamellle in the liqnid crysral phase
when lhe lcmpernlure was changed. th. signal itlensity 'ni
tially lar'cd oler several minutes and lhcn serlled 1o a lalue
shich did not chanEe Over nost ot tho lomFraturc range,
ihe signal did no1 cbange mcasurdbly atrer l0 mit ln rhc
range belween ca. I and 4'C the sisnal contioued to
changc for as lorg as 6i) nin. This is the ranae dver whi.h
Duch i@ mells tor a small temrE alure changc, and it is also
thc range in whicb tbe torcs belsect lamellae are le,sl Both
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ef lccrs mdv be re le!dnr  ro rhc nowct  (qui lLrrat ioa In rhe

resurr .  reporrea,  .drp le.  $ere equr l ibrated lur  penod'

between 20 and 90 min (as appropriate) bcfore measuremenls
l -qui l ibra l rnn was much ' lo$er  lnr  ldmel ldc In lhe 8c l

ohd\c In o1e e\pel rmcnr.  IJMP( wa\  h ' ' r  Luoled lo  )0 'C
io inniale trcezins.lcft for 30 min. And then rarmed $ (0'C),

below its phase trmsiliot The NMR specrum showed r

sicnal wiih a widtb ol .d. 6m Hz $'hich we inlelpret as
uifrozen, motionally anrsohopic waler in lhe laftellar phase
There wls also ̂  small narrow l-orenlzian line wilh a wrdlh
ot .a. 50 Hz. (The speclrurn is similar 1o thal lor EYL at

20'C, see Fi8.2.) We interpret 1be narrow peak as 60_
rropL. l l i  movrng.  untro/cn.  \unehooled s, re '  in  mbrt 'n
scopic domains This sisnal decreased wilh time, while tbe
bioade. {ater signal increascd. we allributo this to gradual
hrdration of $e lamellae at tbe expcnsc or the supercooled
water. This proes contjnued ovc. l0 h. wilh liltle change in
rale over that timc. fhe equilibralion Iime is too long tof
praclical measurcments usiDg this lechniquc anrl ror this
rc6on we reporl no results fo. lipids in the gel phase.

For remperalures ai which the lipids were in the liquid
cryslal phase, equilibralion is rapid and the pressure tn lhe
unlro2en *ate. is calcDlated from eqn. (l). [ig. 3 is a plot ol
the.epulsile torce per unit area !s. the mole ratio ofwaler 10
lipid in th€ lanellar phase. The samplcs prepared wnh dilTer-
€nl tolal mole ratios all give similar fesulls: al los lem_
pe.atures, most ot lhe srter is f.ozen and samplcs wjth
hi8her mole ratios have a larger volume ol jct and the same
unfrozen walcr fraclion. In the samples with low mole ralios,
all ot lhe ice melled at lemp€ratures below the bulk melting
lemperature. The error bars in lhe tore represent a posible
syslematic €rror in lemPe.ature neasu.ement. We have uscd
a wo6t casc ol0.1'C, but nc erpect that the eror s rather

Fig. 3 prescnts the data as a f(xce hyd.ation relalion The
dlta can be conve ed to plots of fo.@ as a tunclion ol
separalion Dsing eqn. (4), and are sbown in Fi8. 4. Thc largest

1

0 5

0  r 0
vtnfr

Fig.4 lnlcnanell!. fore per unn a.ea l'0s. spatation Symbols as
in FiB. 3 The rclalively laree hodDnl{l.rror bars aft lh€ r6ult ot
uncenainty aboul the area p€r nolecule under ths condrtDns
On i  00i  nm'  l r \  be.n u*d In thc calcula,on (  ont inuou:  cr ro '
bas). The dashed tine to lhe risht of cach ertor I'ar r€pr*nls lhe
values thal *o!ld lE obtained il one used valDes in the range 0.62 to
0.50 nnr The conli.uous oblique line o. thc riSht rcpresen$ a lil to
rhe dala ot Lis.r dl' Ioi EYL !t.oon tenperalure obtained using
lhc osmol'c stress lechnque.

error in calculating the inlerlamellar sPacing ), js lh€ error rn
the assumed area pcr moleoule. Areas pe. moleule in lamel-
l.r phases have bccn calculaled trom X ray diffraclion
dudies. but lher€ are diilerences amonS the lalues deler-
mined by diferent sroups.' 

1o ztr Eqn. {4) assumes r consranl
value for the density of D,O, taken a-s the bulk value tor
lh6e calculations. The arca p€r lipid molecule al full hydra
lion, ao, has tEen taken as 0.6710.05 nm'� for the elcu-
lation. The liSure also shows tbe resuli otusing a largcr rangc
ul  \3 lue\  ,or  do.  The !a lues of  rhe area rhnmal  etpanivr l !  d
and area elasric nodulus k. in €q.. (4)inrroduce an orror into
) which is small in cotrparisot witb rhar due (o lbe error in
a0. For these calculations. k"= 140 mN m ' (ret 16), and
the elTect ot lhermal expansivil) over this rangc hd bccn

D,O $. H1O

The conv.nience of D,O i. NMR was the reason for ils
choicc in this study. The purpose ol the study, bowever, is 1o
Dnde6tand inleraclions in H,O. Klose er al." havo mearured
the sorption jsolherms and swclling behaviour of
palmitoyloleoyl'phosphatidllcholine in D1O ard HrO and
Iound rha1. wilhi. rhe limils of thc exporjme.tal errors. the
rwo systcms gare ihe same swelling curv6. This suggests that
the results repo.led herc may be compa.ed with those
obrained wilh olher methods on H10 lipid samples.

