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Biomembranesbelongto themostimportantstructuresof thecell andthecell organels.They
play not only structuralrole of the barrier separatingthe external and internal part of the
membranebut containalsovariousfunctionalmolecules,like receptors,ionic channels,car-
riersandenzymes.Thecell membranealsopreservesnon-equillibriumstatein a cell which
is crucial for maintainingits excitability andothersignalingfunctions.Thegrowing interest
to thebiomembranesis alsodueto their uniquephysicalproperties.Fromphysicalpoint of
view thebiomembranes,thatarecomposedof lipid bilayer into which areincorporatedinte-
gral proteinsandon their surfaceareanchoredperipheralproteinsandpolysaccharides,rep-
resentliquid scrystalof smectictype. Thebiomembranesarecharacterizedby anisotropy of
structuralandphysicalproperties.Thecomplex structureof biomembranesmakesthestudy
of their physicalpropertiesratherdif�cult. Thereforeseveralmodelsystemsthatmimic the
structureof biomembranesweredeveloped.Amongthemthelipid monolayersatanair-water
interphase,bilayerlipid membranes(BLM), supportedbilayerlipid membranes(sBLM) and
liposomesaremostknown. Thiswork is focusedontheintroductioninto the,,physicalword”
of thebiomembranesandtheir models.After introductionto themembranestructureandthe
history of its establishment,the physicalpropertiesof the biomembranesandtheir models
arearestepwisepresented.The most focusis on the propertiesof lipid monolayers,BLM,
sBLM and liposomesthat weremostdetailedstudied. This contribution hastutorial char-
acterthatmaybeusefull for undergraduateandgraduatestudentsin theareaof biophysics,
biochemistry, molecularbiology andbioengineering,however it containsalsooriginal work
of the authorandhis co-worker andPhD students,that may be usefull also for specialists
working in the�eld of biomembranesandmodelmembranes.
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1 Intr oduction

Biologicalmembraneis oneof themostimportantcell structure.It representsanenvelopof the
cell with uniquebarrierfunction, that provide directionaltransportof speciesinto thecell and
wasteandtoxic compoundsoutof thecell. In addition,thelow permeabilityof themembranefor
chargedparticles,e.g. ions,allowing to maintainnonequilibriumion distribution betweenextra
cellular andcytoplasmicsideof the cell, which is crucial for cell function. Destructionof the
membraneresultedin establishmentof equilibriumandcell apoptosis.Themembranewith sup-
portedproteinnet - glycocalix is responsiblefor thecell shapeandowing to theviscoelasticity
alsofor reversiblechangesof this shapeduringcell function. Biomembranesprovide,however
not only structuralandbarrierfunctions.They containintegral andperipheralproteins,thatare
responsiblefor communicationof thecell with surroundingenvironment,i.e. they havereceptor
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functionandareresponsiblealsofor transferof thesignalsinto thecell by meansof sophisticated
signalingpathways.In amembranealsoseveralcatalyticalprocessesareconcentrated,for exam-
ple theenergy transductionconnectedwith synthesisof energeticallyreachmoleculeadenosine
thriphosphate(ATP). From physicalpoint of view the biomembranerepresentanisotropicand
inhomogeneousstructurewith propertiestypical to liquid crystalsof smectictype.Dueto rather
complicatedstructure,anisotropy andinhomogeneitythestudyof thephysicalandelectrochem-
ical propertiesof thebiomembranesis dif�cult. Thereforeseveralmodelsof biomembraneshave
beendeveloped,that including micelles,monolayers,lipid bilayers,liposomesandalso solid
supportedlipid �lms. Thesestructuresallowing to varry in largescalethelipid compositionand
allowing to incorporateintegral or peripheralproteins.Thus,themodelmembranescanbecon-
structedin awaythatmimicsthestructureandpropertiesof biomembranes.During lastdecades
theuniquepropertiesof lipid membranesallowed to fabricatebiocompatibleandbiofunctional
interfaceson a solid surfaces.Thesesupportedlipid �lms allowing to immobilizevariousfunc-
tionalmacromolecules,likeenzymes,antibodies,receptorsandnucleicacidswithoutlostof their
nativeconformation,selectivity, sensitivity andcatalyticactivity. Thesesystemsallowing to per-
form stress-freeanalyzingof interactionwith the membraneof variouspharmacologicaldrugs
andthusto understandthe effect of thesecompoundson the cell behavior. The lipid �lms are
selfassemblingstructures.Thisuniquepropertycanbeutilizedin fabricationof smartbiosensors
with excellentsensitivity andselectivity.

This work is devoted to introduceinto the peculiaritiesof theseexiting structuresand to
demonstrateuniquephysicalpropertiesof biomembranesandtheir models. The readeris step
wisely introducedinto to the peculiarityof the membranestructureandhow this structurehas
beenhistorically established.Novel knowledgeobtainedin recentstudiesis presented.The
chemicalcompositionof biomembranesis thenshowed. Model structures,allowing to study
physicalpropertiesof themembranes,sucharemonolayers,bilayers,liposomesandsupported
membranesaredescribedtogetherwith typical methodsusing for their study. Importantphe-
nomenaandproperties,suchareelectricalandmechanicalstability, electroporation,membrane
thermodynamicsand mechanics,protein-lipid interactions,membranepotentials,electropora-
tion, ionic transport,cell receptorsandsignalingareconsidered.Examplesof the application
of supportedlipid membranesin fundamentalstudies,nanotechnologyand in constructionof
biosensorsarepresentedaswell.

2 Membrane structur eand composition

2.1 Membrane structur e

Biologicalmembranesareoneof themostimportantstructuralandfunctionalcomponentsof the
cell. They ful�ll a numberof importantfunctions[1-4]:

1. structural- they surroundthe cell cytoplasmandgive a certainform to the cell and its
organelles.

2. barrier- they securethepassinginto andoutof thecell only of necessaryions,low molec-
ular compounds,proteinsetc.
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Fig. 1. Themodelof thestructureof biomembrane.

3. contact- they performthecontactsof cellsbetweeneachotherby meansof speci�c struc-
tures.

4. receptors- they are susceptibleto different signalsfrom surroundingenvironment by
meansof specialproteinstructuresincorporatedinto themembrane.Thesesignalscould
belight, mechanicaldeformations,speci�c substancesetc.

5. transport- they providetheactiveandpassive transmembranemembranetransportof ions
andtransportaswell astransportof electronsin mitochondriaandchloroplasts.

Thestructureof biomembraneshasseveralcommonfeatures(Fig. 1). Their basisis a lipid
bilayercomposedof lipid moleculesinto whichareincorporatedperipheralandintegralproteins.
They aresupportedorcoveredbystructuralproteins,sucharee.g.spectrinnetin erythrocytes[2],
or bacterialS-proteins[5]. Theouterpartof thebacterialandplantmembranesarealsocovered
by polysaccharides[2]. Thelipid matrixprovidestheintegrity of themembrane,electricalisola-
tion, andthepossibilityof selfassemblyof thecorrespondingproteinstructurein themembrane.
Theproteinsdeterminethe ful�llment of thespeci�c functionsby themembrane.In particular
the integral proteins,which penetratethroughthemembranearefor exampleionic channelsor
theproteinsthatprovide active ionic transport– ATPases,etc. In normal,physiologicalcondi-
tionsthelipid bilayeris in liquid-crystallinestate.Fromphysicalpointof view thebiomembrane
representtheliquid crystalof asmectictype[6]. Thethicknessof biomembranesvariedbetween
5–10nmandis considerablelessthenthedimensionof thecells(typically several� m). Thevari-
ationsin biomembranethicknessis mostlydueto theintegral,peripheralandstructuralproteins
aswell asdueto presenceof lipopolysaccharidesandglycopolysaccharides[2].

Due to small thicknessof the membranesthe discovery of the membraneandstudyof its
structureandpropertieswasnot easy. Theprogressin understandingof thepeculiaritiesof the
membranestructureandpropertieswasdirectly connectedwith the progressin physics. The
appearanceof light microscopeand especiallyconsiderableprogressin fabricationof optical
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(a) (b) (c)

(d)

Fig. 2. Brief schematichistoricaloverview of themodelsof biomembranes.(a) – lipid bilayeraccording
to GortelandGrendel[8], (b) – Model by Danielli andDawson[10], (c) - unitarymodelof biomebraneby
Robetson[13], (d) - micellarmodelproposedby Lucy [14].

lensesin 17 centuryallowedto perform�rst observationof thecell structureby Hooke in 1662.
However the further progresswas ratherslow and only in 1831 Brown showed existenceof
nucleusin a cell [7]. Then the cell theory, one of the fundamentalconceptof biology, has
beenformulatedby botanistSchleiden(1838)andzoologistSchwann(1839)[2]. However, at
this time evenhypothesison theexistenceof themembranedid not exist. Theexistenceof the
membranesurroundingthe cell hasbeenproposedonly in 1855by Negeli, who observed that
undamagedcells canchangethevolumeuponthe changesof osmoticpressureof surrounding
environment.Theseexperimentshavebeencontinuedby Overton[1], whoshowedthatnonpolar
moleculespenetrateeasierthroughthe cell membranethenpolar molecules.Resultsof these
experimentsallowedhim to raisethehypothesisthat themembranestructurehasa lipid nature.
Furtherdevelopmentof theconceptof membranestructurehasbeenachievedthanksto work by
GorterandGrendel[8] at the�rst third of XX. century. This timewascharacterizedby excellent
achievementin the studyof monomolecularlayersat an air-water interfaceperformedmostly
dueto thework by Langmuirandco-workers[9,10]. GorterandGrendel[8] usedthis approach.
They extractedlipids from erythrocytesandshowed that the areaof the monomolecularlayer
formedby lipids onanair-waterinterfaceis twiceof theareaof erythrocytecell. Thisresultedin
theconceptthatthebiomembraneis composedof thetwo monomolecularlipid layers(Fig. 2a).

Despitecertainerrorsin their study, that consistedin underestimationof concentrationof
lipids (they usedacetonefor extractionof lipids, which however doesnot allow to extract all
lipids) andareaof erythrocytes(they determinedthe areafrom dry cells) aswell as that they
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Tab. 1. Thecompositionof biomembranes[1].

Biomembrane
% of dry weight

proteins lipids hydrocarbons

Myelin 18 79 3
Humanerythrocytes 49 43 8
Outersegmentof retinarood 51 49 –
Mitochondriaof therat liver – – –

Innermembranes 76 24 2 <
Outermembranes 52 48 –

Salmonellatyphimurium – – –
Innermembranes 65 35 –
Outermembranes 44 20 37

did not considerthe presenceof proteins,the bilayer conceptof biomembranestructurewas
acceptedby wide scienti�c community. It is now clearthat if they will performtheexperiment
correctlytheinterpretationwill bedifferent.It is known now thatthemembraneof erythrocyteis
composedonly by 43% of lipids, while therest,49% aretheproteinsand8 % thehydrocarbons
(seeTable1).

The assumptionthat also the proteinsareconnectedwith the membraneshasbeenraised
10 yearslater by Danielli andco-workers[11] dueto necessityto explain substantiallylower
surfacetensionof biomembranesin comparisonwith purelipid monolayersat air-waterinter-
face. For examplethe surfacetensionof the membraneof the cell of seaurchin wasapprox.
0.2mN m� 1, while thatfor themonolayersof fattyacidsatair-waterinterfacewasbetween10–
15 mN m� 1 [12]. Furtherstudiesalsoshowedthatadditionof proteinsinto thewatersubphase
resultedin decreaseof surfacetensionof lipid monolayers.It hasbeenthereforeproposedthat
theglobularproteinsareconnectedwith bothsurfacesof thelipid bilayer(Fig. 2b).

Direct approval of theexistenceof biomembranehasbeenpossibleonly after discovery of
electronmicroscopy and its applicationin biology in the 50th of the XX. century. The �rst
micrographsperformedby electronmicroscopy showedthatthecell is surroundedby thin mem-
braneof a thicknessapprox.6–10nm. Thismembranewascomposedof threelayers.Two high
electrondensitylayersof a thicknessapprox.2 nmwereseparatedby low electrondensitylayer
of a thickness3.5nm [13]. Similar structurehasbeenobservedalsoin mostof intracellularor-
ganelles[14]. It hasbeenproposedthatthehighelectrondensitylayerscorrespondto theregion
of polarheadgroupsof phospholipidslayercoveredby proteins,while low electrondensitylayer
correspondsto thehydrophobicpartof the lipid bilayer(see[7] for electronmicrographof cell
structures).On the baseof theseresultsRobertson[15] proposedthe elementarymodelof the
asymmetriccell membrane.Accordingto this model the lipid bilayer is coveredby the layer
of the proteinsin a � -conformationthat areadjacentto the polar part of the membranedueto
electrostaticinteractions.The asymmetryis dueto the fact thatoutermonolayeris coveredby
glycoproteins(Fig. 2c). FurtherLucy (seeRef. [12]) proposedthemembranemodelcomposed
of themicellescoveredby proteins(Fig. 2d). However, this modelcannot explain rathersmall
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conductivity of bilayer lipid membranes(BLM) determinedby Mueller et al. [16]. This and
furtherstudiesshowedthatthespeci�c conductanceof BLM is in therange10� 6-10� 10 
 � 1

cm� 2 [17,18].
High resolutionelectronmicroscopy aswell asimprovedmethodsof preparationultra thin

samplesallowedto obtainthemicrographsof cell membraneswith additionalstructuraldetails.
It hasbeenshown the existenceof channelsin a membraneaswell asmosaicstructureof the
cell surface. The analysisof theseresultsallowed to proposeso called�uid-mosaic modelof
biomembrane[19,20]. Accordingto this model(Fig. 1) themembraneis composedof thelipid
bilayerwith incorporatedproteins.Themodelallowedto explainparticularlythedependenceof
theactivity of membraneproteinson thephysicalstateof membraneaswell asexistenceof the
membraneviscosity. Furtherprotein-crystallicmodelproposedby Vanderkooi andGreen(see
Refs.[11,21])differsfrom �uid-mosaic modelonly by postulatingtheexistencein a membrane
of a rigid proteinstructure.Currentlyvariousmodi�cation of �uid-mosaic modelsareusedfor
descriptionof biomembranestructure.However, thestudiesof physicalpropertiesof biomem-
branesandlipid bilayersrevealedthat the mobility of somemembraneproteinsis stronglyre-
stricted.Also theconceptof continuouslipid bilayeris certainsimpli�cation. Theexperimental
andtheoreticalstudiesperformedrecentlyhave shown that the lateralstructureof lipid bilayer
is dynamicsandheterogeneousand is characterizedby lipid-domain formationwith different
mobility of lipids andproteins[1,2].

Speci�c interactionsbetweenmembranecomponentsleadto selective orientationandseg-
regationof the lipids andproteinsin the planeof the membrane.Thereare the lipid clusters
composedof up to several hundredsof molecules.The existenceof long-rangesuperstructure
was observed on model membranesystemsby several methods,e.g. by scanningtunneling
microscopy [22]. Aggregatesof proteinsalsooccurein biomembranes.A typical exampleof
this phenomenonis theaggregationof integral protein- bacteriorhodopsinin membranes[23].
The two-dimensionalmatrix of a biomembraneprobablyconsistsof patchesof phospholipid
moleculesin differentdegreesof conformationaldisorder. Undercertainconditions,thebilayer
organizationcanbeinterruptedby nonbilayerphases[24] aswell asby bilayerphasesof differ-
entcomposition,andby regionsof mismatchbetweencoexisting phases.Suchfeatureswithin
theorganizationof a membranecanhave differentlife-times,andmaybeformedasa response
to environmentalandmetabolicperturbations[4]. Several typesof molecularmotionsof lipids
andproteinsareexperiencedby the componentswithin the membrane:rotationof molecules
alongtheiraxesperpendicularto theplaneof themembraneoccursevery0.1–100nsecfor lipids
and0.01–100msecfor proteins;segmentalmotionof acyl chains(0.01–1nsec)givesriseto an
increaseddisordertowardthecenterof themembrane;translationalmotionof moleculesin the
planeof themembraneoccurswith a lateraldiffusioncoef�cient of 10� 10 to 10� 8 cm2 sec� 1.
Thedynamicalpropertiesof themembranecomponentsdiffer morethanwhatwouldbeexpected
only on thebasisof their size.

The biomembranesare composedof lipids, proteinsandhydrocarbons.The proteinsand
lipids representthe main part of the biomembrane.The contentof hydrocarbonsusuallydoes
not surpass10 %. Hydrocarbonsaremostlycovalentlyboundedto thelipids (glycolipids)or to
theproteins(glycoproteins).Both glycolipidsandglycoproteinsplay importantrole in thecell
recognition.Thehydrocarbonsarelocalizedat outerpartof all biomembranesandthustogether
with thedifferentchemicalcompositionof lipids atbothmembranemonolayerscontributeto the
membraneasymmetry. Membraneis asymmetricalalsoin respectof proteins. The contentof
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proteinsin themembranevariesfrom almost20% for membranesof myelin to almost80% for
innermembranesof mitochondria(Table1).

2.2 Membrane lipids

Lipid bilayeris aselfassembledstructureformedfrom lipids in anaqueousenvironment.This is
theresultof thehydrophobiceffect,wherebythenonpolaracyl chainsof lipids andthenonpolar
aminoacid residuesin proteinstendto besqueezedaway from theaqueousphase.Thereexist
morethen100variousphospholipidsthatdiffer by their polarheadgroupsandthecomposition
of hydrophobicchains.Lipids canbedividedon threemainclasses:phospholipids,glycolipids
andsterols.

Phospholipidsare most frequentlyoccurredlipids of cell membranes.They are divided
on two mainclasses:glycerophospholipidsandsphingophospholipids(derivativesof ceramide
andsphingomyelin).Theglycerophospholipids(phosphatidylcholine(PC),phosphatidylethanol-
amine(PE),phosphatidylserine(PS),phosphatidylinositol(PI) andphosphatidylglycerol(PG))
have similar structure,which consistof polar headgroupandtwo hydrophobicchainsof fatty
acidsthatareconnectedto theglycerol backbone(Fig. 3). The main representativesof phos-
pholipidsareshown in Fig. 4. Thestructuresof glycerophospholipidsandsphingophospholipids
differ considerablyin theinterfacialandhydrophobicpart (comparestructureof PCandSM on
Fig. 4). Themostcommonbasein mammalianSM is sphingosine(1,3-dihydroxy-2-amino-4-
octadecene),with atrans-doublebondbetweenC4andC5atoms.Phospholipidsplaydominantly
structuralrole in themembrane.They participateon formationof thebarrierfor passive translo-
cationof ionsandotherspeciesthroughthemembraneandprovidespecialenvironmentfor func-
tion of membraneproteins.However, certainlipids have alsofunctionalrole. Typical examples
are phosphatidylinositoland sphingomyelin. Phosphatidylinositolis localizedin cytoplasmic
sideof the membraneand is importantfor cell signalling. Sphingomyelin(SM) is important
componentof eukaryoticcell. SM hasthecylindrical shapelike PC,thathelpto minimize free
energy in formationof lipid bilayers.However, in additionto thestructuralrole, it participates
alsoin cell signaling(seepart 10.2). Productsof SM metabolism,like ceramidesphingosine,
sphingosine-1-phosphateanddiacylglycerol, areimportantcellularefectorsandgive SM a role
in cellular functionslike apoptosis,ageinganddevelopment[25]. SM formsmorestablecom-
plexeswith cholesterolin comparisonwith other phospholipids.Resultsobtainedduring the
lastdecadeshow a substantiallateralorganizationof bothlipids andproteinsin biomembranes.
Sphingolipids,includingSM, togetherwith cholesterol,havebeenshown asimportantfactorsin
formationof lateraldomainsor “rafts” formationin biologicalmembranes.Thesedomainshave
beensuggestedto takepartin cellularprocesses,suchassignaltransduction,membranetracking
andproteinsorting. Theformationof lateral“rafts” in biologicalmembranesis supposedto be
drivenby lipid-lipid interactions,which arelargely dependenton thestructureandbiophysical
propertiesof thelipid components[25,26].

Glycolipidsarelocalizedexclusively at extracellularsideof plasmaticmembrane.Thesugar
residuesof glycolipidsarethereforeexposedto theexternalpartof thecell andcreatetheprotec-
tive�lm, whichsurroundingmostof thelivingcells.Glycolipidsarerepresentedby cerebrosides,
sulphatidesandgangliosides.As anexample,monogalactosyldiglyceride(MG) andgalactosyl-
ceramide(GC)areshown onFig. 4.

Sterolsof themembranesareconstructedon thebaseof sterolbackbone.Amongsterolsthe
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(a) (b)

Fig. 3. Themoleculeof glycerophospholipid- phosphatidylcholine.(a) – schematicrepresentation,(b) –
chemicalstructure. The glycerophospholipidis composedof � ve parts: hydrophilic cholineheadgroup
is connectedthroughthephosphateresidueto theglycerolbackbone.Theglycerol is connectedwith two
hydrocarbonchainof fatty acids.Thispartcreatethehydrophobicpartof thephospholipid.At theplaceof
doublebondthehydrophobicchainis tilted in respectto thedirectionnormalto themembrane(Reproduced
by permissionfrom Ref. [2]).

cholesterol(CH) is typical only for living cells,but bacterialandplantcellsdo not containthis
sterol.Theplantscontainsstigmasterol(ST),andmicroorganisms– ergosterol(ES)(Fig. 5).

Lipid compositionof variousliving cells is presentedin Table2. We canseethat thebasic
lipids arephosphatidylcholineandphosphatidylethanolamine.Glycolipidsareoccurredin larger
extentin a membraneof myeline.

Thereexist high varietyof fatty acidsin phospholipids.However, mostly two or threetypes
of fatty acidsaredominantin cell membranes.In higherplantstherearemostlypalmitic, oleyl
andlinoleyl acids. Thestearoyl acidpracticallydoesnot occurredthere. Thecell of living or-
ganismscontainsin additionto palmiticandoleyl acidsalsothefattyacidswith largernumberof
carbons– 20andmore.As arulethey arecomposedof evennumberof carbonatoms.Theunsat-
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Fig. 4. Structuralformulaof mainlipids presentedin biomembranes.PC- phosphatidylcholine,PE- phos-
phatidylethanolamine,PS- phosphatidylserine,PI - phosphatidylinositol,PG- phosphatidylglycerol,SM -
sphingomyelin,MG - monogalactosyldiglyceride,GC- galactosylceramide,DPG- diphosphatidylglycerol
(cardiolipin).
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Fig. 5. Structuralformulaof mainsterolspresentedin biomembranes.CH – cholesterol,ST– stigmasterol,
ES- ergosterol.

