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Computersimulatedsmall-angleneutronscattering(SANS)curvesof sphericalpolydisperse
extrudedunilamellarliposomesfrom saturated1,2-diacylphosphatidylcholinesin the aque-
ousphaseareevaluatedby usinga multishell model,which divides the lipid bilayer of li-
posomesinto the polar headgroupregion, andthe nonpolarhydrocarbonregion consisting
of the chainsof methylenegroupsandof the region of methyl groups. In theeachof these
regions,thecoherentneutronscatteringlengthdensityis supposedto behomogeneous.The
evaluationis basedon obtainingof radiusof gyrationfrom theKratky-Porodplot of SANS
datain theGuinierregion of smallscatteringvectorvalues.Fromradii of gyrationobtained
atseveraldifferentmolarfractions�����	��
�������	������������ in theaqueousphase(contrasts)
andindependentvolumetricdata,the lipid surfacearea��� (or thebilayer thickness��� ) and
thenumberof watermolecules��� penetratedinto thebilayerpolarregion canbeevaluated.
Using this methodandthe SANS curvesof unilamellar1,2-dimyristoylphosphatidylcholine
(DMPC) liposomesmeasuredat 30 � C andcontrasts� ����� 
	��� ���	� ��� ����� � =1.0,0.8,0.6
and0.4thevalues� � =�! #"%$'&)(*",+ Å - and� � = $� �" (�&�(�"%. Å / at � � = .�",0 wereobtained.

PACS: 87.16.Dg,87.64.Bx,82.70.Uv, 83.80.Qr

1E-mail address:pavol.balgavy@fpharm.uniba.sk

0323-0465/01 c
1

Instituteof Physics,SAS,Bratislava,Slovakia 53



54 P. Balgavý et al

1 Intr oduction

Thestudyof thebiologicalmembranesis oneof themostpopularpartsof biophysics.Its ques-
tionsconsistof thedeterminationof membranecomponents,their physicalpropertiesandinter-
actions,determinationof solvent effectsandchangesof their physicalpropertiesdue to some
admixtures,e.g.drugmolecules.Becausethebiologicalmembranesareverycomplex objects,it
is convenientto studytheir physicalpropertiesby usingmodelsystems.Themostpopularmod-
els of the phospholipidpart of biological membranesarevariousmesomorphicphases,which
form from phospholipidsin contactwith theaqueousphase[1,2]. Thelamellarphasesof phos-
pholipidswhereinstacked phospholipidbilayersareseparatedby layersof the aqueousphase
closelyresemblephospholipidbilayersof biologicalmembranes.Phospholipidsareamphiphilic
moleculescomposedof hydrophilic part consistingof the lipid polar headgroup, andof hy-
drophobicpart- longhydrocarbonchains.In thebilayer, thehydrophobicpartis closedinsideof
bilayerandthehydrophilicpartis localizedon theinterfacewith theaqueousphase.Thelamel-
lar phasesconvert spontaneouslyinto multilamellarliposomesat increasedwatercontent[3,4].
Unilamellar liposomesproducedfrom multilamellar liposomesarehollow spheroidalparticles
consistingof singlephospholipidbilayershellwith theaqueousphaseinsideandoutsideof this
shell.

Basic physicalparametersof thesesystemsare the thicknessof the phospholipidbilayer,2�3
, the surfaceareaper lipid on the bilayer-aqueousphaseinterface, 4 3 , and the numberof

water moleculesper lipid penetratedinto the polar region of the bilayer, 5 3 . The simplest
methodof obtaining

2	3
and/or 4 3 is the evaluationof small-angleX-ray diffraction (SAXD)

or small-angleneutrondiffraction (SAND) on lamellarphasesof phospholipids.Usually, the
experimentallymeasuredscatteringintensityfunction is separatedinto a structurefactoranda
form factorwhichdependonascatteringvectorQ. Knoll et al [5] werethefirst whorealizedthat
onecanusetheGuinierapproximationof thesmall-angleneutronscattering(SANS)curve for
obtainingthebilayerthicknessin unilamellarliposomesin thesmall region of scatteringvector
valuesQ. In theGuinierapproximation,thescatteringintensityfor planartwo-dimensionalsheets
canbewrittenasfunctionof thescatteringvectorvalue

6�798�:<;=6�7?>@:�AB8)C*DEA�F	G!HI79J�KLDM 8ED!:ON (1)

where
K M is the radiusof gyrationof the sheetcharacterizingthe thicknessof the sheet

2 M by
equation

2 DM�P;RQTS A�K'DMVU (2)

Theradiusof gyrationis definedas

KLDM ; W 7YXZ:YX D#[ X
W 7�X\: [ X (3)

[6, 7]. However, this methodis explicitly applicableonly in the caseof planarphospholipid
bilayerwhich thicknessis small in comparisonwith its lateraldimensions,i.e.