Compdisotr wilh Olher Datt

l_ig. 4 allows comparison of lhe EYL resulls o{ this atudy
{ith llosc oblainod fq the EYL H:O lanellar ptases by Lis
er al.! al lcmperalurs above f.cezing t This codparison
givcs an estimate oi thc lcmpcfalure dependenc€ ol the repul-
sile tore bel{ccn membrlnes. The siSn of lhe ledperatute

:(

5 0
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n

151 0

Fis. 3 Inrcnamclhr frce per uni' arcr ds a fu..rion oi nydralion
The abscissa r is lhe Bol. ratio of unftorn saLet to lrtid. shich ir
rhc mole ratro ol warcr ro lipid in the lamellar thlsc These dala
*e.e oblained fr.n' sanples prepared qrh nn.i mole ralnr oria)
20 :1 .  ( l )  r? :  I  and (C l  50 :  I  A l l  \amples  behavc  s f i i l a r l r  bc lo*
then treezins lemperrlurcs

t The resulrs df M.lntosh and Sinon citd abovc" are dor shown
becrusc ii'ct detnilron oimlerlanellar dkta.ce is difierenr and lhis
.oDplicares comnarison. Tic dcfinilion ot tnddridn us.d by Ls ?r
dl r rlnl f,crsen lhe den$ly wciShled $daes and t thus cDnpaF
atle wrh rhe*Fr,!o. ued hcru

ttt'fi 
1r
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, leDendence F nor(n l r i l l )  rmPurrbnr  lo  lh< debdre Jboul  lhc

ur .e in of  thc.e torce.  l f  rh .  fo tcc '  dre main l )  d t re rU wdrcr

. r r i " rure,  r len rhc rmpte ' r  model  pr(drcr  nr 'n tser  rePuhron

dr lo{cr  remperarure l f 'he lor* \  dre mdin l )  Jue lo  \anou'

-oaa "r  r r rc imarmoron rhe !mnle ' r  model '  nrcdnr  \hsht \

weakcr repulsion !! lower temPeraturc Our low tcmaerantre

J""  g i*  i+"r**  , r ,^  " rc  'mal lcr  rhan rh^< o l  I  '  ' r  dr ' "

r le  i "p*  o i  r le  \ rmi  los p lors dre smr lar '  In  n lerPrel ing

our oara.  r r  .hould I 'e  remembe'ed thhr  lor  l | | ;  mcrhoJ rem_

Dcrarure incrca.e.  qr lh  sep"ta l ron lhus lhe ch r ldc lea\ ln

iensrh dcnvcd I 'om rhe ' lope o l  I  ig  4 'hould bc r"necrr te lv

arc;ter or less than th^t ot an isothermal torce law' deperd
"in* 

on wherher fte forcc ircrerses or decreascs silh lem_

Comprrison Bith Olhe. l ehniq!.s

This techtique of measuring force iisllnce rclrtrons was

devel.ped p;inalily lot use it the rangc of tenperalures j usl

bc lo{  f rcc; in8.  rhe ranse o\er  q l ' rh  ' r ton8 reprrh i \e f r tce '

t rcome rmooir rnr  in  cr)uh o logj  \ercr theles i t  ha\  sr \ere l

f€atures wbich mav prove ro be usehl iD olher aPplicalions'

The mosl obvious limilalion ot the lccbnique is thal the

experimenler is noi t ee 1o choose the tcmperature This lmi-

taion mav not be loo serious in cases wbere tempernlure

depcndene is sliSht. A iurther {eakness is that onlv the

au;ntitv of unfrozen nater is delermined, rather tban the

separation. This is rot a problem if lhe r€sults are prescnted

as force hydration relalions lorce separatron relauons mal

only b€ derived for systems in wbich some gcomelrtcal

delails. such as lhe inleftacial arca or the surfacc:volume
ralio ofthe non aqueous phase, are known To a nuch lesser

exlent, delerninalion of seFralion is also a prohlcd in thc

othei force disl.nce mcthods: lhe osmotic slress rectrn'quc

uie\  Xrdy dt lTrd(r ion shich dctr rmrner  lh< repcar  r la ' ing
nDch nore readily than the itrterlamcllar separatroni and

the optical inlcrterometry ol the SFA delermines chanSes in

separ;tion readily, bul calculation of ab$lute separation

requires assumplions about the membrancs and lhe rDrfacc

One ot t|c ldlantages of lhe Echnique descfibed herc is

that the NMR spmtrum supplies information about thc

averaqe orientation of waler molecules Tlis informallon is
porcni ; l l !  o l  u 'e  in  expla,n,ng rh( . r i8rn o l  lhe rore in  qrc '

iion. Iniormation about tbe lipids, especiallv their phase

DroDerties, can also be .blained. A fu.ther adlantage is lbat

it c;n in plinciple be applied in c.ses where lonsianse order
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is ah'senl. Finally there is an appealing eleg.mce in an experts

nent in \{hich lorces and displacoments are d€termined lrom

lwo measuremenls of voltage across lcng(hs ol wire: a thoF

mocouple and an itduction coil respexvelv

Tbis research ]{as supportcd bv a 8ran1 trom th' Afftralian
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