Tab. 2. Lipid compositionof cells(% of thetotal massof all lipids).

Lipids Plasma Nucleus Mitochon- Myeline Erythro- E. Coli
membrane dria cytes

Phosphatidylcholine 44.0 37.5 10 19.0 0
Sphingomyelin 3.0 0 8.5 17.5 0
Phosphatidylethanolamine 16.5 28.5 20.0 18.0 65.0
Phosphatidylserine 7.0 3.5 0 8.5 8.5 0
Phosphatidylinositol 3.0 6.0 2.5 1.0 1.0 0
Lisophosphatidylcholine 2.5 1.0 0 – – –
Phosphatidylglycerol 18.5 – – – – 18.0
Diphosphatidylglycerol 12.0 1.0 14.0 0 0 12.0
Otherphospholipids 11.5 – – – – –
Cholesterol 19.5 10.0 – 26.0 25.0 0
Cholesterolesters 2.5 1.0 2.5 – – –
Fattyacids 6.0 9.0 – – – –
Glycolipids – – – 26.0 10.0 0
Otherlipids 15.0 5.5 15.0 0.5 1.5 –

uratedfattyacidscontaindoublebondsalmostexclusively in acis-conformation.An exampleof
fattyacidcompositionin anerythrocytemembraneof manis presentedonTable3. Thephospho-
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Tab. 3. Fatty acid compositionof the phospholipidsof erythrocyte. PC – phosphatidylcholines,PE –
phosphatidylethanolamines,PS-phosphatidylserines,SM - sphingomyelines.

Fattyacid PC PE PS SM

C 16:0 34 29 14 28
C 18:0 13 9 36 7
C 18:1 22 22 15 6
C 18:2 18 6 7 2
C 20:4 6 18 21 8
C 24:0 – – – 20
C 24:1 – – – 14

lipids composedof unsaturatedfattyacidsaretypicalfor biomembranes.Appearanceof only one
doublebondin onechainof fatty acidconsiderablydecreasesthephasetransitiontemperature
from gelto liquid-crystallinestateof phospholipid.For exampledipalmitoylphosphatidylcholine
(DPPC)composedof two saturatedfattyacids- palmiticacids(16carbons)hasmainphasetran-
sitiontemperatureatapprox.41 � C.However, palmitoyloleylphosphatidylcholine(POPC)which
differ from DPPConly by onedoublebondin onefatty acidchainhasphasetransitiontemper-
atureat � 5 � C. Thus, thanksto the unsaturatedfatty acidsthe biomembraneat physiological
temperaturesarein a liquid-crystallinestate.

In additionto above mentionedlipids thereexist alsoanotherlipids that occurredlessfre-
quentlyin a membranes.Amongtheselipids we canmentionplasmalogens.In themoleculeof
plasmalogeninsteadof acyl groupat the �rst carbonatomof glycerol thereis aldehydegroup.
Anotherphospholipid– cardiolipin(diphosphatidylglycerol)(Fig. 4) is importantcomponentof
themembranesof mitochondria.It hasbeenfoundthatin cyanobacteriathenitrogenis replaced
by sulphateandthuscreatingsulphophospholipids.Theseorganismsareableto producesulpho-
cholinefrom cysteineandmetionine,which protectscyanobacteria,so they cannot beutilized
by otherorganismsin sea.Themembranesof thethermophilicandmethaneproducingbacteria
containdiphytanoyl glycerolethers.Thefattyacidchainsof theselipids arecovalentlyconnected
in a middlesideof themembrane.This resultedin higheststability of thelipid bilayerthatpro-
tectthemembranefrom disruptionathighertemperaturesaswell asagainstdissolutioneffectof
methanol.

Distribution of the lipids in a membraneis highly asymmetric.The glycolipids areexclu-
sively locatedat outermonolayerof themembrane.Theassymmetryin a distribution of phos-
pholipidsin themembraneof erythrocyteis shownonFig. 6. In theoutermonolayerarelocalized
themajority of two cholinecontainingphospholipids,sphingomyelinandphosphatidylcholine.
The two amino– phospholipidsarepredominantly(phosphatidylethanolamine)or even exclu-
sively (phosphatidylserine)localizedin thecytoplasmichalf of thebilayer[27]. Theuncatalyzed
exchangeof lipid moleculesbetweenmonolayersis very slow andprobablydoesnot exist for
proteins. Transbilayermovementis energetically unfavorablebecauseit requiresthe insertion
of thepolargroupsinto thenonpolarregion andtheexposureof theapolargroupsto thepolar
region. Slow uncatalyzedtransbilayermovement(thesocalled�ip-�op) of somephospholipid
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Fig. 6. Transbilayerdistribution of phospholipidsin thehumanerythrocyte membrane.TPL - total phos-
pholipid, SM - sphingomyelin,PC - phosphatidylcholine,PE - phosphatidyletanolamineandPS- phos-
phatidylserine.(Reproducedby permissionfrom Ref. [27]).

hashalf-time valueof 3 to 27 h (phosphatidylcholine),whereascertainphospholipids(phos-
phatidylethanolamine)aresubjectto anATP-dependent“�ippase” – catalyzedinwardmovement
with ahalf-timeof approximately30min. Probablymuchfasteris thetransbilayermovementof
cholesterol,revealinghalf-timevaluein orderof seconds.

All membranecomponentsarerecycledmany timesduringthelife of thecell. Thelife time
of the phospholipidsdependson the intensityof function of the membrane.For examplethe
life time of phosphatidylcholinein a myeline membraneis 2 months,while in membraneof
mitochondria,whereextensiveoxidativeprocessestakeplaceit is only 2 weeks.

2.3 Membrane proteins

Membraneproteinsplay importantfunctional role in a cell. They form ionic channels,trans-
porters,receptorsandenzymes.Certainproteinsplay alsostructuralroles.An exampleis spec-
trin net locatedin cytoplasmicsideof themembrane(Fig. 7) [2]. The membraneproteinsare
divided into threemain groups– peripheralproteins,integral proteins(seeFig. 1) andstruc-
tural proteins. The enzymesaremostwidespreadproteinsin a membranes.They canbe both
integral (ATPases)andperipheral(acetylcholinesterase,phosphatases).Thereceptorsaswell as
immunoproteinscouldalsobeperipheralor integral. Thereceptorproteinsareusuallyconnected
with additionalproteinsin cytoplasmicsideof the membranefor transferthe signal insidethe
cell. Among theseproteinstheG-proteinsplay importantrole in cell signaling. Cell signaling
andtheroleof G-proteinswill bedescribedin moredetailbelow (seepart10.2).

Peripheral proteins, e.g. cytochromc, arelocalizedat the membranesurfaceandarecon-
nectedwith a membraneeitherby meansof electrostaticinteractionsor they containshorthy-
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Fig. 7. Membraneproteinsandtheir functions:A – ionic channel,B – Diffusiontransporter;C – Receptor,
D – Enzyme(transformssubstrateS to theproductP).

drobhobicchain,thatallows to anchorperipheralproteinto themembrane.Peripheralproteins
canbeisolatedby meansof changesthepH or ionic strength.

Integral proteins, e.g. glycophorin,Na,K ATPase,bacteriorhodopsinetc. aretranslocated
acrossthelipid bilayer. In additionto hydrophilicpart,whichcontactedwith waterenvironment,
they are characterizedalso by hydrophobicpart, that contactedwith hydrophobicinterior of
the membrane.Integral proteinshave variousdegreeof complexity andcanpassthroughthe
membraneonly once(glycophorin),or several time (bacteriorhodopsin– this protein7 times
crossthemembrane[2]). Integral proteinsaremoretightly connectedwith themembranethen
peripheralproteins.Themembranearchitectureaswell asfunctioningof membraneproteinsis
determinedby protein-lipidinteractions.This questionwill beconsideredbelow (part6.3). The
isolationof integral proteinsis moredif�cult in comparisonwith peripheralproteins. For this
purposeit is necessaryto useorganicsolventsor detergents.As we alreadymentioned,organic
solvents,like themixture of chloroform/methanol,allows to isolateintegral proteins,however,
after the isolation the proteinsmay lost the activity. They canbe use,however, for structural
studies,but usuallyarenot suitablefor functionalstudies.Most commonis isolationof integral
proteinsby detergents.Amongdetergents,theionic detergent,sodiumdodecylsulphate,sodium
cholateor non ionic detergent, like Triton X-100 are most common. Application of sodium
cholateandTriton X-100 is, howevermostsoft for preservingthefunctionof proteins.Therole
of the detergentsconsistsin disturbingthe lipid bilayer and in formationof detergent-protein
complexes,thataresolublein water. Also thelipid moleculesformscomplexeswith detergents.
Themoleculesof detergentareof conicalshape.Thereforein a waterthey form micelles.The
processof solubilizationof integralproteinsis showedonFig.8. Thedisadvantageof application
of detergents,howeverconsistin thefactthatdetergentsremainadjacentto theproteins,therefore
additionalmethodsof puri�cation shouldbeusedto receivepureproteinfraction. In recenttime
the syntheticmethodsaremostpreferablein synthesisof shortpeptidesfor modelstudiesand
biotechnologiesfor productionof someproteinsof high purity.
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Fig. 8. Schemeof theisolationof integral proteinsby detergent.

Fig. 9. Theschematicrepresentationof cytoskeletonof erythrocytemembrane.

Structuralproteinsform the membranecytoskeleton. An exampleis the spectrinlocalized
at cytoplasmicsideof erythrocyte membrane.The structuralproteinsdo not belongexactly to
themembraneproteins,but areconnectedto themembranethroughintegralproteins.For exam-
ple thebandIII proteinof erythrocytesis connectedwith small proteinankerine. The spectrin
threadsareconnectedto theankerin (Fig. 9). Thespectrinnet togetherwith microtubulesand
micro�lamentsprotectthecell againstchangesof theshapeor changesof thecell volume.The
mainproteinof cytoskeletonis tubuline. Tubuline is ableto form aggregatesandformstube-like
structures.The integrity of thesestructuresis possibleonly at very low concentrationof Ca2+

ions(usually10� 7 M). Increaseof calciumconcentrationin cytoplasmicsideof thecell cande-
stroy thecytoskeleton.ThereforeCa2+ - pumpscontinuouslyprovidevery low level of calcium
in a cell by eitherremoving it into cytoplasmicreticulumor outsidethecell. Cytoskeletoncon-
siderablestabilizesthe integrity of thecell membrane.Importantfactorof this stabilizationare
alsointercellularcontactsthat arecreatedby collagen. All living cell excepterythrocytesand
lymphocyteshave thecell envelope– theglycokalix.
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Fig. 10. Incorporationof synthesizedproteinsinto themembrane.A – signalpeptide,B - signalpeptide
connectedwith receptor, C -receptorfacilitatetheincorporationof thepeptideinto themembrane,D – after
incorporationof thepeptide,thesignalpart is removedandpolysaccharidesareattached,E – ribosomeis
separatedfrom themembrane.(Accordingto Ref. [28]).

The life time of membraneproteinsis from 2 to 5 days. Thereforethereexist mechanism
thatprovidestransportof newly synthesizedmembraneproteinsto themembrane.Thesynthesis
of theproteinis startedat the ribosomesinsideof the endoplasmaticreticulum(Fig. 10). The
growth of thepolypeptidechainstartsfrom N-terminal. First thespecialsequenceof thechain
is synthesizedthat is recognizedby membranereceptor. As soonas the polypeptidechain is
suf�ciently long,it separatesfrom thereceptor, but preservetheconnectionwith ribosome.After
thesynthesistheproteinis separatedfrom ribosome[28].

3 Models of the membranestructur e

The study of physicalpropertiesof the biomembranesis ratherdif�cult due to small size of
the cell (typically several � m), small thickness(5-10 nm), considerableinhomogeneityand
anisotropy. In additionit is dif�cult to studyseparatelythe propertiesof the lipid bilayersand
in�uence of proteinsto the bilayer. Thereforebiophysicalstudiesof the membraneproperties
havebeenperformedonvariousmodelsof membranestructure,sucharelipid monolayers,mul-
tilayers,bilayer lipid membranes(BLM), multi- or unilamellarvesiclesandsupportedbilayer
lipid membranes(sBLM).

Historically the �rst modelsof membranestructurewerethe lipid monolayers,that played
considerablerole in establishingthebilayernatureof biomembranesat the�rst third of theXX
century. The stablebilayer lipid membraneshave beenreportedin 1962by Mueller and co-
workers [29]. Finally in 1965Banghamwith co-workers [30] discoveredthe liposomes,that
becomesmost popularand most widely usedmodel systemfor study the physicalproperties
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Fig. 11. a) Expandedandcondensedmonolayeron a watersurface.b) Schemeof depositionof themono-
layersontoa hydrophobicsurface(e.g. mica). The immersedsurfaceof thesurfacebecomeshydrophilic
afterdepositionof the�rst layerandbecomeshydrophobicafterdepositionof the2 nd layer.

of biomembranes.Lipid membraneson a solid supporthasbeenreportedby McConnelet al.
in 1988 [31]. Below we presentthe methodsof formation and basicphysicaland structural
propertiesof thesesystems.

3.1 Lipid monolayers

Lipid monolayersare formedspontaneouslyat an air-water interface. This is due to the am-
phiphilic natureof the lipids. Whenlipids aredissolved in a non-aqueousvolatile solventand
introducedontoapolarliquid surface,thesolventwill evaporateleaving thelipid moleculesori-
entedat theliquid-gasinterface.Thepolarheadgroupspulling themoleculeinto thebulk of the
waterandthe hydrophobicchainsareorientedinto the air. Sweepinga barrierover the water
surfacecausesthe moleculesto comeclosertogetherandeventually to form compressedand
orderedmonolayer– muchlike forcing togetherballsona billiard or pool table(Fig. 11a).

The formationof thin oil �lms on an air-waterinterfacehasbeen�rstly reportedin XVIII.
centuryby BenjaminFranklin. During his visit Londonin 1773heobservedthatoneteaspoon
of oil sputteredonawaterhadcalmingin�uence overhalf of anacre(2000m2) of water. Taking
into accountthevolumeof oil 5 ml this would meanthata �lm thickness0.25� m (about100
layers)wascoveringthis surface.Franklin reportedhis �nding to theRoyal Societyof London
in 1774.Theinvestigationof thepropertiesof oil �lms onanair-waterinterfacehasbeenstarted
by AgnesPockels with very simpletroughin her kitchen. Shereportedher resultsin letter to
Lord Rayleightand publishedin Naturein 1891. Sheas a �rst performedexperimentswith
monolayersusingthebarrier.

Considerableprogressin physicalstudiesof monolayershasbeenachieved thanksto the
work by Irving Langmuir. Langmuirstudiedtherelationshipbetweenthepressureandareaon
an aqueoussurface. FurtherKatherineBlodgett, who worked with Langmuir, developedthe
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techniqueof transferringthe�lms ontosolidsubstrates(Fig. 11b).A brief historyof Langmuir-
Blodgett�lms hasbeenpublishedby Gaines[32].

Below we considerbasicprincipleof monolayerthermodynamicsandthepropertiesof lipid
monolayersat an air-water interface. We also includebasicprinciplesof dipole potentialand
Maxwell displacementcurrentsof the monolayers.The basicphysicalvaluethat characterizes
thelipid monolayeris surfacetension
 .

3.1.1 Surfacetension

Thechangesof internalenergy at thesolid-liquid interfaceis characterizedby equation[33]

dU = TdS +
X

� i dni � PdV + 
 dA; (1)

whereU is theinternalenergyof thesystem,S is theentropy, � i andn i arethechemicalpotential
andthemolenumberof componenti , respectively, A is total interfacialareaand
 is thesurface
tensionof theinterface.

SincethefreeGibbsenergy G = U � TS + pV, it follows thatat constantpressure,p, and
usingthesurfaceexcessquantities

dGex = � Sex dT +
X

� i dnex
i + 
 dA (2)

and


 =

�
�
�
�
dGex

dA

�
�
�
�
T ;p;n i

: (3)

In thecaseof a pureliquid in anequilibriumwith its saturatedvapor, thesurfacetensionis
alsoequalto thesurfaceexcessof theHelmholtzfreeenergy (F = G � pV) perunit area


 0 = F ex
0 =A: (4)

To illustrate the physicalmeaningof the surfacetension,let us considerthe lipid �lm at
the air waterinterfaceof the Langmuir-Blodgetttrough(Fig. 12a). The lipid moleculesin the
insolublemonolayercan move only parallel of the water surface. The moleculeshit against
movablebarriercreatingthesurfacepressure� . Thenthework donein extendingthemovable
barriera distancedx is: � l dx. On theotherside,thechangeof surfaceenergy at theexchange
of lipid monolayeron purelywatersurfaceis (
 0 � 
 ) l dx, where
 0 and
 aresurfacetension
of thewaterandmonolayer, respectively. Thus,

� = Force=l = 
 0 � 
 : (5)

Thesurfacetensionis thena forceper lengthunit expressedasNm� 1. As anexample,the
surfacetensionof purewater, 
 0 = 72:75 mNm� 1 [34]. A �uid interface,suchasair/water
interface,hastheadvantageof beinga planeinterface.Thechangesin interfacialfreeenergy of
this interfacecanbeestimatedby measurementof surfacepressure.Themostcommonmethod
of measurementthesurfacepressureis theWilhelmy method[35]. Accordingto this methoda
thin plate,usuallymadeof glass,mica,platinumor �lter paper, is partially immersedin theliquid
phaseandis connectedto anelectromicrobalance.Theforcesactingon theplateareits weight
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Fig. 12. a) Langmuir-Blodgetttroughwith lipid monolayer;b) schematicrepresentationof theprincipleof
themeasurementthesurfacepressure.For descriptionseethetext.

Fp andsurfacetensioneffectsdownward,andArchimedesbuoyancy Fa upward(Fig. 12b).The
netdownwardforceis

F = Fp + 2
 (w + t) cos� � Fa ; (6)

wherew andt (t � w) arethewidth andthethicknessof theplane,respectively, and� is the
contactangleof the liquid with solid plate. If theplateis completelywetted,thecontactangle
� = 0 andcos� = 1, sothat

F = Fp + 2
 w � Fa : (7)

Whenthecompositionof theinterfacevaries,Fp andFa (providedtheplateis maintainedin
a �x edposition)stayconstant,then� F = 2w(
 solution � 
 water ) = � 2w� and

� = � � F=2w: (8)
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Fig.13. Schemeof theMaxwell displacementcurrents(MDC) experimentalset-upin thea)gasstateandb)
solidstateof thelipid monolayer. Themonolayeris formedbetweentheupperelectrode,suspendedapprox
1.5mm above thesubphasesurface(1) andelectrodeimmersedin thesubphase(2). Moleculesareforced
to changeof their orientation,which is accompaniedby the �o w of thecurrent. Currentsinducedduring
compressionaredetectedby sensitive electrometer(3). Changeof theorientationof themoleculesresults
in thechangeof thevertical componentof dipolemoment(M 1 andM 2 correspondto dipolemomentsat
thegasandsolidstates,respectively).

3.1.2 Dipole potential

The dipole potential� V of the monolayeris differencebetweenthe potentialof a monolayer
andthatof cleansubphase.The measurementof dipolepotentialallows to analyzechangesin
theorientationof themoleculardipolesin themonolayerduringcompression.Presenceof the
monolayerbetweenelectrodescauseschangesof thepotentialbasedon theHelmholtzequation

� V = � n =(A " r "o); (9)

where" r and" o arethe relative dielectricconstantof the air (" r � 1) andthe permittivity of
vacuum,respectively, � n is thenormalcomponentof thedipolemomentof themoleculeandA
is themoleculararea.Thedipolepotentialwasmeasuredbymeansof vibratingplatemethod[36]
usinghighsensitiveelectrostaticvoltmeter320Candelectrode3250(Kelvin probe)(TREK Inc.,
USA), thatallowedmeasuringdipolepotentialwith anaccuracy of 1 mV. Thedipolepotentialof
thephospholipidmonolayersis in theorderof severalhundredmD [36].

3.1.3 Maxwell diplacementcurr ent

TheMaxwell displacementcurrent(MDC) representsthesumof thecontributionscomingfrom
changesof theorientationsof themolecules(dM z), changesof thenumberof themoleculesun-
dertheupperelectrode(dN ) (Fig. 13) andchangesof thesurfacepotentialof thepuresubphase
(d� )

dQ
dt

= I =
N
d

dMZ

dt
+

M Z

d
dN
dt

+
"0 S

d
d�
dt

; (10)

whered is thedistancebetweenelectrode1 andwatersurface,S is theareaof electrode1 and
"0 is thedielectricconstantof vacuum[37]. Becausethesurfacepotentialof thepuresubphase
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is constantduringtheexperiment,only �rst two componentsparticipateontheMDC. Apparatus
for measurementMDC is basedon two parallelelectrodes.Oneis immersedin the waterand
groundedandthesecondis placedin theair approx.1.5mmabovethesubphaseandelectrically
shielded.Theareaof thetop electrodeis usuallyapprox.20 cm2. Currentcanbemeasuredby
sensitive electrometere.g.Keithley 617(Keithley Instruments,USA) (seee.g. [38]). TheMDC
is usuallyrecordedsimultaneouslywith surfacepressure– areaisotherms.

The MDC techniqueis sensitive only to dynamicchargeprocesses,which in describedex-
perimentalsetuparecausedby lateralcompressionof thelipid monolayer. Thereforeany time-
independentcharge (mainly structuredwaterlayer andadditionalsubstancesin subphase)dis-
tributednear/attheinterfacehasnoeffecton theMDC. In comparisonwith conventionalelectri-
calmeasurementsof surfacepotential(by theKelvin probemethod)MDC techniqueis of consid-
erableadvantagefor time-dependedstudiesof reorientationof themoleculesin themonolayer.
Dipolemomentprojectionanalysisby MDC methodis verysensitivefor evaluationof molecular
orientation(so-called̀ orderparameter')aswell aselectricstateand/orconformationchangesof
the molecule. This methodcanbe ratherinformative for studythe phospholipid/proteinphase
transitionsandin�uence of monolayercompositionon the intermolecularinteractions.In con-
trastwith surfacepressure– areaisothermanalysis,MDC measurementis extremelysensitive
also in the low surfacepressurearea,whereother methodssuchare excessarea,Gibbs free
energy, elasticmodulusaremuchlessinformative.