SB]_^a`cbed D�f 8 f QB^ K M (4)

wherè is thetotalareaof thebilayer[8]. Itsapplicationto theliposomebilayer, whichiscurved,
is thusquestionable.Komuraet al. [9] supposed,thatunilamellarliposomesaresphericaland
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Fig. 1. Chemicalstructureof 1,2-dipalmitoylphosphatidylcholine.Theshadedareais thepolarheadgroup
region.

polydispersewith respectto their radii. They furthersupposedthattheneutronscatteringlength
densityin thebilayercouldbetakenashomogenouswhentheliposomesweredispersedin heavy
water. Thesingleshellmodelhasbeenrecentlyusedalsoby othergroupsof authors[4, 10-12].
However, thesingleshellmodelneglectstheinnerstructureof thebilayeranddividesthesystem
into the bilayer region andexcesswateronly. The morerealisticmodel is a multishell model,
which dividesthebilayer into severalsmallhomogenousparts.Fig. 1 shows thechemicalcom-
position of one simple phospholipidmolecule– 1,2-dipalmitoylphosphatidylcholine (DPPC).
The basicpartsof this phospholipidmoleculeare the polar headgroup region displayedby
shadedarea,andthenonpolarhydrocarbonregion consistingof thechainsof methylenegroups
(CHD ) andof the region of methylgroups(CHg ). In thebilayer, somelimited numberof water
moleculescanpenetratetheheadgroupregion. Sucha modelwasusedin [13] for theinterpre-
tationSAND experimentson theorientedlamellarphospholipidphases.

In thepresentpaperwedevelopthismodelfor theinterpretationof SANSdataof unilamellar
phosphatidylcholineliposomes.We extractthethicknessof thephospholipidbilayer, thesurface
areaper lipid on thebilayer-aqueousphaseinterfaceandthe numberof watermoleculespene-
tratedinto the polar region of the bilayer from computersimulatedSANS curves. We usethis
methodfor theevaluationof experimentalSANSdataof Cherezov [14] obtainedwith unilamellar
1,2-dimyristoylphosphatidylcholine(DMPC) liposomes.

2 Scatteringof neutronson unilamellar liposomes

Theexperimentallyobservedscatteringintensity, thecoherentpartof thedifferentialcrosssec-
tion, is for monodispersesystemgivenby

6�7
Q
:h; 5ji A�k�7 Q :�A ` 7 Q :ON (5)
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Fig. 2. Multishell modelof unilamellarliposome.Theshadedareais theaqueousphase.

where 5 i is the numberof particles,
k�7

Q
:

is the particlestructurefactorand
` 7

Q
:

is the in-
terparticlestructurefactor.

` 7
Q
:

is approximatelyequalto 1 for dilute andweakly interacting
sphericalsystem,whatis anaqueousdispersionof unchargedunilamellarliposomesat thephos-
pholipid concentration

f
2 wt. % [15]. Particlestructurefactor

k�7
Q
:

is equalto the squareof
form factor, which is theone-dimensionalFourierintegralof thescatteringlengthdensityfor the
centrosymmetricparticles( l 7 Q :<; l 7O8): )

l 7O8�:<;mJLn ]po
q
X�D W 7�XZ:Trtsvu

7O8LXZ:
8LX [ X�N

(6)

wheretheintegrationis over thewholespace[16]. If onewantsto take only thepartof neutron
scatteringon the particle,needsto subtractthe backgroundandthento integrateonly over the
spaceof particle.

We supposethateachof thetwo monolayersin thebilayerin unilamellarliposomesconsists
of threeshells. Polarheadgroupshell is characterizedby the thickness

2 i and the nonpolar
hydrocarbonshellconsistingof methyleneandmethylsubshellsis characterizedby thicknesses2�w

and
2�x

, respectively (Fig. 2). Thebilayerthicknessis then
2�3 ; S 2 izy S 2	w y S 2	x . Another

modelparameteris theneutronscatteringlengthdensity, W�{ , differentfor eachshellof thebilayer.
TheFourier integral is thusdividedinto theintegralsover thebilayershells.Thenthescattering
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intensitywithout thebackgroundis givenby equations

6�798�:<; 5 i A
n ]
8 g

D |
{,} b

~ W { A�7 4'{�� b J 4'{ :
D

4L{ ;�8�A�� { AT�� r 7O8�A�� { :�J r�sYu 7O8�A�� { :ON (7)

where
~ W�{ ; W\� J W\{ arethecontrastvaluesof neutronscatteringlengthdensitiesagainstaque-

ousphasefor theindividualshells,and
� b N� D N� g UYUvU arebordersof theseshells(seeFig. 2). These

equationsarevalid for monodispersesystems.However, experimentallystudiedunilamellarlipo-
someshave somedegreeof polydispersityof theouterradiusof liposome

K D at constantvalues
of thicknessparameters

2 i ,
2 w

,
2 x

. Komuraet al. [9] suggested,thatthispolydispersitymaybe
describedby a Gaussiandistribution functionin theform

� 7OK D :h;
Q

� SB] AB��� FG!H J 7OK D J�K D�� �_���T� : DS � � �
N

(8)

where
K D�� �h���T� is themeanouterradiusof liposomes,andthepolydispersityof liposomesizes

is expressedin the sizedistribution
�a�

. Finally, the scatteringintensityof this systemcanbe
evaluatedby summingoverall individual intensitiesobtainedfrom equation(7),weightedby the
distribution function(8).

3 Resultsand discussion

3.1 Simulations

The first aim of our study was to test the methodusing the computersimulateddata. We
have thus simulatedthe neutronscatteringintensity for differentvaluesof liposomeparame-
tersto determinetheir influences.We have usedthevaluesfrom 200Å to 500Å for the mean
outerliposomeradius

K D�� �h���T� andthenumberof methyleneCHD groupsin hydrocarbonchain
from 10 to 24. Thesevaluescorrespondto unilamellarliposomespreparedfrom saturated1,2-
diacylphosphatidylcholinesby extrusion throughpolycarbonatefilters. The polydispersityof
extrudedliposomesis describedby the sizedistribution

� �
. We have supposed,that the lipid

areaon thephospholipidbilayer-aqueousphaseinterfacemaytake valuesfrom 58 Å
D

to 64 Å
D

peronelipid molecule,asfoundrecentlyby usingtheSANS[17] andSAXS [18], respectively,
on thefluid lamellarphaseof DPPCat about50 � C. We supposethusthatthebilayerswe simu-
latearein thefluid state.Thenumberof watermoleculespenetratedinto thepolarbilayershell
hasbeenvariedbetween0 and30 moleculesper onelipid molecule.The othervaluesof sim-
ulation parametersneededarethe neutronscatteringlengthdensitiesandvolumesof different
phospholipidfragments.Thevaluespublishedin theliterature[18-31]arecollectedin theTables
I andII. We haveusedthevaluesmarkedwith bold lettersin oursimulations.
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Table I. Volumetric data for phosphatidyl-
cholinebilayers.

�
[Å g ] Ref.

HD O 29.9 [19]
DD O 30.0 [20]

30.4 [17]
Headgroupregion 360 [21]

321 [22]
319 [23]
325 [24]
348 [25]
326 [20]

CHD 27.0 [21]
28.1 [22]
26.9 [19]
28.0 [20]

CHg 54.0 [21]
52.7 [22]
54.3 [19]
53.6 [20]

DPPC 1212 [22]
1218 [17]
1218 [26]
1232 [18]

TableII. Valuesof scatteringamplitudesfor 1,2-
diacylphosphatidylcholinebilayers.

�
[10

C��
Å] Ref.

H -0.374 [27]
-0.3739 [28-30]
-0.38 [31]

D 0.667 [27]
0.6671 [28-30]
0.65 [31]

C 0.665 [27]
0.6646 [28-30]
0.66 [31]

N 0.940 [27]
0.9360 [28-30]
0.94 [31]

O 0.580 [27]
0.5803 [28-30]
0.58 [31]

P 0.517 [27]
0.5130 [28-30]
0.51 [31]

In the first part of our simulationswe have supposedthat the liposomesare dispersedin
the aqueousphaseconsistingof 100%DD O. Scatteringfunctionsobtainedby equation(7) for
monodisperseliposomesareoscillatingasshown in Fig. 3. It is seenin thecurvesof ln[

6�798�:O8 D
]

vs.
8 D

convolutedby theGaussiandistribution function(8) thattheoscillationsdueto liposome
radiusaresmearedand that the curvescanbe approximatedby linear functionsin the region
of small

8
values. We have selectedthe region of 0.001Å

C*D f 8 D f
0.006Å

C*D
valuesfor

this approximation.By fitting the simulatedcurvesin this region, we have obtainedthe slopes
of ln[

6�798�:O8 D
] vs.