3.1.4 Propertiesof lipid monolayers

The phospholipidsform stablemonolayersat an air-water interface. The forcesbetweenthe
polarheadgroupsareof electrostaticnatureandareproportionalto 1=r2 (r is theintermolecular
separation).Theforcesbetweenhydrocarbonchainsaredueto vanderWaal's interactionsand
areproportionalto 1=r6 (attractive forces)and1=r12 (repulsive forces). Thus,the interactions
in the subphaseare of longer rangethan thosein superphase.When the lipids are spreadat
suf�ciently large surfaceandno externalpressureis appliedto the monolayer, the molecules
behaveasa two dimensionalgas(RegionG onFig. 14),whichcanbedescribedby equation

� A = kT; (11)

where� is thesurfacepressure,A themoleculararea,k is theBoltzmanconstantandT is the
thermodynamictemperature.Furthercompressionresultedin the�lm orderingthatbehave like
two dimensionalliquid. This liquid expandedstate(L-E) is shown on Fig. 14. With continued
compressiontheL-E stateturnsinto liquid condensingstate(L-C). Furthercompressionresulted
in solid stateof the �lm (S). This solid stateis characterizedby a steepandusuallylinear rela-
tionshipbetweensurfacepressureandmoleculararea.Thecollapsepressure,� C , is reachedat
furthercompressionatwhichthe�lm irretrievablylosesits monomolecularform. Theforcesex-
erteduponit becometoostrongfor con�nementin two-dimensionsandmoleculesareejectedout
of themonolayerplaneinto eitherthesubphase(morehydrophilicmolecules)or thesuperphase
(morehydrophobicmolecules).However, collapseis not uniform acrossthe monolayerbut is
usuallyinitiatednearthe leadingedgeof thebarrieror at discontinuitiesin thetrough-suchare
cornersor theWilhelmy plate.Usuallyacollapsed�lm will consistof largeareasof uncollapsed
monolayercontainedtheislandsof collapsedregions.Thevalueof thecollapsepressurevaries
dependingon the phopsholipidstructureand temperature.For simplesaturatedfatty acid the
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(a) (b)

Fig. 14. (a) Compressionisothermof themonolayer:G – gassstate;L-E liquid expandedstate;L-C liquid
condensedstate;Ssolidstate;C – collapse;� C collapsepressure;� t transitionpressure(atthebeginningof
theL-E-LC transition);At meanareaat � t , A0 limiting area;AS , areain thesolidstate.Thearrow indicates
thedirectionof thecompression.(b) Schematicrepresentationof themonolayerstructuresatdifferentstate.

collapsepressurecanbein excessof 50 mN m� 1 which is equivalentto about200atmospheres
if extrapolatedto threedimensions.

The� � A isothermsfor realmonolayerscanbewell describedby two-dimensionalanalog
of vanderWaal'sequation

�
� +

a
A2

�
(A � b) = kT; (12)

wherea is thevanderWaal's constantthatcharacterizestheintermolecularinteraction,b is the
effectiveareaof moleculecross-section(b � A0).

Quantitative information can be obtainedon the moleculardimensionsand shapeof the
moleculesunderstudy. Whenthemonolayeris in two-dimensionalsolid (S)or liquid condensed
state(L-C) themoleculesarerelatively well orientedandcloselypackedandthezeropressure
molecularareacanbe obtainingby extrapolatingthe slopeof solid (AS ) or liquid-condensed
(A0) phaseto zeropressure– thepoint at which theselinescrossesthex-axis. This point cor-
respondto the hypotheticalareaoccupiedby onemoleculein eithersolid or liquid-condensed
state(Fig. 14). Theshapesof the� � A isothermsof lipid monolayersdependson temperature.
This is shown onFig. 15wherethegeneralcharacterof � � A isothermsfor monolayersformed
from phosphatidylcholinecomposedof saturatedfatty acid is presented.The isothermlabeled
T7 representmonolayersat liquid crystallinestate. The curve labeledT6 representsa lipid at
thetransitiontemperature.Thetransitionof thelipid occursvery closeto thecollapsepressure.
The othercurvesrepresentmonolayersat lower temperatures.They exhibit monolayerphase
transition(region tendingtowardhorizontal)from �uid to rigid �lms at pressuresthatarelower,
thelower thetemperature.T1 representsanisothermthat is almostentirelyof a solid �lm [39].
Thephasetransitionin a monolayercould take placealsoin a constantpressure.For example
in a narrow temperatureinterval (� 2 � C) in a monolayercomposedof myristineacidthephase
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Fig. 15. Relationshipbetweensurfacepressureandthe areaper moleculefor lipid monolayersat an air-
waterinterface(Accordingto [39] reproducedby permission).

transitionfrom condensedto a liquid expandedstatetakesplace. This transitionis accompa-
nied by increaseof the areaper moleculesince0.21nm2 to 0.4 nm2 [18]. The calculationof
thermodynamicparametersof themonolayersatphasetransitionsis discussedin Ref. [40].

The � � A isothermscanbeeffectively usedfor estimationtheareaper moleculeof phos-
pholipid. This areadependson boththestructureandchargeof headgroupaswell ason length
and degreeof saturationof the hydrocarbonchains. As an example,the Fig. 16 represents
the � � A isothermsof lipid monolayerscomposedof differentphosphatidylcholines:dioleoyl
phosphatidylcholine(DOPC)hasbothchainsunsaturated,soy beanphosphatidylcholine(SBPC)
haspolyunsaturatedfatty acidschains,egg phosphatidylcholine(eggPC)has50 % saturated
and50 % unsaturatedchainsanddipalmitoylphosphatidylcholine(DPPC)hasbothchainssatu-
rated.It is evidentthat,at any �x edsurfacepressuretheareapermoleculeis in following order:
DOPC > SBPC > eggPC> DPPC. Figure17schematicallyillustratestheareapermolecule
andintermoleculardistancein thesefour phospholipids.Thecorrespondingintermoleculardis-
tancewascalculatedto be10.6 	A, 10.0 	A, 9.7 	A and8.1 	A (1 	A = 0.1nm) at a surfacepressure
of 20 mN m� 1 (1 mN m� 1 = 1 dyn.cm� 1) [41]. Thus,a changein thesaturationof the fatty
acidresultedin changesof intermoleculardistancein themonolayer.
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Fig. 16. Surfacepressure-areaisothermsof 2 - DOPC,� - SBPC,4 - eggPCand� - DPPC(According
to [41] reproducedby permission).

Fig. 17. Schematicrepresentationof theareapermoleculeandintermoleculardistanceon DOPC,SBPC,
eggPCandDPPCbasedon thedataplottedin Fig. 16. (Accordingto [41] reproducedby permission).
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If themonolayeris composedof themixtureof differentphospholipids,thendependingon
thestructureof phospholipidsthemonolayercouldbe lessor moredenselypacked. Obviously,
in a constantsurfacepressureandin thecaseof idealmiscibility or in thecaseof lack of misci-
bility theplot of theaverageareapermoleculeasa functionof concentrationof theoneof the
componentshouldbestraightline

A12 = xA 1 + (1 � x)A2; (13)

wherex is themolefractionof thecomponentA1 andA1 andA2 areextrapolatedto the“zero-
pressure”areasfor correspondingphospholipids.Any deviationfrom linearity indicateschanges
in the miscibility of the monolayercomponentsandcanindicateof formationsupermolecular
assembliesor domains.Thesedomainscanbeobservableby �uorescencemicroscopy [42]. The
lipid monolayerscanbe effectively usealsofor studythemechanismsof protein-lipid interac-
tions [35], the mechanismof functioningof phospholipases[43]. Wide applicationof mono-
layersareconnectedwith nanotechnologies.The Langmuir-Blodgettmethodof depositionof
lipid monolayerson a solid supportallowing to preparebiosensorscomposedof thin �lms as
well asto useanotherpowerful techniquesfor studythephysicalandstructuralpropertiesof thin
�lms, suchareFouriertransforminfraredspectroscopy (FTIR),atomicforcemicroscopy (AFM),
scanningtunnelingmicroscopy (STM) andothermethods(seeRef. [44] for applicationof lipid
monolayers).

Theexactcorrespondenceof thepropertiesof lipid monolayersto thepropertiesof biomem-
branesis, however, still underdiscussion[6] andis particularlyconnectedwith selectionof the
surfacepressureof monolayersthatmostadequatelycorrespondsto that of bilayersaswell as
with thequestionsconcerningthemechanismsof interactionbetweentwo monolayersthatcre-
atethebilayers.Marshsuggestedthat � shouldbein range30–35mN m� 1 [45]. However, the
maintransitiontemperature,TM , for DPPCthenoccursabout5 � C to low comparedto bilayers.
Otherauthorssuggest� = 50 mN m� 1 [46]. This give correctTM , but theareapermolecule
at T = 50 � C for DPPCmonolayersis lessthenthatof bilayers[6]. Thepredictionof bilayer
propertiesusingmonolayerscouldbemostcorrectin thecasewhennospeci�c interactionexists
betweentwo monolayers.Thereis, however evidence,that suchinteractionshouldexists [6].
Despiteof this, it is obviousagreatadvantageof applicationof monolayersfor studythesurface
propertiesof lipid membranes.Themonolayersallowsto measuremucheasiertheareaperphos-
pholipidsthenbilayers.It is alsoeasyto measuredipolepotentialof themonolayersandto study
the adsorptionprocessesat the water-monolayerinterface[47]. This advantagetogetherwith
othernew applicationsin nanotechnologiesshow that lipid monolayersrepresentveryattractive
objectfor physicsaswell asfor bioelectrochemistry. The studyof the thermodynamicproper-
ties of lipid monolayerscanbe performedby preciseLangmuir-Blodgetthrough(e.g. NIMA
TechnologyLtd. producesof throughof differentsize including tensiometersanddeepersfor
deposition�lms ona solidsupport[48]).

Monolayertechniqueallowing to studynot only purelipid monolayersbut alsotheir mix-
tureswith proteinsandshortpeptides(seeRef. [35] for review). They arealsousefull for study
thepeculiaritiesof DNA hybridizationat thesurfaces[49] aswell asfor studythepropertiesof
thelipid monolayerswith incorporatedarti�cial receptors,e.g. calixarenes[50]. Otherapplica-
tions,includingthestudyof themechanismsof enzymaticreactionsat interfacescanbefoundin
Ref. [51].
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3.1.5 Propertiesof peptidemonolayers

It is interestingthat alsoproteinsor shortpeptidescanform stablemonolayersat an air-water
interface[35]. As an examplewe will presentresultsobtainedrecentlyin our laboratorythat
describethethermodynamicandelectricpropertiesof monolayersformedby gramicidinA [52].

GramicidinA (gA) is bacterialpeptidecomposedof 15 aminoacid residuessecretedfrom
Bacilusbrevis. Dueto its relatively simplestructureit is oneof thebeststudiedshortpeptideand
it is oftenusedasamodelof integralmembraneprotein[53,54].Thesequenceof gA wasfor the
�rst timereportedby SargesandWitkop [55] andis asfollows: formyl-L-Val1-D-Gly-L-Ala-D-
Leu-L-Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp15-ethanolamine.
Thisstructurehasspeci�c combinationof alteringL- andD- hydrophobicresiduesthatis respon-
siblefor helicalconformationof gA. It is known thatgA easilyincorporatesinto thebilayerlipid
membrane(BLM). Extensivestudiesof gA in BLM revealedthatin lipid environmentthis pep-
tide maintainssingle-stranded� 6;3 conformation[56]. In a lipid bilayer two gA monomersare
orientedwith their N-terminals(formyl end)head-to-head,resultingin theformationof theion
channelthatspanningthemembrane.Accordingto NMR studiesthelengthof gA in DMPCbi-
layersis 2.5nm[57]. Crosssectionalareaof gA in thesebilayerswasestimatedas2.5nm2 [58].
Innerdiameterof suchachannelis � 0:4 nm[59]. Thechannelis permeablefor monovalent,but
not for divalentcations[60]. However, in solutionanddependingonsurroundingsolventaswell
asin a crystallineform, severaldifferentinterwinedhelicaldimerswerereported.Thesedouble
helicaldimerswerefoundalsoin vesiclesof polyunsaturatedlipids aswell asin planarbilayer
lipid membranesat certainconditions(seeRef. [54] for review). Among varioussecondary
structuresthe double-strandinterwined� 5;6 helix is of specialinterest. It hassimilar length
(2.6–3.0nm) like gA channelin � 6;3 conformation,andthusrepresentstructuralalternative to
dimermodelof thegA channelin a membrane.

Due to amphiphilicproperties,gA forms stablemonolayersat an air-water interface. De-
tailed analysisof PM-IRRAS spectraat several �x ed areaper moleculesin combinationwith
X-ray re�ectivity resultsshowed,thatat relatively largemolecularareasgA is in disorderedsec-
ondarystructure,however at smallermolecularareasit adopts� 5;6 helical conformationwith
30� orientationwith respectto the direction perpendicularto a monolayer[61]. Application
of PM-IRRASmethodsto gA in a lipid monolayersrevealed,thatgA couldbe in � 6;3 confor-
mation[62]. However, �nal conformationof gA dependson gA/phospholipidratio. The � 6;3

conformationis preferredat low gramicidincontentin a lipid bilayer[53].
Thepropertiesof mixedgA – phospholipidmonolayersarerathercomplex. It hasbeenfound

thatgA aggregatesin thedipalmitoyl phosphatidylcholine(DPPC)monolayersin a gel stateat
very low concentrations(8 � 10� 4 mol%). Theaggregationwasaccompaniedby formationof
�at subunitswith “doughnut”shape(up to � 150nm in diameter).Thermodynamicstudiesof
suchasystemrevealedmaximumof miscibility of bothDPPCandgA at � 28mol%of gA [63].
In thiswork it wascon�rmed, thatsmallestaggregationunit of gA is hexamer, surroundedby 16
lipid molecules.

Importantpeculiarityof gA is connectedwith existenceof dipolemomentcausedbypresence
of tryptophanresiduesand their indole dipoles. Thesedipolesinteractwith dipolesof polar
groupsof phospholipidsandwatermoleculesat a bilayer-waterinterface[64,65]. Reorientation
of thegA andlipid moleculesoccurredduring compressionof monolayersresultedin changes
of dipolepotential,whichcanbemonitoredby meansof Kelvin probe[66-68]. In Section3.1.3.



714 Structureandphysicalpropertiesof biomembrabesandmodelmembranes

Fig. 18. a) The plot of surfacepressureb) dipole potential(curve 1) anddipole moment(curve 2) asa
functionof meanmolecularareafor monolayersof puregA. T = 18 � C [52].

we shortly introducedthe contactlessmethodfor study the physicalpropertiesof monolayers
– the techniquebasedon measurementMaxwell's displacementcurrents(MDCs). MDCs are
generatedduringcompressionof themonolayer. This methodis suitableto studyreorientation
of the moleculesin the lipid monolayers.Although MDC techniqueis relatively widespread,
only recentlyit hasbeenappliedfor studythereorientationof peptidesin lipid monolayers[52].

It is expectedthat formation of secondarystructureof gA in a monolayershouldbe ac-
companiedby changesof dipolemomentsof moleculesandthusshouldbemonitoredby MDC
technique.

3.1.5.1 Pressure-areaisothermsof gA monolayers

Aswementionedabove,gA formsstablemonolayersatthewatersubphase.It is seenonFig.18a,
wheretheplot of pressurevs. areapermoleculeis presentedfor gA monolayerat T = 18 � C.
Pressure-areaisothermhastypical shapeandis in agreementwith previously publishedresults
(seee.g. Ref. [61]). It is seenthat gaseousphase(G) at relatively low pressureat which the
areapermoleculeis > 7 nm2 is transferredto a liquid expandedphase(L-E). Furthercompres-
sionof themonolayeris accompaniedby characteristicshoulderwith clearlyvisible plateauat
surfacepressure� � 14 mN m� 1. Detailedanalysisof the dataobtainedby PM-IRRAS and
X-ray re�ectivity studies[61] allowedto connectphysicalpropertiesof thegA monolayerswith
changesof secondarystructureof gA molecules.The�rst increaseof surfacepressurebetween
0 to 10 mN m� 1 wasattributedto formationof interwined� -helix from disorderedsecondary
structure.At theplateauregionbetween10–20mN m� 1 onlydensityof gA monolayerincreases,
but moleculesareorientedparallelto themonolayer. Sharpincreaseof surfacepressureabove
20 mN m� 1 wasattributed to tilting of the � -helix. The collapseof the gA monolayertook
placeatapprox.46mN m� 1, whichsuggestverygoodmonolayerstability. Extrapolationof the
partof the isothermcorrespondingto thesolid state(at surfacepressureabove 30 mN m� 1) to
thezerosurfacepressureallows to estimatemolecularareapergA molecule,which is approx.
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2 nm2�molecule� 1. This valueis in goodagreementwith the resultsobtainedby theotherau-
thors[63]. Thepressure-areaisothermswererecordedalsoat highertemperature28 � C andhad
similar shapeandpropertieslike thatfor 18 � C (resultsarenotshown). It is interestingthatsim-
ilar shapeof thearea-pressureisothermwasobservedalsofor othershort� -helicalpeptideL24

[69]. It is likely, that the transitionfrom disorderedto orderedsecondarystructurefor peptides
of comparablelengthtookplaceat similar surfacepressures.

3.1.5.2 Dipole potential of gA monolayers

The plot of dipole potentialvs. areaper molecule(curve 1) is presentedon Fig. 18b. It is
seenthat dipole potentialmonotonouslyincreaseswith decreasingthe areaper moleculeuntil
A � 1:7 nm2, whensharperincreaseof the dipole potentialstarts. The startof this increase
correspondto transitionof monolayerinto a well ordered�lm. In this region gA moleculesare
verycloseto eachotheranddueto theexistenceof dipolesof tryptophanatethanolamineend,the
gA moleculesinteractmorestrongly. Thereforethe�nal valueof thedipolepotentialre�ects not
only thechangesof theorientation,but alsointeractionsbetweengA molecules.Usingthedipole
potentialit is possibleto estimatedipolemoment,� n , of gA (seeEq.(9)). In assumptionthatthe
relativedielectricconstantof themedium(air) is 1, theEq. (9) canbetransformedaccordingto
Gaines[70] into theform

� V = 12� � n =A; (14)

where� V is dipole potentialin mV, A is the areaper moleculein 	A2/moleculeand� n is the
dipolemomentin milliDebye(mD) units.Theplot of dipolemomentof gA asafunctionof mean
molecularareais shown on Fig. 18b(curve 2). Thedipolemomentat theareapermoleculeof
2.5 nm2, when gA hasalreadywell formed secondarystructureis around0.5 D. This value
is similar to dipole momentof phospholipids[36]. Small dipole momentsat the beginning of
compressionare due to not establishedsecondarystructureof gA as well as due to random
orientationof gA molecules.Theregion of small growth of dipolemomentcorrespondsto the
shoulderat � � A isotherm,whengA hasalreadyestablishedsecondarystructure.Moredetailed
informationonthekineticsof changesof dipolemomentduringcompressioncanbeobtainedby
meansof MDC method.

3.1.5.3 MDC of gA monolayers

The plots of MDC as a function of areaper moleculefor pure gA monolayerduring three
compression-expansioncycles are presentedon Fig. 19. Only curvescorrespondingto com-
pressionareshowedfor simplicity. Themonolayerwascompressedonly up to surfacepressure
35 mN m� 1 at which themoleculesaretightly packed,but werestill in monolayerform. One
canseefrom Fig.19thesharpincreaseof thecurrentatbeginningof thecompressionthatcanbe
connectedwith thecondensationof thegA, formationof orderedsecondarystructureaswell as
with certainreorientationof gA moleculesduringcompression.The increaseof thenumberof
themoleculesundertheelectrodecouldalsocontributeto thiseffect. Pleasenotethatin contrast
with the MDC, thereis no sharpincreaseof dipole potentialat the beginning of compression
(Fig. 18b). This is connectedwith thefactthatMDC is moresensitive to reorientationof dipole
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Fig. 19. Maxwell displacementcurrentversusmeanmolecularareafor puregA monolayerfor threesub-
sequentcompressionsup to 30 mN/m. The numberof compressionis showed at correspondingcurve.
T = 18 � C [52].

momentsof moleculesin comparisonwith dipolepotentialmeasurements.Furtherincreaseof
the currentstartingfrom 6 nm2�molecule� 1 canbe connectedwith increaseof the numberof
moleculesundertheelectrode.Thereasonof the“hairy” shapeof the�rst compressioncurve is
probablydueto not well-orderedmonolayer. Subsequentexpansion,followedby compressions,
resultedbetterorderingof gA monolayers.Bothcurvescorrespondingto thesecondandthethird
compressionshave higherandmorenarrow peakat the region � 7:2 nm2�molecule� 1. This is
probablydueto better-orientedmolecules,andhencebetterdistribution of gA, undertheelec-
trode,comparingto the�rst compression.On theotherside,increaseof thecurrentat thelower
molecularareasis notsodramaticin comparisonwith �rst compression,but slowly increasesup
to � 4 nm2�molecule� 1, whenthecurrentreachessteadystatevalueof approx.20 � 10� 15 A
(i.e. 20fA). TheMDC is ratherlow. However, thebackgroundcurrentfor apurewatersubphase
withoutmonolayeris around1–3fA, i.e. morethenoneorderof magnitudelower in comparison
with thosefor monolayer. Detailedanalysisperformedearlier[71] showed, that generationof
theMDC is not connectedwith suchphenomenaasmotionof intrinsic ionsor ionizationof the
monolayerandis attributedto reorientationof dipolemomentsof themoleculesfrom which the
monolayeris composed.

Moredetailedinsightinto thecurrent– arearelationcanbeseenin Fig.20wherebothsurface
pressureandcurrentareplottedasafunctionof areafor thethird compression– expansioncycle.
Thestabilityof themonolayerandtheprocessof thereversibility areprovedby almostthesame
shapeof the isothermscorrespondingto bothcompressionandexpansion.The sameholdsfor
the behavior of the MDC, while the shapeof the current– areacurve at the expansionis the
mirror pictureof thecurveat thecompression.