8 D
dependencies.In analogyto theequation(1) valid for planarsheets,the

rootsof the absolutevaluesof theseslopesarecalledradii of gyration
K��

. However, it must
bestressedthat

KL�
is not thegyrationradiusof thebilayer, it is just theparameterof the linear

functionapproximatingthe convolutedscatteringcurve in the selectedrangeof
8

values.The
valueof

KL�
obtainedfrom simulatedcurvesis sensitive to thepolydispersityof liposomesand

its uncertaintyis large in caseof small
���

values.This is demonstratedin Fig. 4 which shows
thedependenceof

K D �
on theratio of

�a�
usedin simulationsto the

��� � i valuecalculatedfrom
the parabolicrelationbetweenthe meanouter liposomeradiusand the distribution parameter
obtainedfrom experimentaldatain [4]. It is seenthatthiseffectis insignificantfor

� ��� > U�� � � � i
andwewill usetherefore

� � ;�� � � i correspondingto experimentsin thefollowing simulations.
Wehavealsostudiedtherelationbetweenthevalueof

K �
obtainedfrom simulatedcurvesandthe
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Fig. 3. Scatteringcurvesof unilamellarliposomeswithout (full lines)andwith (dashedlines)convolution
by a Gaussiandistribution function calculatedfor lipid area� ��� $� �",  Å / , numberof watermolecules
��� �¢¡ ( , thelipid bilayerthickness��� � �*£�" � Å andmeanouterliposomeradii 200and500Å.Thevalues
of ¤�¥ wereobtainedfrom theparabolicdependenceon ¦ /¨§ ©�ªv«�¬ publishedin [4].
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latedfor lipid area�¯� � $� #"%  Å / , numberof watermolecules��� �R¡ ( , andmeanouterliposomeradii
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meanvalueof outerliposomeradius
K D�� �h���T� for differentcombinationsof 4 3 and 5 3 values.

As expected,the
K �

parameterdoesnot dependon
K D�� �h���T� for any 4 3 and 5 3 combination

studiedin the investigated200 Å
f K D�� �h���T� f 500 Å range(not shown). However, different
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Fig. 5. Dependenceof the lipid bilayer thickness� � on theradiusof gyration ¦  evaluatedfrom Kratky-
Porodplotsof scatteringcurvessimulatedby usingthemultishellliposomemodel,for constantlipid surface
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region. Thelipid bilayerthickness��� wasvariedby changingthenumberof methylenegroupsin theacyl
chainsof phosphatidylcholinemoleculebetween12and24. Dashedline shows � �¯� �  ��¡  	°t± ²O¦  .

valuesof
K �

wereobtainedfor different 4 3 and 5 3 combinations.We have concludedthus
that there is no effect of

K D�� �_���T� on the
K��

valuesin the studiedrangeof
K D�� �_���T� and

8
valuesat given 4 3 and 5 3 combination,andhave fixed thereforethe liposomesmeanradius
to
K D�� �h���T� ;�³�>a> Å in thefollowing simulations.
To seethe effectsof varying 5 3 values,which were input in the calculationof scattering

curves,the dependenciesof
2 3

vs.
K��

wereplotted in Fig. 5. In thesecalculations,the sur-
facearea 4 3 wasconstantandthe bilayer thickness

2 3
wasvariedby changingthenumberof

methylenegroupsin thebilayerhydrophobicregion. It is clearlyseenfrom thesedata,that the
valueof

K��
obtainedfrom thecalculatedconvolutedscatteringcurvesby usingtheshellmodel

in Fig. 2 at the constant
2	3

valuedependson the numberof watermoleculesintercalatedinto
thebilayerpolar region 5 3 . Theeffect of surfacearea 4 3 supposedto beoccupiedby lipid at
the bilayer –aqueousphaseinterfaceis relatively small in comparisonto the effect of 5 3 (not
shown), neverthelessit mustbetakeninto accountbecause4 3 and

2	3
arecloselyrelated.

In analogyto equation(2), thebilayerthicknessparameter
2 �

is frequentlyobtainedfrom
2 D � P ; Q�S A�K D� U (9)

Wehavethusplottedin Fig. 5 alsothevaluesof
2 3

obtainedsupposingthat
2 3 ; 2 ��; QTS q�´ µ KL�

.
It is seenthat thesevaluesapproachthe valuesof

2 3
obtainedby the multishell modelwhen

5 3 =0, i.e. whenthereis no penetrationof watermoleculesinto thepolarpartof bilayer. Phys-
ically, this situationis highly improbable.Includedarealsothevaluesfor a singleshellmodel,
which supposesa homogeneousscatteringlengthdensitydistribution within the bilayer. Such
modelwasusedin thescatteringcurveevaluationearlier[4, 9-12]. Thedeviation of