Thecurrentstartsto grow immediatelyfrom thebeginningof thecompression,althoughthe
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Fig.20. Surfacepressure(dashedline) andMaxwell displacementcurrent(full line) versusmeanmolecular
areaof pure gA monolayersfor compressionand expansioncycles. The direction of compressionand
expansionis showedby arrows. T = 18 � C [52].

surfacepressureis still zero. As it wasalreadymentionedabove,current– areaplot canbedi-
videdon two parts– �rst oneat thehigherareascomesfrom theformationof orderedsecondary
structureandpossiblechangesof orientationof the gA moleculesaswell asdueto increased
numberof themoleculesundertheelectrode.Secondoneat thelower areasis dueto changeof
thenumberof themoleculesundertheelectrode.It is likely, thatbiphasicchangesof thecurrent
at the beginningof the compressioncouldbe connectedwith formationof secondarystructure
of gA, namelyinterwined� 5;6 helix. Thecurrentstartsto beconstantat � 4 nm2/molecule,at
theareathat is characterizedby theappearingtheplateauon theisotherm.We should,however
note,thatexacttypeof secondarystructurecanbedeterminedby spectroscopic,but notby MDC
method.Accordingto Ref. [61], at this region thesecondarystructureof gA is alreadyestab-
lishedandthemoleculesareuniformly orderedin parallelto amonolayer. Thesharpincreaseof
thecurrentafter2 nm2/moleculecanbeconnectedwith changesof orientationof gA. This is in
goodagreementwith theresultsobtainedby PM-IRRASandX-ray re�ectivity studies[61].

3.1.5.4 Dipole momentof gA

Theobtainedvaluesof MDC allowing to estimatedipolemomentof gA molecules.Thevertical
componentof themolecularelectricdipolemomentis proportionalto thechangesin theinduced
chargeon theelectrode1 (Fig. 13) andcanbeexpressedasfollows

M z =
G
N

tZ

0

I (t)dt; (15)

whereG is geometricfactor (in ideal caseit is equalto distancefrom electrode1 to the sub-
phase[71]) andN is thenumberof themoleculesundertheelectrode1 (seeFig. 13). Generally,
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Fig. 21. Dipole momentversusmeanmolecularareafor gA monolayerfor threesubsequentcompressions
calculatedfrom MDC presentedonFig. 19. Thenumberof compressionis showedatcorrespondingcurve.
T = 18 � C [52].

geometricfactorhascomplicatedform anddependson theshapeof theelectrode,distributionof
thecharges,shieldingetc.Therefore,determinationof thedipolemomentrequiresexactknowl-
edgeon thegeometricfactor. In orderto avoid problemswith geometricfactorwe expressedthe
valuesof dipolemomentsin arbitraryunits(a.u.).

Figure21 shows theplot of dipolemomentvs. areafor gA monolayercalculatedusingthe
datapresentedon Fig. 19. We canseethat the curve 1 correspondingto �rst compressionis
ratherdifferent from that correspondingto secondand third compressions.The shapeof the
curve 1 re�ects complicatedprocessof the formationof the monolayer. After the preparation
of the monolayerthe moleculesare randomlydistributed and the transitionsfrom one struc-
tural stateto anotherdo not occur at one moment,but in small steps. Thesestepsare well
resolvedat areas5 and4.7nm2�molecule� 1. Thedipolemomentreachesmaximumat thearea
of 3 nm2�molecule� 1. Theshapeof thecurvesof thesubsequentcompressionsis differentfrom
thatcorrespondingto the�rst compression.It canbeexpectedthatafter�rst compression– ex-
pansioncycle certainpartof themoleculesis not orientedparallelto thesurfacebut molecules
are tilted undersomeanglefrom the position normal to the surface. It is also possible,that
moleculesform smallaggregatesthatarestableaftercompression.On theotherside,becauseat
�nishing of the�rst compression(notexceedingthecollapsepressure)well orderedmonolayeris
formed,consecutiveexpansionspreadingthemoleculesmoreuniformly, i.e. they arein similar
distancefrom eachother. Therefore,furthercompressionsarecharacterizedby morecontinuous
increaseof the numberof moleculesunderthe electrode,aswell asmoreuniform uprisingof
themolecules.Betterstability of themonolayercanbeseenfrom theshapeof thecurvescor-
respondingto thesecondandthethird compression.Thereorientationof themoleculesis more
�uent.
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From comparisonof the plot of both the surfacepressureanddipole momentversusmean
molecularareaof gA monolayer(Figs.20and21)it canbesee,thatthedipolemomentincreases
with decreasingof meanmolecularareauntil � 7 nm2/moleculewhenthesurfacepressurestarts
to increase.Thedipolemomentprojectionremainsconstantbetween5,2– 7 nm2/moleculewhen
themonolayeris in theliquid expanded(L – E) state.In line with abovediscussionit is likely that
orderedsecondarystructureof gA is formedat themeanmolecularareaof 7 nm2�molecule� 1.
At the region 5.2–7nm2�molecule� 1 the interwined� 5;6 helix is alreadyestablishedandcom-
pressionof themonolayerresultedonly in moretightly packedmolecules,but doesnot change
of gA secondarystructure.Phasetransitionfrom L – E to liquid- condensedstate(L – C) state
causedfurther increaseof themoleculepacking,however increaseof dipolemomentin this re-
gionrevealedonly changesin gA orientation.Thedipolemomentreachesmaximumat thesame
area3.6nm2�molecule� 1, wherethein�e xedpoint of theplateauis situated.Next phasetransi-
tion form L – C to solid (S) phasecauseddramaticdecreaseof thedipolemoment.We assume
that this decreaseis not causedby the collapseof the monolayer(monolayerwascompressed
up to 30 mN m� 1, i.e. far below from the critical pressure� 45 mN m� 1), but by another
reorientationof themolecule.

3.2 Bilayer lipid membranes(BLM)

3.2.1 Formation and electrical propertiesof BLM

The stablebilayer lipid membranes(BLM) have beenreportedin 1962 by Mueller and co-
workers[29]. Due to amphiphilicnatureof phospholipids,they spontaneouslyform the lipid
bilayersin awaterphase.In experimentsby Muelleretal. theBLM hasbeenformedfrom crude
fraction of phospholipidsin a circular holesof a relatively small diameter(0.8–2.5mm) in a
Te�on cupimmersedin largerglasscompartment�led by electrolyte(Fig. 22).

Small amountof the phospholipidsdissolved in hydrocarbonsolvent (e.g. n-heptaneor n-
decane)canbeplacedto theholeusingsimplebrushor Pasteurpipette.Immersionof thedrop
of phospholipidto a hole resultedformation of relatively thick lipid �lm with a thickness>
100nm. Thebehavior of this thick �lm is determinedby differencesin hydrostaticpressuresin
its peripheralpart (Plateau-Gibbsborder)andin a centralpart that is relatively �at. According
to Laplacelaw thedifferencesin thehydrodynamicpressurebetweeninnerandouterphasesis
determinedby equation

� p = 

�

1
R1

+
1

R2

�
; (16)

whereR1 andR2 areinnerandouterradiusof thesurfacecurvatureand
 is surfacetension.In
acentralpartof themembranetheradiusof curvatureis closeto thein�nity , i.e. R1 = R2 ! 1 .
Thereforethe pressuredifferencesis closeto the zero: � p = 0. However, the pressureat the
centralpartof Plateau– Gibbsborderis lower thenthatin awaterphase,i.e. � p < 0. Therefore
the solvent will move from thin-�at part of the BLM to the Plateau-Gibbsborder. This will
causefurther thinning of the membrane(Fig. 22). This processcanbe observed alsovisually
in re�ected light. Thick �lms are colored,like oil �lms on a water surface. As soonas the
�lms becomethinnerthe blackspotsstartto appear. Fromobservationof thin �lms formation
follows that the black spotsforms non uniformly andnot symmetrically. As soonasthe �lms
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Fig. 22. a) The schemeof measurementcurrentacrossBLM usingcurrentto voltageconverterandthe
schemeof formationof BLM. b) electricalschemeof thesystemBLM-electrolyte-electrodes,Rm – mem-
braneresistance,Cm – membranecapacitance,Re – resistanceof electrodesandelectrolyte.

becamethinneralsothevanderWaal's forcesstartto play considerablerole in �lm formation.
TheresultedBLM is characterizedby bilayerpartsurroundedby Plateau-Gibbsborder(Fig. 22).
Theformationof BLM canbeeasilydetectedby measurementelectricalpropertiesof the�lm –
conductanceandcapacitance.

BLM conductivitycanbe easilymeasuredby currentto voltageconverter(Fig. 22). The
dc voltage(of a relatively smallamplitudeV0=50–100mV) is appliedto theBLM throughe.g.
Ag/AgCl electrodes(usuallyimmersedinto a saltagarbridges).Oneelectrodeis connectedto
thehighresistanceinput(usually> 1012
) of theoperationalampli�er (e.g.AnalogDevicesAD
548J).Thecurrenti �o wing throughfeedbackresistorR i is transformedinto theoutputvoltage
V accordingto theequation:i = V R � 1

i . Thus,measuringtheoutputvoltageby e.g. milivolt-
meter, chartrecorderor connectingtheoutputof theampli�er into theA/D converterandthen
to a computer, it is possibleto determinethecurrenti andits changeswith time. Knowing the
amplitudeof appliedvoltageV0, it is thenpossibleto determinemembranespeci�c conductance
g = i=V0A = V=V0Ri A (A is theareaof BLM thatcanbedeterminedby microscope).(The
principlesof operationtheampli�ers with negativefeedbackaredescribedin [72]). Theexperi-
mentson thestudyof membraneconductivity couldbeperformedby simpleapparatusbasedon
operationalampli�er with ratherlow cost.Thecareshouldbeonpropershieldingof themeasur-
ing chamberdueto rathersmallcurrentthatare�o wing throughBLM (typically of theorderof
pA). It is, howeverpossibleto usecommercialinstrument,e.g.Keithley 6512(USA) thatcanbe
connectedonline with PCthroughKPC-488.2AT Hi SpeedIEEE-Interfaceboard.BLM is char-
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acterizedby ratherlow speci�c conductivity which is in the range10� 6–10� 10 
 � 1cm� 2, but
thetypicalvalueis about10� 8 
 1cm� 2 [18]. Thisphenomenonis connectedwith low dielectric
permittivity of theinner, hydrophobicpartof themembrane.Therelative dielectricpermittivity
of thispartis similar to thatcharacteristicfro n-alkanes:2.1.Themechanismsof conductivity of
BLM will bediscussedbelow (seepart10).

BLM electricalcapacitanceis importantvaluethatcharacterizesthedilectricandgeometric
propertiesof themembrane.Usuallyit is speci�c capacitancethatis usedfor characterizationof
theBLM

CS =
C
A

=
" "0

d
; (17)

whereA is the areaof bilayer part of BLM, d is the thicknessof hydrophobicpart of BLM,
" � 2:1 is relative dielectricpermittivity and" 0 = 8:85 � 10� 12 F m� 1 is permittivity of free
space(vacuum). The simpleelectricalmodelof the membranecanbe representedby capaci-
tor connectedin parallelwith resistance.Theconsiderationof the resistanceof electrolyteand
measuredelectrodescanbe taking into accountasa resistanceconnectedin series(Fig. 22b).
Themembranecapacitancecanbemeasuredby analternatingcurrentbridge[73]. However, the
mostprecisemeasurementof conductanceandcapacitancecanbe performedby measurement
of the complex impedanceof the BLM [73,74]. The theoryof the impedanceis describedin
detail in many textbooks,monographsor reviews, seee.g. [73,74]). Herewe restrictourselves
by considerationof basicphenomena.

Impedancemeasurementsaremadeby applyingan alternating(a.c.) currentof known cir-
cularfrequency ! anda smallamplitudei 0 to a systemandmeasuringtheamplitudeV0 andthe
phasedifference' of theelectricalpotential.Theimpedanceis usuallyrepresentedby absolute
valueof theimpedanceandthephase

j ~Z j =
V0

i 0
and 6 ~Z = ': (18)

In cartesiancoordinates,impedancebecomesa complex number

~Z = R + j X ; where j =
p

� 1: (19)

Therealandimaginarypartof ~Z describetheresistance(R) andreactance(X ) respectively and
canberepresentedby appropriateelectricalcircuit elements.In thecaseof unmodi�edBLM, i.e.
whenthemembraneresistanceis considerablyhigherthenthe absolutevalueof reactance,the
equivalentelectricalcircuit canbesimpli�ed andreducedby resistancein serieswith capacitance
(Fig. 23c).For this circuit thecomplex impedance

~Z = R �
j

! C
: (20)

Theabsolutevalueof impedanceis ~Z =
p

R2 + (! C) � 2 andthephase' = arctan (! RC) � 1.
The value of ~Z and ' are usually presentedas a function of frequency, i.e. so-calledBode
plot. In this plot ~Z shoulddecreasewith increasingthe frequency andapproachingR at high
frequencies(Fig. 23a). At lower frequenciesthephase' is equal90� asfor purecapacitor, but
at higher frequenciesit decreasedramaticallyapproaching0 asfor pureresistance(Fig. 23b).
Thetypical bodeplot for unmodi�ed BLM from diphytanoyl phosphatidylcholine(AvantiPolar
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Fig. 23. Impedancespectraof the BLM formedfrom diphytanoyl phosphatidylcholinein n-decanein a
10mmol�l � 1 KCl. Bodeplot of theabsolutevalueof (a) impedance,(b) phase.Thepointsareexperimental
valueandline represent�t accordingto equivalentelectricalcircuit (c).

Lipids, Inc, USA) (lipid was dissolved in n-decane(Fluka) in a concentration30 mg ml� 1)
is presentedin Fig. 23a. The pointsarethe experimentalvaluesmeasuredby electrochemical
analyzerAutolabPGSTAT 12equippedwith FRA 2 module(EcoChemie,TheNetherlands)and
theline representsthe�t accordingto theequivalentcircuit (Fig. 23c).TheBLM wasformedin
acircularholeof adiameterapprox.0.8mmin 10mmol l � 1 KCl. Thetypical valuesfor R (i.e.
resistanceof electrolyteandelectrodes)andC (i.e. themembranecapacitance)were15 k
 and
1.67nF, respectively. If theBLM is modi�ed by compounds,e.g. channelformersor carriers,
that increaseits conductivity, the equivalent electricalcircuit is more complex [74,75]. The
applicationof impedancespectroscopy allowing to obtainnotonly thebasicelectricalparameters
of theBLM, but alsoallowing to analyzethemechanismsof ionic transport(seee.g. [75] and
referenceherein). Currently thereexist several producersof sophisticatedelectrochemicalor
impedanceanalyzers,thatcanbesuccessfullyusedfor thestudytheimpedanceof BLM. Among
others,alreadymentionedAutolab PGSTAT 12 with FRA 2 moduleis universalhigh quality
instrumentallowing not only measurementof the impedancespectrawith high sensitivity in
a wide rangeof frequencies(1 mHz to 1 MHz) but alsocompleteelectrochemicalparameters
of the system. Solartron(UK), BAS-Zahner(USA) andCH InstrumentsInc. (USA) produce
electrochemicalandimpedanceanalyzers,thatcanalsobeusedfor thestudyof BLM electrical
properties.

Thespeci�c capacitanceandthethicknessof BLM dependon thecontentof organicsolvent
(e.g.n-heptaneor n-hexane).In addition,usingthesolventwith largerhydrocarbonchains,e.g.
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n-hexadecaneor squalene[76,77], it is possibleto obtain thinnermembrane.This is because
due to sterical restrictionsthe larger moleculesof solvent are squeezedout of the bilayer to
its borderpart. Thereweredevelopedvariousmethodshow to make membranethinnerandto
approachits propertiesto thebilayerof thebiomembrane,whichobviouslydoesnot containthe
solvent (exceptminor contentof fatty acidsthat appeardue to actionof phospholipases).In
Ref. [76] thesemethodsaredescribedin details. In additionto approachconnectedwith using
thehydrocarbonsolventwith largerlengthof hydrocarbonchains,it is alsopossibleto freezeout
of thesolvent, i.e. n-hexadecane.This solvent is characterizedby phasetransitiontemperature
from liquid to solidstatebelow approx.15.5 � C. Thereforeif thesurroundingelectrolytewill be
slowly cooled,it is possibleto crystallizethesolvent,thatis movedfrom bilayerto thePlateau-
Gibbsborderof the membrane[77,78]. The methodof “drying” the membranedevelopedby
Rovin [79] is basedonusingtwo typesof solventfor formationof BLM – dioxaneandn-octane
in different ratios. Dioxaneis solvent which is dissolved both in water and in the n-alkanes.
Thereforeif theBLM will be formedfrom themixtureof lipids anda mixture of thesolvents,
oneof whichwill bedioxane,thedioxanewill beleavedout from thebilayerto thesurrounding
electrolyteandmembranespeci�c capacitancewill increase.

In 1972Montal andMueller [80] proposedthemethodof formationtheBLM from mono-
layers. According to this methodthe Te�on cup divided by the wall with circular hole of a
diameterapprox.0.3mmis �led by electrolytejust below thelowerholeori�ce. Thenthesmall
amountof lipid dissolved in chloroformis addedat watersurfaceat both compartmentof the
Te�on cup. After the chloroformis evaporated(after approx. 10 min) the level of the water
phaseis increasedby slow additionof electrolyteusingthesyringes.As soonasthelevel of the
electrolytesurpasstheupperori�ce of thehole theBLM is formed. It is necessaryto notethat
themembraneis not exactly without thesolvent,becausefor membranestability it is necessary
thatPlateau-Gibbsborderis present.This is reachedby additionof small amountof the lipids
dissolvedin n-hexadecaneon theholeori�ce.

Other methodof formation the BLM and that containedproteinshas beenproposedby
Schindler[81]. Thismethodis certainmodi�cation of thatproposedby MontalandMueller [80]
andconsistingin differentformationof themonolayers.For thispurposetheliposomesor prote-
oliposomesareaddedto bothcompartmentof Te�on cup. Thelipid monolayersareformeddue
to thefact that theliposomes,whencontactedwith hydrophobic– air interfaceof a low surface
pressurearebrokenandthe lipids form monolayerat theair-waterinterface. Thentheprocess
of formationBLM is analogicalto that by Montal andMueller. Using the variousmethodof
formationBLM it is possibleconsiderablechangethethicknessandthespeci�c capacitanceof
BLM asit is revealedfrom Table4. With increasingthe lengthof thehydrocarbonsolvent the
thicknessof themembranedecreaseindependentlyon thelipid compositionor cholesterolcon-
tent.Thelipid compositionaffectsonly theinterval of thechangesof thethicknesswith changes
thenumberof carbonsof n-alkanes[18]. Thus,by meansof variationof thehydrocarbonsolvent
andthekind of phospholipidsit is possibleto obtainBLM with desiredthickness.

Theelectricalandotherphysicalpropertiesof BLM formedfrom naturalphospholipidsare
similar to thatof biomembranes(Table5). Unmodi�ed BLM arecharacterizedby low conduc-
tivity. They do not revealany metabolicactivity andarenot selective for transportof ionssuch
arebiomembranes.However, BLM canbe modi�ed by channelformers,carriersor receptors,
thatallowing to provide sensitivity andselectivity of ionic transportor ligand-receptorinterac-
tions, i.e. like for biomembranes.Also at presenceof variousmodi�cators theconductivity of
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Tab. 4. The speci�c capacitanceand the thicknessof BLM formed from dioleoylphosphatidylcholine
(DOPC)usingthemethodof Muelleretal. [29] andn-alkanesof variouslengthaswell asthatfor solvent-
freeBLM preparedaccordingto methodof MontalandMueller [80].

Numberof carbon Speci�c capacitance, Thickness,nm Reference
atomsin n-alkane 10� 3 F m� 2

8 3.77 4.93 [82]
10 3.74 4.97 [82]
12 4.22 4.46 [82]
14 4.86 3.82 [82]
16 6.24 2.98 [83]

Solventfree 7.28 2.56 [82,83]

Tab. 5. Comparisonof thepropertiesof BLM andbiomembranes.

Properties Biomembranes BLM
Thickness,nm 6.0–10.0 2.5–8.0
Surfacetension,mN.m� 1 0.03–3.0 0.2–6.0
Conductivity, 
 � 1 cm� 2 10� 2–10� 5 10� 6–10� 10

Speci�c electricalcapacity, 10� 3 F m� 2 5–13 2–10
Breakdown voltage,mV 100 150–300
Refractive index 1.6 1.56–1.66
Permeabilityfor water, � m s� 1 0.5–400 31.7
Energy of activationfor waterpermeabilitykJmol� 1 40.3 53.3
Ionic selectivity PK + /PN a+ 1-25 5.4–9.0

BLM usuallyincreases.Theseeffectstogetherwith severalsimilar parametersevidencethatthe
propertiesof lipid bilayersarecloseto that of biomembranes.Thereforethestudyof physical
propertiesof BLM hasimportantsigni�cant for understandingthepropertiesof biomembranes.

3.2.2 Stability of BLM. Electrical breakdown and electroporation

Themainproblemin applicationof BLM in electrochemicalstudiesis their relatively low stabil-
ity. Evenin thecaseof relatively low potentialdifferenceacrosstheBLM comparablewith that
occurredin biomembranes,i.e. � V = 0:1V, anddueto small thickness(d � 10� 8 m) , rather
largeelectrical�eld existsacrossthemembrane:E = � V=h � 107 V m� 1. Thus,evensmall
decreasein the membranethickness,e.g. dueto the thermal�uctuations, resultedin increase
of electrical�eld, thatcaninducetheelectricalbreakdown of themembrane.Thetheoryof the
electricalbreakdown of BLM hasbeendevelopedmostlydueto work by Chizmadzhev andco-
workers[84]. They have foundthatthemeanlife time of theBLM in anelectric�eld decreases
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with increasingthevoltagedifferenceacrossBLM. Themembranebreakdown is connectedwith
appearanceof theconductiveporesin a lipid bilayerdueto membraneelectrostriction,i.e. com-
pressive forceF = " m "0V 2=(2d2), thatoriginateddueto theappliedvoltage,V [85]. Let us
considerthechangesof theenergy of themembraneif theamphiphilicporeof cylindrical shape
with radiusr appears.Thechangesof theenergy of theporecanbedescribedby equation

E = 2� r 
 l d � � r 2
 � � CV 2=2; (21)

whered is the membranethickness,r is the radiusof the pore, 
 l is the coef�cient of linear
tensionof thepore,
 is thesurfacetensionof themembrane,� C arethechangesof electrical
capacitanceandV is the potentialdifferenceacrossthe membrane.First term in Eq. (21) is
connectedwith thechangesof theenergy of themembranedueto appearanceof thesurfaceof
thecylinderbetweenthemembraneandthepore.Secondtermmeansthedecreaseof thesurface
energy dueto decreaseof the membranesurface,that is equalto the areaof the crosssection
of thecylinder. The third term is connectedwith changesof theenergy of capacitordueto the
changesof dielectricpermittivity of themembraneinterior (thedielectricpart with a dielectric
permittivity " m � 2:1 is replacedby waterwith dielectricpermittivity of waterphase" w � 80).
Thechangesof electricalcapacitancecanbeexpressedas� C = � r 2Cs("w ="m � 1), whereCs

is thespeci�c capacitanceof themembrane,i.e. thecapacitanceperunit area.TheEq. (21) can
bethereforetransformedto

E = 2� r 
 l d � � r 2(
 + CV 2=2); (22)

whereC = Cs("w ="m � 1). As soonastheporeradiusincreasesits energy shouldchangenon
monotonouslyandcanbedescribedby a curvewith a maximumasit is displayedonaFig. 24a.
It is clearfrom the�gure thatthemembranedefectof a small radiushave tendency to diminish.
However theporeswith radiuslargerthencertaincritical valuer c will increaseirreversiblyand
causethe membranebreakdown. The valueof critical radiuscanbe �nd by derivation of the
energy dE=dr = 0 andis describedby equation[86]

r c = 
 l d=(
 + CV 2=2): (23)

Thevalueof r c areof theorderof themembranethickness,i.e. severalnm. After substitutionof
Eq.(23) into Eq.(22)wecanobtaindependenceof energy of theporeonthemembranepotential

E = (
 l d)2=(
 + CV 2=2): (24)

Thus,applicationof thepotentialto themembranewill resultdecreaseof thepotentialbar-
rier andthe probability of the membranebreakdown will increase(Fig. 24a). Above we con-
sideredsimpli�ed situation,whenthebreakdown of themembraneis connectedwith formation
of amphiphilicpore. As a matterof fact, owing to thermal�uctuations of lipid moleculesthe
hydrophobicporesareformedprior thehydrophilicone(Fig. 24c).Whenhydrophobicporeex-
ceedthis critical radius,a reorientationof thelipids convertstheporesinto thehydrophilicones
(Fig. 24c)[87]. Thedependenceof theenergy of poreformationasa functionof theradiusis in
thiscasemorecomplicated(Fig. 24b).

Thestudyof theBLM breakdownhasgreatsigni�cancefor understandingtheprocessessuch
aremembranefusion,lysis andapoptosisof cells thatmayinvolveanopeningof a lipid poreto
join the volumesinitially separatedmembranes.Experimentalstudiesrevealedtwo typesof



726 Structureandphysicalpropertiesof biomembrabesandmodelmembranes

Fig. 24. Thedependenceof theenergy of theporein amembraneon its radiusin thecaseof (a)hydrophilic
pore,(b) hydrophobicporeis formed�rst andthentransformedinto thehydrophiliconeat certaincritical
radius. (c) the schematicrepresentationof the transformationof hydrophobicpore into hydrophilic one
(Adoptedfrom [93] by permission).

BLM behavior undertheelectricalstress:reversibleandirreversibleelectricalbreakdown. Irre-
versiblebreakdown wasobservedfor membranesof any lipid composition.It is accompaniedby
rapid increaseof membraneconductanceandresultedin mechanicalbreakdown of BLM [88].
However, for BLM of a speci�c lipid composition,e.g. oxidizedcholesterol,or at the phase
transitionof phospholipids[89] a reversibleporeswereobservedwhenthemembranewasex-
posedto a shortpulseof high electric�eld. In this caseevenafter � ve to six orderof increase
theconductance,it thendropsto the initial level uponvoltagedecrease[87,90]. It hasbeenas-
sumed,that in thecaseof irreversiblebreakdown few poresareformedbeforethe �rst of them
reachesa critical radiusandstartsirreversibleexpansionleadingto membranerupture. In the
caseof reversiblebreakdown a largepopulationof poresaccumulatesunderhigh voltagebefore
theBLM rupture. Recentlyit hasbeenobservedthatapplicationof thevoltage(150–500mV)
to a BLM resultedin fasttransitionbetweendifferentconductancelevelsre�ecting openingand
closingof metastablepores[91]. The meanlife time of the porewas3 ms at V = 250 mV,
however the poreswith longer life time, up to 1 s wereobserved aswell. Basedon the con-
ductancevalueand its dependenceof the ion size, the radiusof the averageporeof a 0.5 nS
conductancewasestimatedas � 1 nm. This poremight involve only � 100 lipid molecules,
whichcorrespondsto lessthen10� 8 % of all lipids in theBLMs of 1 mm2 area.Themetastable
lipidic poresidenti�ed in thisstudymostprobablycorrespondto thesmallmetastablelipid pores
whoseexistencewasassumedearlierto explain theaccumulationof very largenumberof pores
duringreversibleelectroporationof BLM modi�ed by uranyl ions[87]. Thephysicalstructureof



Modelsof themembranestructure 727

nonconductingpre-poresremainsunknown. Openingandexpansionof conductivehydrophilic
pores,i.e. poreswith the edgesformedby polar headgroupsof phospholipids,is assumedto
beprecededby formationof verysmallandshort-timehydrophobicporeswith theedgeformed
by hydrocarbonchainsof the lipids. Evolution of a hydrophobicporesinto a hydrophilicpore
involvesreorientationof thepolarheadsof the lipids from thesurfaceof bilayer to theedgeof
thepore(Fig. 24). Melikov et al [91] assumed,that thepre-porescorrespondto small clusters
of lipids with their polar headstrappedinsidethe hydrophobicinterior of the membraneupon
closingof thehydrophilicor partiallyhydrophilicpore.Interactionbetweenthelipid polarheads
in thesameclustercanincreasethe lifetime of theclusterandthus,stabilizethepre-porestate.
Alternatively thepre-porestatecancorrespondto a clusterof watermoleculestrappedinsidea
hydrophobicinterior. Suchclustersof lipid polarheador watermoleculeswill thentransform
backinto a smallhydrophilicpore.

Changesof conductanceof themembranefollowing applicationof externalvoltage,i.e. elec-
tropermeability, hasgreatpracticalsigni�cance. By meansof applicationof external�eld it is
possibleto incorporateDNA or drugsinto the cells. This so-calledelectroporationhasbeen
known for severaldecadesandhasbeenreviewedin severalpapers(seee.g. [92,93]). This pro-
cesshasbeenstudiedin mostdetail usingBLM [93]. It hasbeenshown that thechargedions
or small moleculescanbe driven throughBLM by electromigration.The mechanismof elec-
troporationof largermolecules,like proteinsis however not clearyet. The peculiaritiesof the
electropermeabilityof tissues,e.g.humanskinunderapplicationof electrical�eld revealedsimi-
lar behavior likethatof BLM. However, thetheoryof electroporationof thesecomplex structures
remainsstill incomplete(seee.g. [94]). For deeplook into theproblemof electroporationon a
molecularlevel werecommendto readertheextensivereview by WeaverandChizmadzhev [93].

Theelectroporationis of greatpracticalsigni�cancefor examplein genetherapy. Genether-
apy is basedon incorporationof DNA into the cell for the purposeof inducing synthesisof
requiredproteinor in orderto stopexpressionof notdesiredgene.Thelatercaseis known asan
antisensetherapy andis basedon incorporationof shortDNA sequencescomplementaryto the
partof not desiredgeneor to mRNA (see[95] andreferenceherein).Becausenucleicacidsare
negatively charged,therearedif�culties of their transferthroughplasmaticmembrane.There-
fore speci�c vectorsarenecessaryto facilitate this translocation.So far mostly two typesof
vectorswereused.Virus vectorshave beenfoundasmosteffective. However, dueto problems
with their possibleinfectivity or evencancerogeneity[96], their practicalapplicationis limited.
Liposomes,especiallycomposedof cationic lipids or cationicpolymersbelongto the second
typeof thevectors[95,97]. They allowing to encapsulatedesiredgeneor to bind it at the lipo-
someor polymersurfaceandthentransportinto the cell cytoplasmfusion or cell endocytosis.
DNA moleculesin thesecomplexesareprotectedagainstdegradationby endonucleases.Re-
centlya new typeof thevectorhasbeenstudiedin detailby variousbiophysicalmethods.This
vectoris basedon chemicallymodi�ed cationicderivative of antibioticamphotericinB (AmB):
3-dimethylaminopropyl amide(AMA). Similarly like AmB, AMA consistsof a rigid elongated
skeletoncontaininga polyenepartwhich is hydrophobicandresponsiblefor incorporationinto
the hydrophobicpart of the membrane.This part favorably interactswith sterols(cholesterol
or ergosterol)andthusAMA complexescreateporesin a lipid bilayer with similar properties
like AmB [98]. Polarpartof AMA containstwo positivecharges,which facilitatetheformation
of complexesbetweenAMA with oligonucleotides(ODN). Both AmB andAMA form ionic
channelsin bilayer lipid membranes(BLM). In contrastwith AMA, AmB is neutralmolecule.
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However, earlierit hasbeenshown thatpresenceof AmB enhancesthetransferof DNA into the
aucarioticcellsof animals.However, sucha transferhasnotbeencon�rmed for humancellsand
it hasnotbeenprovetheformationof complexesbetweenAmB andDNA [99,100].

In contrast,AMA interactswith plazmidDNA aswell aswith oligonucleotidesby means
of electrostaticinteractions.The studiesof interactionof AMA with plazmidDNA wereper-
formedwith of 4356kb plazmidDNA that containedgreen�uorescenceprotein (GFP)gene.
By meansof �uorescencemicroscopy it hasbeenshown, thatAMA allowing expressionof this
genein NIH/3T3 cells. For this transferthechargeratio ODN/AMA was0.33. I.e. thecomplex
waspositively charged[101]. Biologicaleffectivity of AMA asavectorfor anti-complementary
oligonucleotides,thatshouldblock thetranslationof mRNA wasapprovedusing20-merODN.
This ODN wascomplementaryto thesequenceof mRNA, thatcodedhumanMDR1 (multidrug
resistancephenotype).TheODN wasmarkedby �uorescenceprobeandits increasedconcentra-
tion wasshowedin cells. It hasbeenalsoobservedconsiderabledecreaseof theexpressionof the
proteinPgp,which is codedby MDR1 genein G815-MDR-3T3cells. Theoptimalchargeratio
of theODN/AMA complexeswasin this case2, which meansthat thecomplex wasnegatively
charged.Thus,evennegatively chargedcomplex couldbetranslocatedinto thecell. This is ad-
vantageous,becauselower AMA concentrationcanbeused.Detailedstudyof theformationof
theODN/AMA complexeshasbeenperformedby opticalspectroscopy andelectronmicroscopy
methodsusing27-mersinglestrandedoligonucleotide. It hasbeenshown, that at low AMA
concentration(< 1� M) thecondensationof thesemoleculeson theODN took place.At higher
concentration(> 100� M) andfor ODN/AMA negative chargeratio > 1 thecirculardichroism
(CD) spectrarevealedonreorganizationof freeself-associatedAMA complexesinto smallerone
decoratingtheODN molecule.Electronmicroscopy studyevidencesthatthesizeof ODN/AMA
complexesis ratherlargewith dimensionupto 650nmanddifferentshape(roundshapedor rod-
like structure)dependingon the charge ratio ODN/AMA [102]. AMA aswell asODN/AMA
complexesinteractwith lipid monolayersandwith unilamellarvesicles[103]. Theadsorptionof
thecomplexesto thelipid monolayeror bilayerdecreasedwith increasingthenegativechargeof
thecomplexes.

It is, however not clearyet, whetherthe ODN/AMA complexescould translocatethrough
lipid bilayer andhow this translocationdependson the charge ratio of ODN/AMA. If sucha
translocationexists,it is notclearwhatarethemechanisms,consideringlargesizeof ODN/AMA
complexes. We thereforeusedBLMs and studiedtheir conductanceat presenceof AMA or
ODN/AMA complexesin a differentchargeratios[104]. Theconductivity givescertaininfor-
mationabouttranslocationof thecomplexes.As ODN we used20 mersinglestrandedDNA of
followingsequence:5' - TGT ATA GCTAAA GTA GGCGC– 3' obtainedfrom GeneriBiotech
(CzechRepublic).

The BLMs wereformedaccordingto the methodof Mueller et al. [16] on a circular hole
(diameter0.8mm) in a wall of Te�on cell, thatdividedthecell into two identicalcompartments
with a volumeof approx. 1.5 ml each. The cell was �led with buffer composedof 100 mM
NaCl + 10 mM Tris-HCl + 1 mM EDTA (pH 7.6). TheBLM wereformedfrom a lipid solution
composedof 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (DPhPC)(Avanti PolarLipids
Inc, USA) andcholesterol(4:1 w/w) dissolved in n-decane(concentration20 mg ml� 1). The
conductivity wasmeasuredusingcomputercontrolledelectrometerKeithley 6512(USA).Thedc
voltageof theamplitudeof 50mV wasappliedfrom dcsourceto amembranethroughAg/AgCl
electrodeplacedin a saltagarbridge.
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Fig. 25. Relative changesof BLM conductance� g=g0 as a function of concentrationof AMA or
ODN/AMA complexesat differentchargeratio � (seeinset)(� g = g � g0 , whereg0 is theBLM conduc-
tanceprior andg afteradditionof AMA or ODN/AMA complexes)andfollowing additionof Mg2+ ions
into thebothmembranesidesin a �nal concentrationof 5 mM.

The relative changesof the BLM conductanceasa function of the concentrationof AMA
and/orODN/AMA complexesin variouscharge ratiosareshown on Fig. 25. We canseethat
practicallyno changesof conductancetake placewith increasedconcentrationof pureAMA.
However at thechargeratio � = 0:1 for ODN/AMA complex, i.e. thecomplex waspositively
charged,aconsiderableincreaseof conductivity tookplace.For lesspositively chargedcomplex
of ODN/AMA (� = 0:44) thechangesof conductancewerelessexpressed.However, evenfor
negativelychargedcomplex (� = 4) anincreaseof theBLM conductivity takesplace.Additional
increaseof conductivity wasobservedfollowing additionof Mg2+ ions in a �nal concentration
of 5 mM to the both side of BLM. It is seenfrom Fig. 25, that in this casethe increaseof
conductivity wasslightly higher for negatively chargedcomplex of ODN/AMA. The obtained
resultsmay evidenceon translocationof ODN/AMA complexesacrossBLM. However, one
cannot be excluded,that thesecomplexesinduceonly perturbanceof BLM structureandthus
increaseof permeabilityof BLM for ions.

3.3 Supported bilayer lipid membranes

As we alreadymentionedin a sectiondevotedto thelipid monolayers,usingLangmuir-Blodget
technique,it is possibleto obtainsupportedlipid membranes. Thesimplemethodof formation
of lipid �lm on a metal supporthasbeenproposedby Tien and Salamon[105]. The silver
wire of a diameterapprox. 0.3 mm coatedby Te�on was immersedinto the lipid solution in
n-decane.Thenthetip of thewire wascuttedby sharpknife andimmediatelyimmersedinto the
electrolyte,wherethe formationof thin �lm occurredspontaneously. The disadvantageof this
methodconsistin thefact that the�lm formedon ratherroughmetalsurfaceis inhomogeneous
andis composedof monolayers,bilayersor evenmultilayers[106]. Applicationof dc voltage
during�lm formationresultedimprovementof the�lm characteristicsandthemembranebecame
morehomogeneous[107]. However, mosthomogeneous�lms canbe obtainedusingsmooth
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Fig. 26. Schematicrepresentationof sBLM andtBLM: (a) sBLM formedby chemisorptionof alkylthiols
onagold. tBLM arecharacterizedby hydrophilicspacerbetweengoldandlipid bilayer, thatcanbeformed
by speciallysynthesizedlipids with hydrophilic spacer(b), or by lipopetidelayer (c) and/orby polymer
layer(d).

gold surfacewith chemisorbedalkanethiols.Accordingto this method,thesurfaceof thegold
is accuratelycleanedand then immersedin a solution of alkanethiol,e.g. hexadecanethiol.
Thiols provide almostcovalentbindingof thealkanethiolto a gold andthehydrophobicchains
of hexadecanethiolswill createdenselypackedhydrophobicsurface(Fig. 26a).Thetilting of the
chainsawayfrom thesurfacenormaloccursbecausethespacingof thethree-foldhollow siteson
theAu (111)surface,into which the–SHheadgroups�t, is slightly largerthantheoptimalvan
derWaalsdistancebetweenadjacenthydrocarbonchains:by tilting atanangleof 20–25degrees,
thechainsadjusttheirspacingto optimizethevanderWaalsinteraction[108]. In opencircuit the
processof formationalkanethiol �lm lastsabout12 hours.However, applicationof dc voltage
with amplitude0.6 mV (positive terminalon a gold) resultedfast (few minutes)formationof
homogeneousalkanethiolmonolayer[109]. Secondmonolayercanbeformede.g.by Langmuir-
Blodgettechnique,immersionof thegold electrodeinto thelipid solutionor by liposomefusion
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[110]. The supportedlipid membranes(sBLM) areconsiderablymorestablethenBLM [111-
113]. While breakdown voltageof BLM is lessthen300 mV, that for sBLM canreachmore
then1 V [110]. Thedisadvantageof sBLMs consistin thefactthatthealkanethiolmonolayeris
closelyadjacentto agold. Thereforeit is impossibleto incorporatee.glargeintegralproteinsinto
thesemembranesandalsoimpossibleto usethesemembranesfor studythemechanismof ionic
transportdue to lack of waterphasebetweenthe bilayersandgold. This drawbackhasbeen
solved by developmentof so calledtetheredmembranes(tBLM). tBLM aresimilar to sBLM,
however, insteadof alkanethiols,speciallysynthesizedmoleculeswith hydrophilic spacerare
usedfor the formationof themonolayertetheredto a gold support(Fig. 26b). Thehydrophilic
spacebetweengold and BLM can be provided also by lipopetidelayer (Fig. 26c) and/orby
polymerlayer (Fig. 26d). [113,114]. ThesBLM andtBLM, dueto their high stability anddue
to the uniquepropertiesthat mimics the real biomembranecan be usedin nanotechnologies,
especiallyin developmentof sensitivebiosensors(seepart11).

3.4 Liposomes

Liposomes(vesicles)arewidely usedmodelsof lipid bilayerof biomembranes.Theformation
of liposomeshasbeen�rstly reportedby Bangham[30]. They areformedfrom waterdisper-
sionsof the lipids by variousmethods.Dependingon themethodof formationonecanobtain
multilamellaror unilamellarliposomesof a differentsize.Applicationof liposomesasa model
of biomembraneshasbeendiscussedin largenumberof review andmonographs,seee.g.[115].
Themethodsof liposomepreparationareconsideredin Ref. [116]. Multilamellar liposomesare
thesimpleststructuresin respectof thepreparation.Typically thedesiredamountof thelipid is
dissolvedin chloroformor in amixturechloroform-methanol.Thismixtureis allowedto evapo-
rateunderthestreamof nitrogenin aglassvolumeof asphericalshape.For thispurposeusually
rotaryevaporatoris usedin orderto make thin �lm of the lipids on a largesurfaceof theglass.
After the thin �lm is formed,it is thenhydratedby additionof desiredvolumeof thewateror
buffer. Thedispersionof lipid in a wateris thenvigorouslyvortexing duringseveralminutesat
temperaturehigherthanthetemperatureof phasetransitionof phospholipids.Theconcentration
of lipids variedfrom methodto method,but typically it is few mg.ml� 1. For exampleprecise
DSCcalorimetryrequiresconcentrationof lipids about0.5mg ml� 1, but densitometryrequires
largerconcentration– around5 mgml� 1. Themultilamellarliposomesareratherlargeandtheir
diameteris several � m. Theadvantageof theseliposomesis that they consistof largenumber
of bilayersandarecharacterizedby highdegreeof cooperativity in comparisonwith unilamellar
liposomes.This cooperativity is expressedfor exampleby morenarrow interval of phasetransi-
tion temperature.Disadvantageof multilamellarliposomesconsistsin their sizeinhomogeneity
aswell asin relatively fastsaturation.They arethereforenotsuitablein experimentalsetup,that
doesnotallow stirringof thesolution.

Unilamellar liposomescanbe preparedby variousmethods.The simplestoneconsistsin
sonicationof themultilamellarliposomesby ultrasound[117] in anultrasonicbath.Thismethod
resultedin formationof relatively small liposomesof a diameterapprox.20 nm. Thedisadvan-
tageof this methodis not uniform diameterof liposomesaswell aspossiblecontentof certain
amountof multilamellarliposomes.In addition,applicationof ultrasoundcouldresultin damage
of the lipids. As a resultalsothefreefatty acidscouldappearin a solution. Othermethodsare
basedon fast injection of ethanolsolutionof lipids into the buffer [118] or by dialysisof the
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waterdispersionsof micellescomposedof thelipids anddetergents[119]. Ratherusefulmethod
hasbeenproposedby McDonaldet al [120] that consistin formationof vesiclesby extrusion
of multilamellarvesiclesthroughpolycarbonate�lms. Dependingon the sizeof the poresin
a �lm the liposomescanbe preparedof desireddiameter, usually from 50 nm to several � m.
Commercialkits for preparationunilamellarliposomesarecurrentlyavailable,e.g. AvestinInc.
(Canada).The liposomespreparedby extrusionmethodsareratherhomogeneousin the size.
Liposomescanbe modi�ed by variouscompounds,e.g. peripheralor integral proteins. In the
caseof integralproteinstheliposomesarepreparedfrom awaterdispersionof lipids thatcontain
desiredconcentrationof proteins(seee.g.[121,122]).