2�3
from

2 �
is observedalsoin this case.This deviation is practicallythe samewhen 5 3 � 0, e.g. thereis
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practicallyno changein thecorrespondingcurvewhenchangingthebilayerhomogeneousscat-
tering lengthdensity. It is clear, that the singleshell modelis a rathercrudeapproximationof
the bilayer anddeviatesfrom the multishell modelsignificantly. Onewould intuitively expect
thatthevalueof

2 �
shouldapproachthatof

2 3
whentheratio

K D�� �h���T� ^ 2 3 increases.However,
it seemsthatthis is not valid for liposomesizesandbilayerthicknessesexpectedin experiments
with extrudedliposomespreparedfrom phosphatidylcholines.As an illustration of this fact,
we presentin Fig. 6 thedependenceof

2 D3 ^ K D �
on
K D�� �_���T� ^ 2 3 obtainedfrom scatteringcurves

computersimulatedwith thefixednumberof watermoleculesintercalatedinto thebilayerpolar
region 5 3 =10. In thesesimulations,thebilayerthickness

2�3
wasvariedby changingthenumber

of methylenegroupsin thephospholipidacyl chainsbetween12 and24 aswell asby changing
the lipid surfacearea 4 3 between58 Å

D
and64 Å

D
. It is seenthat

2 �m·; 2	3
in the rangeof

200 Å
f K D�� �h���T� fp¸ >�>

Å expectedfor extrudedliposomes.For example,
2 D3 ^ K D �º¹ QTS

forK D�� �h���T� ^ 2 3 ¹¼» U n and
2 D3 ^ K D � � Q�S

for
K D�� �h���T� ^ 2 3 � » U n for liposomeswith 4 3 =62 Å

D
. A

veryimportantconclusionfollowsfrom thisobservation– thebilayerthicknessparameter
2 �

can
beusedasameasureof bilayerthicknessonly in situationswherethevalueof

K D�� �h���T� is known.

In principle,boththebilayerthickness
2 3

(or thesurfacearea4 3 ) andthenumberof water
molecules5 3 canbe obtainedfrom the scatteringcurvesmeasuredat differentcontrastvalues
whenthevolumetricdataareavailablefrom independentexperiments.Weillustratethisapproach
by usingthe datafor DPPCpublishedby Petracheet al. [18]. First, the convolutedscattering
curve is calculatedby using the multishell model in Fig. 2 for DPPCunilamellar liposomes
(themeanradius

K D�� �h���T� ;¼³a>�>
Å, the sizedistribution

� � ;¾½ Q U Q ¸ Å, the lipid surfacearea
4 3 ; » S U ½ Å

D
and the numberof intercalatedwater moleculesper one lipid 5 3 ; » U ³ ) at



62 P. Balgavý et al

a given molar fraction of heavy and ordinary water 5¶¿ �¨À ^ 7 5j¿ �9À y¾5¶Á �9À : . This first step
simulatesthemeasuringof experimentalcurve. Thefollowing stepsillustratetheevaluationof
this experimentalcurve: The valueof

K �
(exp) is obtainedfrom the simulatedscatteringcurve

by fitting the datain the region of
> U >a> Q Å

C*D f 8 D f > U >�> » Å
C*D

. Then, the
2�3

value is
calculatedfor a given 5 3 valuefrom the interval

> f 5 3 f S >
. This is doneby fixing the

5 3 value, calculatingthe scatteringcurves for different
2 3

valuesand fitting them by linear
functionsin theregionof

> U >�> Q Å
C*D f 8 D f > U >�> » Å

C*D
till their

K��
valuefulfils theconditionÂ K���J�K��a7?FG!HI: Â f > U >�> Q Å. Thesetof paired

2 3
and 5 3 valuesis obtainedat givencontrast

and this is plotted asa continuouscurve by fitting the paired
2 3

and 5 3 pointsby a smooth
polynomialfunction (Fig. 7). The wholeprocedureis repeatedfor anothercontrast.It is seen,
that thecontinuous

2 3
vs. 5 3 curvesobtainedat two differentcontrastsintersectin onepoint.

This intersectioncan be intuitively expected. From all intersectionsof curvescalculatedfor
5j¿ �9À ^ 7 5¶¿ �¨À y¼5¶Á �¨À :�; Q U > , 0.5 and0.3 we have obtainedaveragevalues

2�3 ;Ãnan U Ä Å
( 4 3 ; » S U ½ Å

D
) and 5 3 ; » U ³ , thesameastheinputvalues.