4 Ordering, conformation and molecular dynamicsof lipid bilayers

Thelipid bilayersrepresentliquid crystalsof a smectictype. They arecharacterizedby relative
fastlateraldiffusionof lipids andabout600timesslowerdiffusionof proteins(thetypical diffu-
sioncoef�cients for lipids andproteinsare:D LI P = 6� 10� 12 m2s� 1, DP RO T = 10� 14 m2s� 1,
respectively). In directionperpendicularto themembraneplane,thelipid bilayeris characterized
by certainorderingthatdependson conformationof hydrocarbonchainsof phospholipids.This
conformationdependson temperatureandlipid bilayerundergousthroughphasetransitions.

4.1 Structural parametersof lipid bilayersmeasuredby X-ray diffraction

The basic structuralparametersof the membranescan be determinedby X-ray or neutron
diffraction methods. X-rays areelectromagneticradiationwith typical photonenergiesin the
range100 eV – 100 keV. For diffraction applications,only shortwavelengthX-rays (hardX-
rays)in therangeof a few angstromsto 0.1 	A (intensitiesvary between1 keV to 120keV) are
used.Becausethewavelengthof X-raysis comparableto thesizeof atomsandmolecules,they
areideally suitedfor probingthestructuralarrangementsof atomsandmoleculesin wide range
of materials.TheenergeticX-rayscanpenetratedeepinto thematerialsandprovide information
aboutthe bulk structure[123]. X-rays are producedgenerallyby either X-ray tubesor syn-
chrotronradiation. In recentyearssynchrotronfacilitieshave becomewidely usedaspreferred
sourcesfor X-ray diffractionmeasurements.Synchrotronsourcesarethousandsto million times
moreintensethanlaboratoryX-ray tubes.

X-rays primarily interactwith electronsandatoms. Diffractedwavesfrom differentatoms
caninterferewith eachotherandtheresultantintensitydistributionis stronglymodulatedby this
interaction. If theatomsarearrangedin a periodicfashion,asin crystals,thediffractedwaves
will consistof sharpinterferencemaxima(peaks)with thesamesymmetryasin thedistribution
of atoms. Measuringthe diffraction patternthereforeallows oneto deducethe distribution of
atomsin a material. The peaksin a X-ray diffractionpatternaredirectly relatedto the atomic
distances. Let us consideran incident X-ray beaminteractingwith the atomsarrangedin a
periodicmannerasshown in Fig. 27. Theatomsarelocatedperiodicallyin parallelplanes.For a
givensetof latticeplanewith andinter-planedistanceof d, theconditionfor adiffraction(peak)
to occurcanbesimplywrittenas

2dsin� = n� (25)
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Fig. 27. Schematicrepresentationof diffractionX-ray beamson a two plainsof two dimensionalatomic
lattice.

which is known astheBragg's law afterW.L. Bragg,who �rst proposedit. In theEq. (25), � is
thewavelengthof theX-ray, � thescatteringangle,andn is anintegerrepresentingtheorderof
diffractionpeaks.TheBragg's law is oneof mostimportantlawsusedfor interpretingX-ray and
neutrondiffractiondata.

In contrastwith X-rays,theneutronshave onegreatadvantage,becausedeuterationdramat-
ically changesthe scatteringof neutrons.Speci�c deuterationof componentpartsof the lipid,
suchas selectedmethylene,thereforeprovidesa localizedcontrastagentthat leaves the sys-
temphysicallyandchemicallynearlyequivalent[124]. Thedisadvantageof neutronsto X-ray
diffractionis thatneutronbeamsaremuchweakerandtherearefewersourcesof neutrons.

In analogywith classicalX-ray analysis,it is assumedthatdeterminationof bilayerstructure
meansdoingcrystallography. It is, however importantto note,thatfully hydratedbilayers,even
in a gel conditionarefar from crystallinestate. The contrastis moreremarkablefor �uid, L �

phasewherethehydrocarbonchainsareconformationallydisordered.Thedifferencesbetween
crystallinestructuresandhydratedbilayersareparticularlydueto high contentof water, which
allows for increased�uctuations. Therefore,dueto �uctuations, it is impossibleto determine
structureof biomembranesat atomiclevel. However, bilayersin multilamellarvesicles(MLV),
that aremostoften usein diffraction studies,are isotropicallyorientedin spaceandtherefore
givesocalledpowderpatterns.Theterm“powder” reallymeansthatthecrystallinedomainsare
randomlyorientedin thesample.Thereforewhenthe2-Ddiffractionpatternis recorded,it shows
concentricringsof scatteringpeaks,correspondingto thevariousd spacingin thecrystallattice.
TheMLVs arecharacterizedof a varietyof sizes.Eachbilayer is in�uencedby its neighbors.It
is assumed,thatMLVs are“onion like”, consistingof closedconcentricspheres.Becauselipid
exchangebetweenbilayersandsolventis slow, it is likely thatthenumberof lipids in eachbilayer
remainsconstantover fairly long time [6]. Theadvantageof MLVs is that they do not have to
beespeciallyorientedin anX-ray beam(asa materof fact,they cannot beoriented).However,
only small fraction of the lipid in a powder samplediffractsfrom a given beam,so intensities
areweak. In addition,dueto shortrange�uctuations (intrinsic �uctuations relatedto a single
bilayer)andespeciallydueto longrange�uctuations(�uctuationsin therelativepositionsof unit
cell [125] (Fig. 28), theelectrondensitypro�les obtainedby X-ray diffractionarebroad.

Thetypicalelectrondensitypro�le obtainedonMLV composedof DPPCis shown onFig.29
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Fig. 28. Schematicrepresentationof long range�uctuations in a MLV (Accordingto [6] reproducedby
permission).

Fig. 29. Representationof structureof DPPCin theL � �uid phase.(a) Probabilitydistribution functions
for differentcomponentgroupsfrom MD simulations[126] andthe downward pointing arrows show the
peaklocationsdeterminedby neutrondiffractionwith 25 % water[124]. (b) electrondensitypro�le from
X-ray studies(c) Theschematicrepresentationof theheadgroupandthehydrophobicregion of thebilay-
ers. The versionon the left monolayeris a simplethreecompartmentrepresentation.Theversionon the
right monolayeris a morerealisticrepresentationof the interfacial headgroupregion. D C is theexperi-
mentallydeterminedGibbsdividing surfacefor thehydrocarbonregion. (Accordingto [6] reproducedby
permission).
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togetherwith schematicrepresentationof bilayer regionscorrespondedto headgroupsandhy-
drocarbonchains.Thefull thicknessof thelayeris composedof thethicknessof bilayerregion
DB andthethicknessof waterregion D W : D = DB + DW � DB is de�ned asDB = 2VL =A,
whereVL is thevolumeof lipid andA is its area.D W = 2nW VW =A, whereVW is volumeof
watermoleculeandnW is thenumberof watermolecules/lipid.ThevolumeVL of the lipid is
divided into headgroupsD H andhydrocarbonchainsregion D C : DB = 2(DH + DC ). The
DC includesthehydrocarbonchaincarbonsexceptfor thecarbonyl carbon,which hassubstan-
tial hydrophiliccharacter. For DPPCthehydrophobiccorethereforeconsistsof 14 methylenes
andoneterminalmethyl on eachof two chains. The determinationof theD C valueis impor-
tant for analysisof themechanismof protein-lipid interactions,wherethe interactionsbetween
hydrophobicpartsof proteinandthelipids playsconsiderablerole. Theheadgroupof phospho-
lipid consistsof remainingpartof the lipid. Electrondensitypro�le providesgoodmeasurefor
thelocationof thephosphategroups.Informationaboutz-coordinatesof othergroupshasbeen
obtainedusingneutrondiffraction. Becausethe thermal�uctuations, thepositionof theatoms
in the lipid moleculecanbe describedby a broadstatisticaldistribution functions,that canbe
obtainedby moleculardynamicssimulations)(MD) (Fig. 29) [126].

MD becomesratherattractive, becauseallowing to obtainmuchgreaterdetailsthancanbe
obtainedexperimentally. Thesedetailscanbeevenguidefor interpretationof experimentalre-
sults. The lateststructuralparametersfor fully hydratedlipid bilayersof mostfrequentlyused
compositionareshowedin Tab. 6.

4.2 Interaction betweenbilayers

We mentionedabove that long-range�uctuations of bilayerscauselessprecisionin determina-
tion thestructureof bilayersby X-ray diffractionmethod.These�uctuations causeinteraction
betweenbilayers. However, two bilayerscloseto eachother �uctuate lessthenthat at a short
distance.Whenbilayersareon a closedistance,thensuppressionof �uctuation take placeand
resultedto decreaseof theentropy. This causesincreaseof the freeenergy of thesystem.Ac-
cordingto Helfrich [127], the free energy of �uctuations increaseswith decreasingseparation
distanceDW 0 anddependsonbendingelasticitymodulusK c of bilayers

Ff l = 0:42
(kT)2

K cD 2
W

: (26)

The mechanismsof interbilayerinteractionscanbe studiedby X-ray diffraction [6] or by
surfaceforcemethod[128]. X-ray diffractionstudiesarebasedon measurementof thechanges
in bilayer structuralparametersfollowing applicationof osmoticpressure.It is expected,that
removal of the water from interbilayerspaceasa resultof increasedosmoticpressureshould
squeezemembranestogetherandin additionshouldresultin decreaseof theareapermolecule
(or increasethemembranethickness)[129]. Thechangesin the thicknessare,however, rather
small� 0:12nmwhenosmoticpressureis increasedfrom 0 to 5:6� 106 N m� 2 [6]. Theanalysis
showed,thathydrationandundulationforcesaswell asvanderWaalsattractiveforcescontribute
to the total interbilayerpressure.The hydrationpressureis dominantfor interbilayerdistances
0.5–1.3nm,theundulationpressureis majorat largerdistancesandvanderWaalsforcesat lower
spacing.
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Tab. 6. Structuralparametersof fully hydratedlipid bilayers(accordingto [6]). VL – lipid molecular
volume,D – lamellarrepeatspacing(seeFig. 29),A – averageinterfacialarea/lipid,VC – sumof volumes
of chainmethylenesandmethyls,VC H 3 – volumeof methyl,D C – thicknessof hydrocarboncore(D C =
VC =A), D H H – headgrouppeak-peakdistance,D B – Gibbs-Luzzatibilayer thickness(D B = 2VL =A),
D W – Gibbs-Luzattiwater thickness(D W = D � D B ), D H 0 – stericheadgroup thickness(D H 0 =
(D B 0=2) � D C ), D B 0 – steric layer thickness(D B 0 = 2(D C + D H 0), D W 0 – stericwater thickness
(D W 0 = D � D B 0), nW – numberof watermolecules/lipid(nW = AD W =2VW ), nW 0 – numberof
watersbetweenD C andD B 0=2(nW 0 = AD H � VH )=VW ).

Lipid DPPC DPPC DMPC DOPC EPC DLPE DLPE
Temperature 20 � C 50 � C 30 � C 30 � C 30 � C 20 � C 35 � C

VL ( 	A3) 1144 1232 1101 1303 1261 863 907
D ( 	A) 63.5 67 62.7 63.1 66.3 50.6 45.8
A ( 	A2) 47.9 64 59.6 72.5 69.4 41.0 51.2
VC ( 	A3/region) 825 913 782 984 942 611 655
VC H 3 ( 	A3/group) 25.9 28.7 28.1 28.3 - 26.0 27.3
2DC ( 	A) 34.4 28.5 26.2 27.1 27.1 30.0 25.8
DH H ( 	A) 44.2 38.3 36.0 36.9 36.9 39.8 35.6
DB ( 	A) 47.8 38.5 36.9 35.9 36.3 42.1 35.4
DW ( 	A) 15.7 28.5 25.8 27.2 30.0 8.5 10.4
DH 0 ( 	A) 9.0 9.0 9.0 9.0 9.0 8.5 8.5
DB 0 ( 	A) 52.4 46.5 44.2 45.1 45.1 47.0 42.8
DW 0 ( 	A) 11.1 20.5 18.5 18.0 21.2 5.6 5.0
nW 12.6 30.1 25.6 32.8 34.7 5.8 8.8
nW 0 3.7 8.6 7.2 11.1 10.2 2.0 4.7

Interbilayerinteractionsdependson thekind of phospholipids.For chargedlipids in low salt
concentrationsoneshouldconsideralsoelectrostaticinteractions.Glycolipid bilayersarechar-
acterizedby morecomplex interactionsandincludealsostrongadhesiveforcesdueto saccharide
headgroups[129].

4.3 Dynamicsand order parameter of bilayersdeterminedby EPR and NMR
spectroscopyand by optical spectroscopymethods

Electronparamagneticresonance(EPR),nuclearmagneticresonance(NMR) andoptical spec-
troscopy methodsallowing to obtaininformationaboutlipid chaincon�guration anddynamics
andto studythemechanismsof protein-lipid interactions.The theoryof thesemethodsis well
describedin literature(seee.g.[130]).

The radio spectroscopicmethods(EPR,NMR) are basedon interactionof electronspins
(EPR)orprotonspins(NMR) with magnetic�eld. If thespinsarenotpaired,thespinof electrons
oroverallspinof chargednucleusgenerateamagneticdipolealongthespinaxis.Themagnitudes
of thesedipolesareof fundamentalpropertiesof electronsandnucleiandarecalledelectron(� e)
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(a) (b)

Fig. 30. (a) Structuralformulasandlocationof thespinlabelsI 1;14 andI 12;3 in a membraneand(b) their
EPRspectra.

andnuclear(� N ) magneticmoments,respectively. If singleelectronor singleprotonsareplaced
in a staticmagnetic�eld H , theenergy of thespinswill be splittedon two energy levels. The
energiesof theselevelsare- 1

2 g� H and1
2 g� H , respectively. Sothedifferencebetweenupperand

lower energy levels is � W = g� H . whereg is magnetogyricratio anddependson thenature
of paramagneticparticle.For electrong � 2. � = 0:977� 10� 23J=T is Bohr'smagneton.The
numberof electronsthatwill occupy the lower energy level is N1 andthat for upperlevel N2.
TheratioN1=N2 = e� W =kT = eg� B =kT > 1. Thus,thenumberof electronsat thelowerenergy
level will behigherthenin upperone.If now alternatingelectromagnetic�eld with a frequency
� will bedirectedperpendicularto themagnetic�eld H , theelectronsfrom lower level will be
movedto theupperenergy level, i.e. thesystemwill adsorbtheenergy. Themaximumof energy
absorptionwill take placeat resonanceconditions.In thecaseof EPR,this resonancefrequency
is

� RE = g� H=h; (27)

whereh is Planck's constant.It is moreconvenientto keepfrequency constantandchangethe
magnetic�eld intensity, H . In this casetheresonanceenergy absorptionwill takeplaceat

HRE = h� =g� : (28)

The EPRspectrarepresentthe dependenceof the intensityof absorptionon the magnetic
�eld strength. Becausethe phospholipidmoleculesarediamagnetic,they mustbe labeledby
spin labels. Alternatively, spin probescanbe usedfor incorporationinto the lipid membranes
in order to measureEPRsignal. Figure30 shows the structuralformulasof two typical spin
probeswith differentlocationof nitroxyl radical. It is alsoshown the locationof theprobesin
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the membraneandthe spectraof the probes. The EPRspectrumof quickly rotating I 1;14 (1-
doxylstearat)representsa triplet involving narrow components.Any slowing down of the label
rotationor any movementanisotropy is associatedwith visible changein the nitroxyl radical
spectrum.It is typicalfor spinlabelI 12;3 (12-doxylstearat)thenitroxyl radicalof whichis located
closelyto thepolarheadgroupregion,which is moreorderedthanregion of innerhydrophobic
regionof themembrane.

TheEPRspectrumandits componentsaredependenton theanisotropy of theenvironment
aswell ason theordering,micro viscosity, surfacecharge,etc. Thus,increasedenvironmental
anisotropy broadensspectrallineswhich becomemoredistantfrom eachother. ParameterA I I

, distancebetweenoutermaxima(Fig. 30) is sometimeemployedasit dependson the label ro-
tationspeedandon thedegreeof thelabelorientationin respectto membranesurface.Also the
relationshipof amplitudesof the individual spectrumcomponentsis changed.Changesin envi-
ronmentalanisotropy arefollowedby changesin rotationaldiffusionof thelabel.Quantitatively,
rotationaldiffusionis characterizedby therotationalcorrelationtime � R

� � 1
R � 2� (Azz � Axx )=h; (29)

where(Azz � Axx ) is the maximumanisotropy of the 14N-hyper�ne splitting of the nitroxyl
radical [131]. The characteristicrotational times for lipids in �uid stateare around10� 9 s.
Characteristictime for lipids restrictedby interactionswith proteinsarein region � R � 1 � 5 �
10� 8 s [132].

The orderingparameterS is an informative characteristicof EPRspectra.This parameter
characterizesthedegreeof orderingof thebilayer. TheparameterS is determinedby [133]

S =
A I I � A?

2Axx � (Axx + Ayy )=2
Axx + Ayy + Azz

A I I =2 + A?
; (30)

whereAxx = Ayy = 0:58 mT, Azz = 3:1 mT. Theorderparameterdependson thestructural
stateandcompositionof thebilayer. In generaltheparameterS decreasestoward thecenterof
bilayer, which is consistentwith increasedmobility of thehydrocarbonchainstowardthemethyl
groups(Fig. 31) [134].

Despiteanumberof advantagesof EPRmethodof spinprobes,thequestionmayariseabout
possibledisturbanceof themembraneby spinprobe.Thisproblemdoesnotexist for NMR. This
is dueto thefactthatmany nucleushave their own magneticmoment,which is sensitive to their
surrounding,i.e. they allow to measureNMR spectra.Theresonanceconditionfor NMR is given
by relation

HRN = � h=gN � N ; (31)

wheregN is thenucleusmagnetogyricratioand� N is nuclearmagneton.Themagneticmoment
is typical for nuclei1H, 15N, 19F, 31P etc,but not for 4He, 14O, 12C. In biologicalobjectsthere
aremany protons,which give possibility to apply this methodfor investigationof orderingand
dynamicsof biomembranes.Thespectrallinesdependson thechemicalstructureof theatoms.
This is so-calledchemicalshift. Unfortunately, large numberof chemicallydifferentprotons
have similar valueof chemicalshift. This problemcanbe solved by selective deuterationof
themolecules,e.g. lipids usingisotopes2H or 13C. If hydrophobicchainsof phospholipidsare
predeuterated,theorderparameterS canbedetermined.Thisparameterdecreasestowardcenter
of thebilayersimilarly like in thecaseof EPRmethod.
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Fig. 31. Theplot of theorderingparameterS on thepositionof hydrocarbon,n, for fully hydratedmul-
tilayersof A – eggPCandB - eggPC+ cholesterol(molar ratio 2:1) (Accordingto [134] reproducedby
permission).

The studyof structureanddynamicsof moleculeshasbeensuccessfullyperformedusing
31P NMR. Thenuclei 31P areoftenpresentin variousbiological molecules.Thesespectraare
sensitive to thestructureof lipid bilayer. This is dueto thefact that lipid phosphorusexhibits a
largechemicalshift anisotropy. In a largeliquid crystallinesystems,sucharebiomembrane(lin-
eardimensions> 200nm) therotationof thelipid moleculealongits long axis is only partially
averaged.Thereforeinsteadof narrow componenttheNMR spectrumis broadenedandis com-
posedof a low �eld shoulderandhigh �eld peak(Fig. 32). This shapeof 31P NMR spectrais
typical for largemultilayersystems,e.g.MLVs. In contrastwith MLVs, in smallsonicatedunil-
amellarvesicles(ULV) thefastdiffusionsof thelipid moleculesproducingline-narrowingeffect.
Thenarrow NMR spectraaretypical alsofor micelles,cubicor rhombiclipid phases[135,136].
However, whenlipids arein HI I hexagonalphase(Fig. 32), additionalmotionalaveragingtake
placedueto lateraldiffusionaroundsmall(2 nmdiameter)aqueouschannels.Thiseffectresulted
in characteristic31P NMR line shapewith reverseasymmetrycomparedto the bilayer spectra
(Fig. 32) [136]. Thusthe31P NMR spectracanbeusedfor studytheformationof nonlamellar
phasesin a lipid systems.The non lamellarsystems– hexagonal(HI I ) phasescanappearin
initially lamellarphasesof lipid bilayerscomposedof phosphatidylethanolaminesathighertem-
peratures.Thetransportof ionscanalsoinducetheHI I phase[137]. Non lamellarphasescan
appearalsoaroundproteinsin a membrane[138].

The analysisof the NMR spectrarevealedthat at liquid crystallinestateof the bilayer fast
rotation,characterizedby relaxationtime � R � 10� 7 s� 1 take place. At temperatureof phase
transitionof phospholipidsfrom lessorderedliquid crystallinephaseto moreorderedgel phase
at lower temperature,the micro viscosityof the membraneincreases.This is re�ected by in-
creasingthetimeof moleculerotation� R > 10� 5 s. However, themobility of polarheadgroups
of phospholipidsarelesssensitiveto thephasetransitionin comparisonwith hydrocarbonchains
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Fig. 32. Theschematicstructureof somephospholipidphasesandtheir 31 P NMR spectra(Reproducedby
permissionfrom Ref. [135]).

andthe relaxationtime of the rotationof the headgroupsis lessaffectedby temperature.The
sensitivity of 31P NMR to a structuralstateof themembranemakesthis methodsensitive tool
for studythephasetransitionsin lipid bilayers.For example,thehalf width �� 1=2 of thesharp
peakof the31PNMRspectraof MLVs is in�uencedby dipole-dipoleinteractionsbetweenphos-
pholipid headgroups. This interactionchangesduring phasetransitionof bilayer. Therefore,
the phasetransitioncan be studiedby measurementof the dependenceof the �� 1=2 on the
temperature[139].

Amongopticalspectroscopy methodsthe�uorescent spectroscopyis especiallysuitablefor
study the physicalpropertiesof lipid bilayers. The phospholipidsdo not reveal �uorescence,
thereforethey shouldbe labeledby �uorescencelabels,or �uorescenceprobesshouldbe used
for monitorthemembraneproperties,becausetheprobesaresensitive to theirsurrounding.Cur-
rently thereexist a largevarietyof �uorescentprobes,thatcanbeusedfor studyvariousaspects
of membranebiophysicsandbioelectrochemistry. Theamphiphilicprobessensitive to themem-
braneanisotropy (e.g.1,6diphenylhexatriene(DPH)) or potentialsensitive styryl dyes(e.g.RH
421or di-8-ANEPS)canserveasanexample.