3.2 Evaluation of experimental data

Wehaveusedthemultishellmodelfor evaluationof experimentalSANSdataobtainedby Chere-
zov [14] with unilamellarDMPC liposomesat 30 � C anddifferentcontrasts5 ¿ � À ^ 7 5 ¿ � À y
5 Á � À : . The volumetricparametersusedin the evaluationof theseexperimentaldataarecol-
lectedin theTableIII.

ÅÇÆ
[g/mol] 677.95È 3 [ml/g] 0.978� 3

[Å g ] 1101
Headgroupregion [Å g ] 319
CHD [Å g ] 27.929
CHg [Å g ] 55.858
HD O [Å g ] 30.031
DD O [Å g ] 30.131 TableIII. Volumetricdatafor DMPCbilayersat30 � C.

Themolecularvolumeof DMPC wasobtainedfrom theabsolutespecificvolume È 3 of DMPC
at30 � C measuredby a neutralbuoyancy method[32] as

� 3 ; È 3 ÅÇÆ ^ 5¶É N (10)

where
ÅÊÆ

is theDMPC molecularweightand 5jÉ theAvogadronumber. To obtainthehydro-
carbonregion volume,the volumeof the headgroup

� Á ;Ë³ Q ½
Å g [23] wassubtractedfrom

theDMPC molecularvolume.It wasthensupposedthatthemolecularvolumeof themethylene
group

�VÌ Á � is independentof its positionin theacyl chainandequalto thehalf of themolecular
volumeof the methyl group, i. e.

�aÌ Á�Í ; S �aÌ Á � [18,33]. Finally, it wassupposedthat the
volumeof watermoleculeslocatedin theheadgroupregion is thesameasin thebulk aqueous
phase[4,34].
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TableIV. Valuesof radii of gyrationof unilamellarDMPC liposomesobtainedat differentcontrastsin the
region of (*" (�( ¡ Å Î /jÏ¼ÐE/¶Ï (�" (�(!$ Å Î / (adoptedfrom [14]) andthevaluesof ��� and �¯� obtainedby
fitting theexperimentaldataatfixedvalueof ��� � .�",0 .

5¶¿ �¨À ^ 7 5¶¿ �9À y�5¶Á �9À : K D�
(exp) [Å

D
]

2�3
[Å] 4 3 [Å

D
]

1.0 108.3 42.5 62.2
0.8 100.0 42.1 62.8
0.6 91.7 42.7 61.8
0.4 66.7 42.6 61.2

Theexperimentalvaluesof
K D �

(exp)obtainedfrom thescatteringcurvesin theregionof 0.001

Å
C�D f 8 D f > U >a> » Å

C�D
arecollectedin the TableIV. For eachcombinationof two differentK D �

(exp) values,wehavecalculateddependencieslike in plotsin Fig. 7. Fromtheir intersections
we have obtained

2 3
( 4 3 ) and 5 3 valuesshown in theTableV. In somecases,the intersection

pointswerefoundoutsidethephysicallyreasonableinterval
> ¹ 5 3 ¹ S > . It is evidentthatthe

precisionof the
K D �

(exp) valuesis critical for obtainingthecorrectvaluesof bilayerparameters.
Fromthefitting of simulatedcurveswehavefoundthatfor obtainingsimultaneouslythevalueof
4 3 with precisionbetterthan Ñ Q Å

D
andthatof 5 3 betterthan Ñ Q , therelative precisionof the

two different
K D �

(exp) valuesusedmustbebetterthan1.8%.Thissituationcouldbeimprovedby
usingaconstrainedfit by fixing thevalueof 5 3 or

2�3
( 4 3 ). Thevaluesobtainedat 5 3 ; �BU ³ are

shown in theTableIV. It is seen,thatthescatterbetween
2	3

and 4 3 valuesobtainedat different
contrastsis now relativelysmall– themeanvalues( Ñ thestandarddeviation)are

2 3 ;¢n S U » Ñ > U ¸
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Fig. 7. Dependenceof thelipid bilayer thickness��� on thenumberof watermolecules��� locatedin the
bilayer polar region for differentcontrasts.The datawereobtainedfrom the simulatedscatteringcurves
having the sameradiusof gyration ¦  asthe scatteringcurve of fluid DPPCunilamellarliposomeswith
thelipid surfacearea��� � $� #"%  Å / andthenumberof watermoleculeslocatedin thebilayerpolarregion
� �j� $#"%0 .
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Fig. 8. Dependenceof theDMPC surfacearea��� on thenumberof watermolecules��� calculatedfrom
theexperimentalSANSdata(shadedarea).Horizontallinesanddiamond– SAXD data.For detailsseetext.