The applicationof �uorescentprobesto studyorderinganddynamicsof the membraneis
basedon measurement�uorescenceintensitiesI jj andI ? in two directionsof polarizationwith
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Fig. 33. The temperaturedependenceof the �uorescenceanisotropy, r , for �uorescenceprobeDPH in
DPPCvesicles(� ), DPPCin complex with DNA (2 ) andDPPCin complex of dextranesulphate(4 ).
In last two casesalsomagnesiumions werepresentedin electrolyte. All compoundswerein equimolar
concentrations2:5 � 10� 4 mol l � 1 andtheconcentrationof the�uorescenceprobewas2 � 10� 7 mol � 1

(Reproducedwith permissionfrom Ref. [141]).

respectto thedirectionof exciting beam,respectively. The�uorescenceanisotropy is character-
izedby parameterr

r =
I I I � I ?

I I + 2I ?
: (32)

Thus,if the probeis in fully isotropicenvironment,thenr = 0. The membrane,however
representanisotropicbody, thereforer 6= 0 andtheir �uorescenceanisotropy will dependon the
membranestructuralstate.Theanisotropy measuredin asteady-stateconditionscanbepresented
as

r =
r0 � r1

1 + � =� c
+ r1 ; (33)

wherer0 andr1 aretheinitial andlimiting valuesof time-resolvedanisotropy, � R is correlation
time and� is life time of �uorescenceprobe.Theparametersr 0 andr1 areconnectedwith the
orderparameterS [140]

S2 = r1 =r0: (34)

The �uorescencespectroscopy is usefulfor studytemperaturephasetransitionsandfor the
mechanismsof interactionof variousspecieswith lipid bilayer. As anexampleonFig. 33thereis
aplotof �uorescenceanisotropy onthetemperatureobtainedwith DPHdyein vesiclescomposed
of DPPCandin complexesof DPPCwith DNA from salmonspermandwith dextransulphate
in presenceof magnesiumions. For pureDPPCvesiclestheparameterr sharplychangeswith
increasingthe temperatureat the region of pretransition(T � 35 � C) andat main transition
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Fig. 34. Fluorescenceexcitationspectraof RH421in theaqueoussolutionof 0.2mg/ml DPPCvesiclesin
the control (full curve) andin the presenceof 0.5 � M gramicidinA (dottedcurve) or 10 � M phlorentin
(dashedcurve) (Reproducedby permissionfrom Ref. [144]).

temperature(T � 41 � C). For thecomplex DPPC+DNA +MgCl2 only monotonousdecreaseof
r wasobtained.It is possiblethat interactionof DNA with the headgroupsof DPPCresulted
partialdenaturationof DNA andasa resultmorehydrophobicbasesinteractwith hydrophobic
partof thebilayer. Interactionof dextransulphate(DS)with DPPCis ratherstrongasit is evident
from Fig. 33. It is seenthatDS inducedsecondphasetransitionat temperaturehigherthenmain
transitionof phospholipids.Thiseffectmaybedueto theformationof hydrogenbondsbetween
hydroxylgroupsof DS andthecarbonyl groupsof DPPC[141].

Potentialsensitivedyes,likeRH421or di-8-ANEPScanbeuseasasensitivetool for monitor
changesof membranepotential.They revealedsocalledelectrochromiceffect, i.e. theelectric
�eld causedshift in their �uorescencespectra[142].

The styryl days, like RH421, are amphiphilic with partition coef�cient Clipid =Cwater >
105 [143]. Dueto amphiphilicnatureof thedye,its polarpartis locatedat theregionof thepolar
headgroupsof phospholipids,while thechromophoreandthehydrophobictail of moleculeare
locatedathydrophobicpartof themembrane.Thesensitivity of thedyeto thechangesof dipole
potentialof themembraneis illustratedonFig. 34,wherethenormalized�uorescenceexcitation
spectraof RH 421in DPPCvesicleswith andwithout gramicidin(5 � mol l � 1) and/orphloretin
(10 � mol l � 1) arepresented.The shift of the spectraevidencesthat both specieschangesthe
dipole potentialof the DPPCbilayer [144]. Quantitative informationof the changesof dipole
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potentialcan be obtainedby determinationof the ratio of �uorescenceintensitiesdetectedat
two excitationwavelengthon theblueandrededgesof theexcitationspectra[144]. For RH421
dyeit is ratio: R = I 440=I540, whereindexescorrespondto thewavelengthof excitationbeam.
For example,Shapovalov et al. [144] showed, thatgramicidinA resultedpronounceddecrease
of theR valuewith increasingconcentrationof this channelformer. It hasbeensupposedthat
gramicidinreducestheexistingpositivedipolepotentialof bilayersby inducingreorientationof
dipole-carryinggroups(cholinesor hydratedwaters).

The ion translocationcouldchangethe local electric�eld in themembrane[145], therefore
theelectrochromiceffectof styryl dyescanbeusedfor studythechargemovementacrossmem-
braneswith incorporatedionic pumps[145].

If themembranecontained�uorescencedyesis shortly illuminatedby intensive laserbeam,
thedyesat light exposedarealost of the �uorescence.The �uorescenceof this part, however,
startto increasewith timedueto diffusionof undamageddyesfrom surroundingmembranesur-
face,thatwasnot illuminatedby thelaser. Thismethod,thatis calledphoto-bleaching,allowing
to determinecoef�cients of lateraldiffusion of lipid bilayers(6 � 10� 12 m2 s� 1) or proteins
(10� 14 m2 s� 1). Largevariety of modernlaserspectroscopicmethods,suchareRamanspec-
troscopy, time resolvednano-andpicosecondspectroscopy arealsoof considerableinterestin
membranestudies[146].

5 Phasetransitions in lipid bilayers

The bilayer lipid membranescanexist in differentphasesdependingon the watercontentand
temperature.Transitionbetweenphasescanbeinducedby varyingeitherthelipid concentration
(lyotropic mechanism)or temperature(thermotropicmechanism).For biomembranesthe par-
ticular interestaretransitionsinvolving thelamellaror bilayer lipid phase.Thephasetransition
processestypical for biomembranesareconnectedwith hydrocarbonchain– meltingtransitions
andin transitionsto non-lamellarphases.Thechain-meltingtransitionis basedoncon�guration
entropy of thehydrocarbonchains.Thedriving forcefor transitionfrom lamellarto non-lamellar
phaseis thetendency to spontaneouscurvatureof thebilayerphase.This processhasgreatsig-
ni�cant for cell or vesiclefusion[147].

The variousphaseshasbeenclassi�ed by nomenclatureproposedby Luzatti [148]. Latin
letter characterizesthe type of long-rangeorder: L – one dimensionallamellar, H – two di-
mensionalhexagonal,P – two dimensionaloblique, Q – threedimensionalcubic, C – three
dimensionalcrystalline. A lower-caseGreeksubscriptcharacterizestheshort-rangeconforma-
tion of thehydrocarbonchains:� – disordered(�uid), � – ordereduntilted (gel), � 0 – ordered
tilted (gel). Romannumeralsubscriptis usedto characterizethecontentof structureelement:I
– paraf�n in water(normal),II – waterin paraf�n (inverted).

5.1 Lyotropic and thermotr opic transitions

Lyotropic transitions. In general,lyotropic transitionbetweensingle phaseswill take place
via two co-existing phases.The lyotropic mesomorphismfound in lipid-watersystemcanbe
schematicallyrepresentedby diagram(Fig. 35) [147,149].At very low lipid concentration,be-
low thecritical micelleconcentration(cmc),thelipid is in form of monomers.At concentration
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Fig. 35. Schematiclyotropic lipid-waterphasediagramfor phospholipids.This is high temperaturesection
of thetemperature-composition,andis intendedprimarily to indicatephasetransitionsinducedby varying
watercontent. Hatchedareasindicatetwo-phasedomains. The left-handsideof the diagram(from the
L � phaseto higherwatercontent)is representative of single-chainphospholipids(V=Al < 1 – hereV is
volume,A is areaandl is theeffective lengthof phospholipidmolecule),andtheright-handside(from L �

phaseto lower watercontent)is representative of two chainphospholipids(V=Al > 1). (Reproducedby
permissionfrom Ref. [147]).

higherthencmcthelipids form normalmicelles(M I ). With furtherincreasingthelipid concen-
trationthesystemis transformed�rst to normalhexagonalphase(H I ) (probablyvia intermediate
cubicphaseQ0

I ). HI is thentransformedto the normalcubic phase(QI ) andthento lamellar
phase(L � ). Thissequenceis typicalfor singlechainphospholipids.For two chainphospholipids
at theirhigherconcentrationthelamellarphaseis transformedinto aninvertedcubicphase(Q I I )
andthento andinvertedhexagonalphase(H I I ).

Thermotropictransitions. Becausein excessof waterthecompositionis �x edasinglephase
canexist overrangeof temperatures.However, two phasescancoexist only at �x edtemperature.
Therefore,sharpthermotropicphasetransitionoccursat certaintemperature.In general,the
sequenceof thermotropictransitionsof hydratedphospholipidscanbe presentedby following
scheme

L c
Ts! L �

Tp
! P� 0

T t! L �
Th! QI I ! H I I

T l! M I I : (35)

With increasingthetemperature,at Ts thesubtransitionfrom crystallinephase(L c) to hydrated
lamellargel phase(L � ) take place. The lipid chainscanbe tilted or not tilted with respectto
thebilayernormal. Then,at temperatureTp, thepretransitionfrom low temperaturegel phase
to an intermediateripple phase(P� 0) take place. Then the main transitionfrom gel to �uid
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lamellarphase(L � ) occursat thetemperatureTt . ThephaseL � is characterizedby disordered
lipid chains.With increasingthetemperaturethe�uid phaseundergofurthertransitions.First to
invertedcubicphase(QI I ) andtheninto invertedhexagonalphase(H I I ). The�nal stageis the
transitioninto the invertedmicellarphase(M I I ). This phaseis characterizesasan immiscible
oil in excesswater. Not all thephasesandtransitionsmentionedaboveshouldappearfor asingle
phospholipid[147].

5.2 Thermodynamicsof phasetransition

At thephasetransitiontemperaturethestructureandpropertiesof thelipid bilayerchangesharply
within narrow temperatureinterval – usuallylessthen0.1 � C. Thechangesof orderingof lipid
bilayerareconnectedwith changesof entropy of thesystem.In additiontherearesharpchanges
of thevolumeof phospholipids.This is typical featureof the�rst ordertransition.Thechangeof
Gibbsenergy at thetransitiontemperature(Tt ) is zero,i.e. � G = � H t � Tt � St = 0 andthus
thechangesof entropy of thesystematphasetransitiontemperatureareconnectedwith changes
of thesystementhalpy

� St = � H t =Tt : (36)

For a �rst ordertransition,thechangein transitiontemperaturewith pressure,P, shouldbe
directly relatedto thechangein volume,� Vt , at thetransition,via Clausius-Clapeyronequation

dTt

dP
= NA � V=� St ; (37)

where� St is the transitionentropy andNA is Avogadro's number. This relation is valid for
phospholipidbilayers[150]. Similarly, the changein transitiontemperaturein responseto an
isotropicmembranetension
 , is relatedto thechangesin bilayerarea� A t atthephasetransition

dTt

d

= 2NA � A=� St ; (38)

wherethefactorof 2 allows for thetwo halvesof thebilayer. This equationhasbeenveri�ed in
Ref. [151].

Variouseffects,particularlyconnectedwith the compositionof aqueousphase,e.g. ionic
strengthcaninducetheshift in phasetransitiontemperature(see[147]). For chargedlipids, shift
in transitiontemperaturearisefrom differencein surfacechargedensityin thetwo phases.This
shift canbeestimatedusingelectrostaticdoublelayertheory(seebelow)

� T el
t = �

"
�

�
kT
e

� 2

NA �

 r

1 +
� �

c

� 2
� 1

!
� A t

� St
; (39)

where� =
p

8� NA e2I =1000"k T, is thereciprocalDebyescreeninglengthandc = kT"�= 2� e.
Theelectrostaticshift is determinedmostlyby thechargedensity, � , theionic strength,I , andby
thechangein thearea/molecule,� A t . The experimentaldeterminationof thephasetransition
temperaturedueto theelectriceffectshasbeenperformedby Träubleet al. [152].

Experimentallythephasetransitioncanbedeterminedby measuringthetransitionenthalpy
by scanningcalorimetry. Thecalorimetricpropertiescanbepresentedasaspeci�c heatcapacity
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Fig. 36. Calorimetricandspeci�c volumepropertiesasa functionof temperaturefor multilamellarvesicles
of DPPC.(a) - speci�c partialheatcapacity(theentireheatabsorptionpeak,reduced100-fold,is shown at
thebottom),(b) - Speci�c partialenthalpy, (c) - speci�c partialvolume. Thetemperaturedependenciesof
undisturbedstatesareextrapolatedby dashedstraightlines. (Reproducedby permissionfrom Ref. [154]).

or changestheenthalpy asa functionof temperature.An exampleof thecalorimetricproperties
of multilamellarvesiclesof DPPCis shown in Fig. 36 togetherwith a plot of speci�c volumeas
a functionof temperature.Thespeci�c volume,V = [1 � (� � � 0)=c]=� 0 of phospholipidcan
bedeterminedon thebaseof theprecisemeasurementof thedensity, � , usinge.g.vibratingtube
principle[153]. Here� is thedensityof thelipid solution,� 0 is thedensityof thebuffer andc is
theconcentrationof lipids. Thelow temperaturepeakof heatcapacityatT = 35 � C is connected
with pretransition,i.e. transitionfrom ripple gel phaseto lamellargel phase.Thenarrow peak
at Tt = 41:2 � C is connectedwith main transitionfrom gel to �uid lamellarphase.From the
changesof speci�c volumewe canseesharpchangesat maintransitiontemperaturecon�rming
the�rst orderof themaintransition.

5.3 Trans-gaucheisomerization

Microscopicallythechainmelting is connectedwith rotationaroundcarbonbondsof hydrocar-
bonchainsof phospholipids.Thelowestenergy holdsfor transandhighestfor cis conformation
of thechains.At gel statetherotationis restrictedandthesaturatedchainsarein transconfor-
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Fig. 37. The conformationof hydrocarbonchainof phospholipid. A – transcon�guration, B – gauche-
trans-gaucheconformation,C – cis-trans-gauchecon�guration.

mation. Whentemperatureapproachingthe phasetransitionregion the probability of rotation
increases.Therotationby 120� relatively to transconformationresultedin formationof gauche
(+) or gauche(� ) conformation.Energetically the gaucheconformationdoesnot differ sub-
stantiallyfrom transconformation(2–3 kJ mol� 1), however thesetwo conformationsaresep-
aratedby relatively high energeticalbarrier (12–17kJ mol� 1. The appearanceof gauche(+)
conformationcausedstericaldif�culties in a bilayer. However, subsequentgauche(� ) rota-
tion resultedin diminish of stericalrepulsion.As a resultthegauche(+) -gauche(� ) rotation
the kink conformationof lipid chainappears(Fig. 37). In this casethe spacecon�guration of
the chain is preserved, but the chain is shorterby 0.127nm and the cross-sectionalareain-
creases.The phasetransitionin lipid bilayer from gel to liquid stateis thereforeaccompanied
by decreasingthe thicknessandincreasingtheareapermolecule.Thevolumeof phospholipid
changesin lesserextend. The presenceof unsaturatedphospholipidscausedconsiderablein-
creasingtheprobabilityof trans-gaucheisomerizationandthereforethephasetransitiontemper-
aturedecreases.In orderto estimatetheeffectivity of trans-gaucheisomerizationlet uscompare
the frequency of torsionaloscillationsof C-C bonds(� 7 � 1012 s� 1) with the frequency of
appearancethegaucheconformationat the room temperature(� 300K). Consideringthat the
energeticbarrierseparatingthetransandgaucheconformationis � E = 12 kJ mol� 1 we have:
� = (kT=h) exp[� � E=RT)] � 1010 s� 1 [86]. Thus,thegaucheconformationappearswith a
high frequency dueto torsionaloscillations.In the�uid statethekink canmovealongthechain
dueto synchronousrotationby 120� of correspondingC-C bond. Theshift to theneighboring
positionis of theorderof � L = 0:13 nm. The shift of theking canbe consideredasonedi-
mensionaldiffusionalongthechain.This diffusioncanbecharacterizedby diffusioncoef�cient
D k = 0:5� (� L )2 � 10� 5 cm2 s� 1 (herewe assumedthat the frequency of the jump of the
kink is of theorderof 1010 s� 1). This valuepracticallycoincideswith thediffusionof oxygen,
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wateror smallmoleculesof nonelectrolytesthroughlipid bilayer. Thusit canbeassumedthat
thetransportof somespeciesthroughthelipid bilayercanbedueto appearanceof freevolume
in a membraneformedby kinks.

5.4 Order parameter

High mobility of hydrocarbonchainsallowing to determineonly average,mostprobableorien-
tation of the chains. Even in a gel statethereexist conformationalmobility of the chainsthat
increasestowardthecenterof thebilayer. In orderto describetheshift of theorientationof the
chainfrom thedirectionnormalto thebilayersurfacethereis usuallyusedtheorderparameter
Sn

Sn =
3
2

cos2� n �
1
2

; (40)

where� n is the anglebetweenthe normalof the bilayer andthe normal to the planeformed
by two vectorsof C-H bondsof then-segmentof thehydrocarbonchain. Obviously for ideally
orderedchainS = 1 andthat for disorderedphaseS = 0. Theorderparameterof thebilayer
is almostconstantup to 8-9 methylsegment,but decreasessubstantiallyafterthissegment.This
hasbeenestablishedbothby NMR andEPRspectroscopy [6,132]. It is possible,that theinitial
segmentsof thehydrocarbonchainprovide cohesioninteractionbetweenthechains,that is, in
additionto hydrophobicinteraction,necessaryfor preservingthebilayerintegrity. It is interesting
that in mostof thenaturalphospholipidsthedoublebondsin anunsatutratedfatty acidsoccure
after9 carbonatom,andthusdid not decreasetheorderingof thedenselypackedstartingparts
of thechains.

5.5 Cooperativity of phasetransition

The chain-meltingtransitionof phospholipidswith saturatedhydrocarbonchainsis highly co-
operative with transitionwidth that can be lessthan 0.1 � C. Phenomenologicaltheoryof the
cooperativity of thephasetransitionhasbeenformulatedon thebasisof coexistenceof theclus-
tersof lipid molecules.Thecooperativity of thetransitionis evaluatedastheratio betweenthe
Van't Hoff enthalpy to thecalorimetricenthalpy: � H V H =� HC AL = 1=

p
� 0, where� 0 is the

parameterof cooperativity andthevalue1=
p

� 0 is thesizeof cooperativity unit (� 0 = 1 corre-
spondto noncooperative behavior, while value� 0 < 1 representcooperative behavior. Lesser
valueof the� 0 thehighercooperativity of thesystem).TheVan't Hoff enthalpy canbeapprox-
imately estimatedfrom the half width of the transition� T1=2. � HV H

�= 7T 2
t =� T1=2 [86].

For example,the numberof lipid moleculesin a cooperative units for DPPCwasestimatedas
70� 10 andthat for DMPC 200� 40. Dueto thermal�uctuations the liquid phaseborn in a gel
phase.At thephasetransitiontemperaturebothgelandliquid phasecoexist. With increasingthe
temperaturethenumberof moleculesin a gel phasedramaticallydecreases.The�uctuations in
clustersizetakeplacethroughoutthetransition[155].

5.6 Theory of phasetransitions

The simplesttheory of phasetransitionin a lipid bilayershasbeenraisedby J. Nagle [156]
andis basedon theordering-disorderingtransitionwith assumptionof existenceof trans-gauche
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conformationsin eachhydrocarbonchain(seeabove). Thetemperatureof phasetransitioncal-
culatedon the baseof this theorywascloseto that obtainedby calorimetry. In the modelby
Marelja[157] theenergy of thechainwith con�gurationi in abilayeris determinedasfollows

E i = E i
in + E i

disp + pAi ; (41)

whereE i
in is theenergy of thechainconnectedwith trans-gauche-transition.The secondterm

E i
dis is connectedwith intermoleculardisperseinteractionsandthethird term(pA i ) is connected

with existenceof the lateralpressurein a bilayer dueto stericrepulsions,electrostaticinterac-
tions andhydrophobiceffect. The modelof Marelja allowing to calculatethe phasetransition
temperatureandtheenthalpy of thetransitionaswell asthebasicgeometricalparametersof the
chainsin agoodagreementwith experiments.

The phasetransitionsin a bilayer can be describedin generalalso by phenomenological
theoryby Landau[158]. Thistheoryallowing to calculatefreeenergynearbythephasetransition
temperature

G� = a1� +
1
2

a2� 2 �
1
3

a3� 3 +
1
4

a4� 4; (42)

where� is orderingparameter, a1 = p(A f � Ag), p is the lateralpressure,A f andAg arethe
areaperlipid moleculein liquid andin agelstate,respectively. Coef�cients a2, a3 anda4 canbe
foundfrom thedependenceof Tt and� on thelateralpressure(p). Theparametersof thephase
transitioncanbe foundfrom theminimaof thefunctionG� (T; � ). In thetheoryof Landauthe
orderingparameteris determinedthroughareapermoleculein a transitiontemperature

� =
A f � A
A f � Ag

; (43)

whereA is therealareapermoleculein abilayer. UsingtheLandautheoryit hasbeenpossibleto
estimatethein�uence of cholesterolandproteinson a phasetransitiontemperature.Theresults
of theseworksarein agreementwith thetheorydevelopedby Marelja.

ThemicroscopicPink latticemodel[159] is basedon descriptionof conformationalproper-
tiesof acyl chainbyasmallnumberof conformationalstates.Theconformationalchainvariables
arecoupledby hydrophobicanisotropicvanderWaalsinteractions.Theinteractionbetweenthe
hydrophilic moietiesis modeledby a Coulomb-typeforce or simply by an effective intrinsic
lateralpressure.

Detaileddescriptionof thephasetransitionsin lipid bilayersis given in book by Cevc and
Marsh[3].