Å and 4 3 ; » S U > Ñ > U�� Å
D
. We havefitted theexperimentaldatafor differentvaluesof 5 3 and

plottedtheresultsasafunctionof 4 3 on 5 3 in Fig.8. Sincethefits providealsothehydrocarbon
regionthicknessdata(

S 2�w y S 2	x ), wehaveplottedthemin Fig.9 asafunctionof 5 3 . Theshaded
areasin Figs.8 (9) representall possiblephysicallyreasonablecombinationsof 4 3 7 S 2�w y S 2�x :
and 5 3 thatcanbeobtainedfrom SANSresultsof Cherezov [14] by usingthemultishellmodel.
Thesecanbecomparedwith resultsof otherauthors.

TableV. Surfacearea� � , bilayer thickness� � andnumberof penetratedwatermolecules� � obtained
from experimentalSANS dataof Cherezov [14] by simulatingsimulateneouslytwo scatteringcurves at
indicatedcontrasts.

5 ¿ � À ^ 7 5 ¿ � À y¢5 Á � À : 5 ¿ � À ^ 7 5 ¿ � À y�5 Á � À : 4 3 [Å
D
]

2 3
[Å] 5 3

1.0 0.8 72.9 54.1 28.9
1.0 0.6 60.3 39.9 3.4
1.0 0.4 60.7 40.4 4.2
0.8 0.6 56.9 32.6 -5.8
0.8 0.4 60.4 38.5 2.0
0.6 0.4 60.8 40.7 4.5

Lis et al. [35] have studiedthe fluid lamellar phaseof DMPC at 27 � C after addition of
increasingamountsof watermoleculesperlipid 5 in thesample.By usingtheSAXD, they have
measuredthelamellarrepeatperiod

2
, which remainedconstantin thepresenceof excesswater

after maximumswelling of lipid. They calculatedfrom it the surfacearea 4 3 supposingthat
thereis no penetrationof waterinto thebilayer( 5 3 ;=> ), i.e.

4 3 ; S 7 5 Æ � Æ y � 3 : ^ 2 N (11)
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Fig. 9. Dependenceof the DMPC hydrocarbonregion thicknesss ���Ò��Ó ¨�\Ô on the numberof water
molecules��� calculatedfrom theSANSdata(shadedarea).Horizontallinesanddiamondshow theSAXD
data.For detailsseetext.

where 5 Æ is thenumberof watermoleculesperlipid locatedbetweenbilayers.Oneobtainsthe
same4 3 for 5 3 ·;Õ>

underassumptionthat the molecularvolumeof penetratedwater is the
sameasin thewaterlocatedbetweenbilayers. They supposedfurther thatall watermolecules
in thesample(estimatedby e.g.gravimetry) arelocatedbetweenbilayers(i.e. 5 ÆÓ; 5 ) below
the limiting valueof

2
at maximumswelling, andhave obtained4 3 ; » ¸ U S Å

D
at maximum

swelling.However, thevalueof 4 3 thusobtainedmaybeoverestimated.At totalnumberof wa-
termoleculesperlipid in thesample5 � Q ¸

(which is lessthanthis at themaximumswelling),
thelamellarphaseof phosphatidylcholinesconvertsinto multilamellarliposomes,andwaterfills-
in structuralpackingdefectsotsidetheinterbilayerspace[3,36], i.e. 5 Æ ¹ 5 .

Usingthevaluesof
2

measuredby Lis et al. [35] at variousosmoticpressures,andthevalue
of elasticareacompressibilitymodulusof the bilayer Ö�É ;×> U Q n ¸ Ñ > U > Q > N/m estimatedby
EvansandNeedham[37], RandandParsegian [38] have obtained4 3 ; » Q U�� Å

D
for lamellar

phaseof DMPC at 27 � C asan extrapolatedvalueat zeroosmoticpressure.The hydrocarbon
region thicknesscanbecalculatedfrom equation

S 2�w y S 2�x ; S 79� 3 JØ� Á : ^ 4 3 U (12)

Oneobtainsthen
S 2 w y S 2 x ; S ¸ U n Å. Thevaluesof surfaceareaandof thehydrocarbonregion

thicknessareshown in Fig. 8 andFig. 9 ashorizontaldashedlines (lines a). Intersectionwith
our resultsgives 5 3 ; ��U Q Ñ S U ³ .

Koeniget al. [36] have studiedthe fluid lamellarphaseof DMPC with perdeuteratedacyl
chainsat 30 � C afteradditionof known amountsof water 5 andat variousosmoticpressures.
By usingtheSAXD, they have measuredthe lamellarrepeatperiod

2
. They calculatedfrom it

thesurfacearea4 3 by usingequation(11), however, they have usedonly thedatafor 5 ¹ Q ¸
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wheretheassumption5 Æ ; 5 is valid. Extrapolatingthesedatato thezeroosmoticpressure,
they obtainedÖ É ;�> U Q n Q N/m (with asymmetricconfidenceinterval from 0.091to 0.260N/m)
and 4 3 ; ¸ ½ U ¸ Ñ Q U > Å

D
. Usingequation(12),oneobtains

S 2	w y S 2�x ; S » U ³a½ Ñ > U n ¸ Å. The
valuesof surfaceareaandof thehydrocarbonregion thicknessareshown in Fig. 8 andFig. 9 as
horizontaldashed-dottedlines (linesb). Intersectionswith our region give 5 3 ;¼³ U S Ñ > U�� on
thetop borderand 5 3 ¹ > on thebottomborderof their range.

Petracheet al. [32] have studiedthe fluid lamellarphaseof DMPC at 30 � C by usingthe
synchrotronSAXD. They haveobtainedthephosphate-phosphatedistance

2 i*i acrossthebilayer
from thebilayerelectrondensityprofilesat variousosmoticpressures.Using this distanceand
taking the volumeof headgroup

� Á andof DMPC asin TableIII, they have found the elastic
areacompressibilitymodulusof the bilayer Ö�É ;Ù> U Q > Ä Ñ > U >a³ ¸ N/m and the surfacearea
4 3 ; » > U S Ñ Q U > Å

D
asan extrapolatedvalueat zeroosmoticpressure.Using this valueand

equation(12), oneobtains
S 2 w y S 2 x ; S ¸ U ½ � Ñ > U n�³ Å. The valuesof surfaceareaandof

thehydrocarbonregion thicknessareshown in Fig. 8 andFig. 9 ashorizontalfull lines(linesc).
Intersectionswith ourresultsgave 5 3 ; ¸ U ¸ Ñ Q U n onthetopborderand 5 3 ¹ > U�� onthebottom
borderof their range.Thesevaluescanbecheckedby usingthemeasuredrepeatdistanceof the
lamellarphaseof DMPC

2 ; 2 3 y 2 Æ
, where

2 Æ
is the thicknessof the water layer between

phospholipidbilayers. Petracheet al. [32] have observed
2 ; » S U�� Å at the total numberof

watermoleculeslocatedbetweenbilayers 5 ; S ¸ U�� . UsingtheSAND dataof Büldt et al. [39],
Petracheet al. [32] have concludedthat the thicknessof thepolarheadgroupregion shouldbe2 i ;�½

Å, in this casethebilayer thicknessis
2	3 ; S 7 2	w y 2�x y 2 i :�;�n�³ U ½ � Ñ > U na³ Å. The

numberof watermoleculespenetratedinto the polarheadgroupregion canbe thuscalculated
from theequation

5 3 ;m7 2 4 3 J S � 3 : ^S �VÆÊJ 5 ^S U (13)

Usingthisequationandthevolumetricdatain TableIII, wehave found 5 3 ; Q ³ U S ¸ Ñ > U >a³ .
Koeniget al. [36] haveobtainedÖ É ;¢> U Q ³ » N/m (with asymmetricconfidenceinterval from

0.123to 0.152N/m) and 4 3 ; » ��U ¸ Ñ > U S Å
D

from their
D
H-NMR data. They concludedthat

thesurfaceareaobtainedfrom NMR datain their paperwasoverestimated.Petracheet al. [32]
adoptedthe NMR Ö�É value from [36] andhave found 4 3 ; ¸ ½ U�� Ñ > U S Å

D
,
S 2 w y S 2 x ;

S » U S > Ñ > U >a½ Å and 5 3 ; �BU ³ . Thesevaluesareplottedin Figs.8 and9 asdiamonds.
Comparisonsof our physicallyreasonableresultspaceandresultsof otherautorsin Figs.8,

9 show pleasinglysimilar values,but therearestill discrepancies.Someof thesediscrepancies
may be due to remainingimperfectionsin the SANS dataevaluationmethodproposedin the
presentwork, which mustbefurtherdevelopedandtested.First, thesimulateddataresembling
thestructureof therealbilayermorecloselythanthemultishellmodelhave to beusedasinput
data,suchasatomic-scalemoleculardynamicssimulationsof thebilayer [22,33]. Second,the
deviationsof liposomeshapesfrom spherical[40] mustbe taken into account.This work is in
progressin ourgroup.

AcknowledgmentsN. Kučerkathanksthestaff of theCondensedMatterDivision,FrankLabo-
ratoryof NeutronPhysics,JointInstitutefor NuclearResearchin Dubna,for thehospitality. This
studywassupportedby theSlovak Ministry of Educationgrantsto P. Balgavý andby theJ. A.
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