6 Mechanicalpropertiesof lipid bilayers

6.1 Anisotropy of mechanicalpropertiesof lipid bilayer

Viscoelasticpropertieshave a signi�cant role in allowing biomembranesto perform different
functions.Togetherwith cytoskeleton,viscoelasticitydeterminesthecell shapeandthetransfer
of mechanicaldeformationfrom mechanoreceptorsto sensitive centers.Moreower duringcon-
formationalchangesof theproteinsalsothephysicalpropertiesof themembranecouldchange.
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Fig. 38. Schematicrepresentationof themembranedeformation.Arrows indicatethe applicationof me-
chanicalstress.For explanation,seethetext.

Thesechangescouldbedescribedby meansof macroscopicapproachusingthe theoryof elas-
ticity of solid bodiesand liquid crystals. The structureof lipid bilayer is simpler than those
of biomembranes.However even thestructureof BLM hasclearly expressedanisotropy. This
leadsto stronganisotropy of membraneviscoelasticpropertiesandrequiresdescriptionof bilayer
propertiesby severalelasticitymodules.Thedif�culties of describingof membraneelasticityare
still notexhaustedby thisphenomenon.Thebehavior of deformablesolidbodiesis describedby
thetheoryof elasticity. Theprincipaldifferencesof biomembranesfrom theclassicalobjectsof
this theoryareasfollows. Themembranethicknessis verysmallandis between20–200atomic
size. Thereforethe in�uence of microheterogeneityof eachatomic layer on membraneprop-
ertiescanbe substantial.In this casethemacroscopicparametersof themembrane,which are
theresultof theaveragingof their propertiesover theenvironment,canconsiderablydiffer from
thecorrespondingparametersof themembraneat thelevel of somedistinguishedlayers.On the
otherhand20–50atomiclayersis too largeavalueto enabletheirdescriptionby equationsof the
theoryof elasticityfor eachlayer. Thereforethereexist a numberof modelsof biomembranes
as elasticbodies,which averagethe propertiesof biomembranesby certainnumbersof such
layers[160-164]. However, for subsequentanalysisit is necessaryto introducea macroscopic
descriptionof membraneasanelasticbodyandgeneralizeit to accountfor its viscousproperties.
This analysishasbeenperformedin monograph[76]. It hasbeenshown thatunderstandingof
themembraneasa viscoelasticbodyrequiresanalysisof membranedeformationin differentdi-
rections(Fig. 38): (1) volumecompressibility;(2) areacompressibility;(3) unilateralextension
alongmembraneplane; (4) transversalcompression.The mechanicalparametersthat charac-
terizemembranedeformabilitylistedabove arevolumecompressibilitymodulusK andYoung
moduli of elasticityE I I , E10 andE? , respectively. Theseparametersarede�ned asfollows

K = � p=(� V=V), E I I = � x =(� A=A) = 2� x =(� C=C),

E10 = � x =Uxx , E? = � p=Uzz = 2p=(� C=C),
(44)

where� x is the mechanicalstressalong the membraneplane,p is the pressurecompressing
the membrane,Uzz and Uxx are relative membranedeformationin transversaldirection and
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along the membraneplane,� V/V, � A/A, � C/C are the relative changesof the volume,area
andelectricalcapacitance,respectively. Owing to small dimensionsof the membrane,special
methodsweredevelopedfor measurementtheelasticitymodules.Below webrie�y describethe
basicmethodsof measurementtheelasticitymoduli of lipid bilayerandwill show their typical
properties.Mechanicalpropertiesof lipid bilayershavebeendescribedin detailelsewhere[76].

TransversalelasticitymodulusE? . Transversaldeformation,i.e. parameterUzz = � d=d
(d is themembranethickness)cannot bemeasureddirectly dueto small thicknessof themem-
braneandextremelysmall changesof the thicknessupondeformation.Thereforethe transver-
sal deformationis determinedmostly from the measurementof the changesof the membrane
electricalcapacitance.In the caseof isovoluminousdeformation,i.e. whenthe volumecom-
pressibility, K , is muchhigherthenE? (this hasbeencertainlyshowed experimentally[76]):
� d=d = � � C=2C (i.e. decreaseof thicknessresultedin increaseof membranecapacitance).
In transversaldirection, the membranecan not be deformedby mechanicalpressure. How-
ever, becausethemembranebehaveselectricallyasa capacitor, whenvoltageis appliedto the
BLM, it will compressthe membranewith an electrostrictionpressurep = CS V 2

2d (CS is the
speci�c capacitanceof the membraneCS = C=A and V is the appliedvoltage). Therefore
E? = � p=(� d=d) = 2p=(� C=C). For measurementof thechangesof capacitancea special
methodis requiredaswell. This is connectedwith inhomogeneityof themembraneandwith the
presenceof thick Plateau-Gibbsborder. For example,if thedc voltagewill beappliedto BLM
and the capacitancewill be measurede.g. by capacitancemeter, then the measuredchanges
� C=C will benotonly dueto thechangesof thethickness.Otherfactorssucharerebuilding of
new bilayerpartsfrom thePlateau-Gibbsborderwill alsocontributeto the� C value.As aresult
the determinedelasticitymoduluswill be underestimatedin comparisonwith their real value.
This particularlyexplainstheunderestimatedvaluesof transversalelasticitymodulusin earlier
works (see[76] for review). Therefore,specialelectrostrictionmethodbasedon measurement
of the amplitudeof highercurrentharmonicshasbeendeveloped[165]. This methodaswell
asits applicationto variousBLM systemshasbeendescribedin detail in Ref. [76]. Brie�y , if
analternatingvoltageof amplitudeV is appliedto theBLM throughelectrodes(e.g. Ag/AgCl
electrodes),dueto thenonlineardependenceof capacitanceon thevoltage(C = C0(1 + �V 2),
whereC0 is thecapacitanceatV = 0 and� is theelectrostrictioncoef�cient), thehighercurrent
harmonicswith frequencies2f, 3f, etc. amplitudeI 2, I 3, etc. respectively, will begeneratedin
additionto thebasic�rst currentharmonic(frequency f) of anamplitudeI 1. Themeasurements
of theseamplitudesallowedus to determinevariousparameters,particularlytheabsolutevalue
of elasticitymodulus

�
�
� ~E?

�
�
� = E? = 3CsU2

0 I 1=(4dI 3); (45)

whereCs is thespeci�c capacitanceof themembrane.If in additionto theamplitudealsothe
phaseshift, ' , between�rst andthird currentharmonicis measured,thencoef�cient of dynamic
viscosity, � , canbedetermined

� = E? sin '= (2� f ) (46)

(see[76] for detaileddescriptionof themethodandexperimentalsetup). Theelasticitymodulus
~E? is a complex value, which re�ects the viscoelasticnatureof BLM deformation. Due to
viscoelasticitytheelasticmodulusshoulddependonthefrequency of deformation.Thishasbeen
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Fig.39. Frequency dependenceof (a)theelasticitymodulus,E? , and(b)phaseshift, ' , for aBLM of eggPC
in varioushydrocarbonsolvents: (1) n-heptane,(2) n-decane,(3) n-hexadecane.(4) – eggPC+cholesterol
(1:1w/w) in n-hexadecane.

approvedby thecurrentharmonicmethod[76]. The exampleof the plot of elasticitymodulus
andphaseshift asafunctionof frequency of deformationis presentedonFig. 39for BLM of egg
phosphatidylcholine(egg PC) containedvarioussolvent (n-heptane,n-decaneo n-hexadecane)
aswell asfor thosecontainingcholesterol.We canseethat for BLM containedn-hexadecane
(curve 3) the value of E? is much higher in comparisonwith thosecontainedn-heptaneor
n-decane.This is connectedwith theamountof thesolventin lipid bilayer, which is lower for n-
hexadecane.Wecanseethatpresenceof cholesterolcausedfurtherincreaseof elasticitymodulus
andsubstantiallyminimizedthedispersionof this valueat lower frequency of deformation.For
comparison,the approximatevaluesof elasticitymoduli for rubberandbondare104 and109

Pa,respectively. Interestingly, theelasticitymodulusof BLM composedof eggPC+ cholesterol
withoutsolventis closeto thosefor bond[76].

The frequency dependenceof elasticity moduluscan be explainedby simple rheological
scheme(Fig. 40c). This schemeconsistsof two elasticelementswith moduli E0 andE1 , and
oneviscosityelementwith thecoef�cient viscosity� . TheelasticitymodulusE0 characterizes
themechanicalpropertiesof BLM at lower frequencies,while E1 representstheelasticitymod-
ulus at higher frequency. At highestfrequency of deformationthe viscouselementdoesnot
follow the changesof membranethickness.Thereforethe elasticityof BLM is determinedby
thevalueof E1 . As soonasthe frequency decreasesthe elasticityelementstart to contribute
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Fig. 40. Comparisonof theoreticalandexperimentallyobtainedfrequency dependenceof the(a) dynamic
modulusE? andthe(b) angleof losses' , calculatedfor onerelaxationtime accordingto thescheme(c).
Experiment– experimentallyobtaineddependencefor BLM of eggPCin n-hexadecane(seealsoFig. 39,
curve 3); theoreticalcurveswith modelparameterE 0=E1 : 1 – 0; 2 – 0.05;3 – 0.1.

into themembranedeformationandtheelasticitymodulusdecreases.At very low frequency the
viscousfrictions is rathersmallandtheelasticityis determinedmostlyby thevalueof E0.

In the caseE1 � E0 the dependenceof elasticitymodulus ~E? on frequency canbe de-
scribedby equationwith onerelaxationtime � R

~E? � E0 + i! � R E1 =(1 + i! � R ); (47)

where� R � � =E1 . Theexperimentaldependenceof elasticitymodulus,E? , andtheangleof
losses,' (Fig. 39, curves3) wasusedto estimateparametersEo; E1 and� R , usingrelation-
ship(47). At E0 � E1 theshapeof thecurvesis determinedby theparameterE0=E1 only.
The curvesareshiftedalongaxes2f. Fig. 40 shows that the theoreticalcurves(1–3) satisfac-
torily approximatetheexperimentallyobtaineddependenceexceptfor thehigh frequency part.
Theapproximationof theangleof losses' is lesssatisfactory. If elasticitycharacterizedby the
modulusof elasticityE0 is absent,thenthedependence' (2f) (Fig. 40b,curve 1) decreasesat
high frequencies,like the experimentallyobserveddependence.However, curve ' (2f) lacksa
maximum. If E0 6= 0, a maximumoccurswithin an interval of 40-320Hz. With the increas-
ing ratio E0=E1 , themaximumbecomeslower andshifts towardshigherfrequencies.At high
frequencies,changesin the angleof losesat variousratiosE0=E1 are relatively small. The
existenceof a maximumon curve ' (2f) is explainedby the fact thatBLM elasticityat low and
high frequenciuesis determinedby elasticelements(E0 or E1 ), and thus ' (2f)� 0. In the
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Fig. 41. Frequency dependenciesof animaginarypartof anelasticitymodulusIm ~E? . 1 – theoreticalcurve
calculatedfor onerelaxationtime usingequation(47). 2 – Im ~E? for eggPCin n-heptane,3 – Im ~E? for
eggPCin n-hexadecane.

interval betweenlow andhigh frequencies,it is theviscosityelement3 whichalsocontributeto
thedeterminationof BLM viscosity. Consequently, thevaluesof theangle' within this interval
rangebetween0 and90� .

ParametersE1 � 108 PaandE0 � 0:1E1 canbeeasilyobtainedfrom Fig. 40a.Parameter
� R canbe evaluatedat the frequency (2f)1=2 : at this frequency E? decreasesto onehalf as
comparedto E1 . For curve 1, � R � 0:576=2� (2f)1=2 � 0:57 ms. Hence,this simplemodel
enablesus to qualitatively explain the experimentalresults(Fig. 39), namelythe stronginitial
growth of parameterE? with the increasingfrequency anda gradualretardationof this growth
at higherfrequencies.This modelalsoexplainsthe decreaseof the angleof lossesat low and
high frequencies,andallows us to evaluateparametersE0, E1 and� R for BLM composedof
eggPCandn-hexadecane.Theabovemodel,however, fails to explainthegradual,althoughslow,
growth of E? with increasingfrequency within the interval of small dispersion,and the very
smalldecreaseof ' within this interval. Moreover, acomparisonof Figs.40aand40bshowsthat
a betterquantitativecoincidenceof calculationswith oneof theexperimentallyobtainedcurves,
e.g. E? (2f) resultsin a weaker coincidencewith oneof the experimentallyobtainedcurves,
' (2f). It is entirely unclearhow to expressexperimentallyobserved dependenciesE? (2f) for
membranescontainedsolventwithin theabovesimplemodelwith onerelaxationtime.

This fact is bestdocumentedby showing the theoreticalcurve for Im ~E? togetherwith ex-
perimentalcurves2 and3 (Fig. 41) for Im ~E? (BLM of eggPCin n-decaneor n-hexadecane,
respectively, seeFig. 39). Curve 1 (Im ~E? ) constructedby relationship(47) for onerelaxation
time hasa maximumat 2� (2f)1=2� R = 1, andis muchmorenarrowedthantheexperimentally
obtainedrelationship.Theexperimentalrelationshipcanbeobtainedby superpositionof several
curvesof thesametype as1, shiftedalongthe frequency axis. The standardgeneralizationof
thetheoryin this case,asacceptedby rheology, consistsin a further improvementof themodel
(theadditionof otherelasticandviscosityelements)with anintroductionof aspectrumof relax-
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Fig. 42. Inhomogeneousmechanicalmodelsof BLM and the natureof membranedeformationupon
transversalcompression.The dashedline shows the positionof membranepartsfollowing compression.
(a) schemeof a three-layerBLM structureon cross-section;(b) sandwichwith entirely adheringlayers;
(c) sandwichwith freegliding of layers;(d) sandwichwith microinhomogeneitiesandadheringlayers.A
– bilayer, B – microinhomogeneitywith diameterrn ; (e) and (f) schemesof planarandroughedBLM,
respectively. (Reproducedby permissionfrom Ref. [76]).

ation times[166]. Fig. 41 shows that thata spectrumof relaxationtimesbetween1–0.01ms is
characteristicfor BLMs of variouscomposition.This factaddsaqualitativenatureto aviscosity
evaluation. In spiteof this, in evaluatingthe initial directivesof the frequency dependenceof
E? , with E? � ! � , effectivevaluesof � � 103 Pascanbeobtainedfor eggPCin n-decaneand
105 Pas for eggPCin n-hexadecane.

For thethreelayermodelof lipid bilayer(Fig. 42), thereologicalschemeof BLM (Fig. 40c)
mayhavea simplestructuralinterpretation.Theelasticelementwith a largevalueof E? = E1

consistsof two elementsdescribingthe elasticityof outer layers,andlimiting elasticityof the
innerlayerat higherfrequencies.Elementwith smallvalueof elasticity, i.e. E0, correspondsto
theinnerlayer. Uponcompression,hydrocarbonchainsgetreorganizedin thiselement,which is
naturallyassociatedwith theovercomingof thepotentialbarriersof moving chains,i.e. with vis-
cosityforces.Viscosityforcesareallowedfor by elementwith viscosity� . Monotonousgrowth
of E? in parallelwith frequency is dueto the fact thatwithin the low frequency interval chain
rebuilding may be completedwithin the pressurechangeperiod. However, at higher frequen-
cies,this rebuilding durationis longerthanthepressurechangeperiod. Consequently, identical
pressurevaluesresultsin weaker deformationat higherfrequencies,andthusis associatedwith
largervaluesfor moduli of elasticity.

The questionarises,whatarethecausesunderlyingtheconsiderabledifferencesin E? for
BLMs of variousthickness.In thinnermembranes(e.g. BLM in n-hexadecane),hydrocarbon
chainsof lipid moleculestouch eachother in the inner membranelayer, and are suf�ciently
closelyordered.In thickermembranes(e.g.BLM in n-heptaneor n-decane)with largeamounts
of solvent in the membrane,this orderingis lesscompact. Qualitatively, the dependenceof
E? on membranethicknessmay be associatedwith both, the closenessof chain orderingin
contactareaandtheir ability to bendandrotate. With densechainordering,pressureapplied
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to the membranein the direction perpendicularto the surface,is able to induceonly a weak
compressionof thebilayer. With alooserorderingthechainsmaychangetheirconformationand
orientationdueto pressure,anda considerabledecreaseof bilayerthicknessmayresult.Hence,
thicker BLMs shouldhave lower E? thanthinnermembranes.Obviously, theorderingdensity
alsodeterminesthe rangeof relaxationtimes: with looserchainorderingin BLMs, processes
maytake a relatively shorttime to becompleted.It is therefore,not surprisingthattherangeof
relaxationtimesfor aBLM with n-decaneis in theregionof shortertimesthanin thecaseof the
BLM with n-hexadecane.

The elasticitymodulusE? is extremelysensitive to the lipid compositionandcontentof
cholesterolor othersterols.For example,E? valueincreaseswith increasingthe lengthof hy-
drocarbonchainsof phospholipids,that evidenceon higher order of hydrophobicpart of the
membranedueto moreextensivehydrophobicinteractionbetweenthephosholipidschains[76].
On the other handE? decreaseswith increasingof the degreeof unsaturationof fatty acids,
thatevidenceon decreasethemembraneordering[167]. This elasticitymoduluschangescon-
siderablyupon interactionwith BLM of low molecularcompounds,e.g. local anestheticor
macromolecules,e.g. integral or peripheralproteins[76]. Themethodof measurementE? has
beenappliedalsoto thesupportedlipid membranesandgavepossibility to studytheaf�nity in-
teractions[168] or theinteractionwith BLM of nucleicacidsandtheir complexeswith cationic
surfactants[169].

Theareaexpansionmodulus,EI I , canbedeterminedby themethodof micropipetpressur-
ization of giant bilayer vesicles[151], or by determinationof the changesof electricalcapaci-
tanceduringperiodicaldeformationof sphericalBLM [160]. Thevalueof E I I canbemeasured
only in a limited rangeof frequencies(5–10Hz). The typical valuesof E I I of BLM with the
hydrocarbonsolventwerein therange107–108 Pa, which is morethen10 time higherthenthe
valuesof E? for similarBLM compositionat lowestfrequency of deformation(20Hz). Thearea
expansionmodulusis lesssensitiveto thelipid compositionanddoesnotsigni�cantly dependon
thelengthof hydrocarbonchainsof phospholipidsanddegreeof their unsaturation[170].

The elasticitymodulusE10 hasbeenmeasureduponlongitudinaldistensionof cylindrical
BLM formedbetweentwo circles,with oneof themoscillatingandtheotheronebeingattached
to anergometer. ValuesE10 � 106 Pa have beenobtainedfor membranesof variouscomposi-
tion. They wereindependentof frequency overanintervalof 30–200Hz, i.e. they aredetermined
by bilayerelasticityratherthenviscosity[171].

Modulus of volume compressibilityK hasbeenmeasuredby determinationof soundve-
locity in suspensionof small unilamellarliposomes.Valuesof K = (1:70 � 0:17) � 109 Pa
havebeendeterminedby this methodfor liposomescomposedof egg phosphatidylcholine.The
valuesof a similar orderhave beenobtainedalsoon large unilamellarliposomescomposedof
polyunsaturatedfatty acids[167]. Using the measurementthe elasticitymodulusK , the me-
chanicandthermodynamicpropertiesof liposomesof variouscomposition,andthat contained
cholesterol[172] or modi�ed by proteins[173] canbestudied.

Theexperimentsondeterminationvariouselasticitymoduli revealed,thatthesevaluescanbe
estimatedonly in a limited rangeof frequencies:E I I – 5–10Hz, E10 – 2–300Hz, E? – 20Hz–
15 kHz and K – 7 MHz [76]. However thesevaluescan be approximatedto the frequency
range10–200Hz [76]. It hasbeenshown, that following inequalitieshold for theseelasticity
modules:E10, E? � E I I � K . ThustheBLM representanisotropicviscoelasticbody. The
correspondingmodelof BLM deformationshouldful�ll theaboveunequalities.
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6.2 The model of elasticbilayer

It hasbeenshown [76], thatthemechanicalpropertiesof BLM cannotbedescribedby isotropic
mechanicalmodelsproposedby Wobshall[160] or by EvansandSkalak[174]. Recentlydis-
cussedbrushmodelof themembranemechanicscomposedof two isotropiclayerswell describe
thebehavior of areaexpansionandbendingelasticitymodules[170]. However themodeldoes
not provide informationaboutdistribution of chainacrossbilayer andthus,doesnot consider
anisotropy of mechanicalpropertiesin transversaldirection.Thethreelayermodelof deforma-
tion hasbeenassumedfor descriptionof BLM anisotropy by Passechnik[164]. The two outer
layers(thicknessh1) have a modulusof elasticityE (1) , andtheinner layer(thicknessh2) hasa
modulusof elasticityE (2) << E (1) , likea sandwich(Fig. 42).

Mechanicalstressin membraneplane(measurementof E I I ) deformingthe layerswith a
largeelasticmodulus(E (1) ) andthestressperpendicularto themembraneplane(measurement
of E? ) deformingthe“soft” layermodulus(E (2) ). Thereforeonecanexpect,thatE? � E I I .
Deformationof the“sandwich”dependson thedegreeof adheringof layers.Fromtheanalysis
performedin [76] follows,thatthethreelayermodelwith differentdegreeof layeradherence(i.e.
sandwichwith fully adheredlayers,Fig. 42b,andsandwichwith free gliding layers,Fig. 42c)
candescribeonly the propertiesof the small partsof a BLM. To describethe deformationof
all BLMs thesepartsmustbeseparatedby theregionsinto which a “super�uous” matterof bi-
layer, which is squeezedoutwith thetransversalcompressionof theBLM, will beadsorbed.For
this purposemicroinhomogeneitieswith thicknessnot surpassingthatof BLM wereincludedin
the model [164]. As in modelsa-c (Fig. 42), the model with inhomogeneitiesconsistsof an
inner layer, the elasticityof which is considerablylessthanthat of externalones. Obviously,
the microinhomogeneitiesrepresentmetastableformationsoriginatingat the momentof mem-
braneformationdueto thefactthat thesolvent is unableto leave theBLM volumequickly and
mustbelocatedsomewhere.Thecrosssectionsizeof microinhomogeneitiesmustbecompara-
ble with membranethicknessd. In this casethemicroinhomogeneitiesdo not contributeto the
electricalcapacitanceof theBLM: C � d� 1, i.e. aswithout microinhomogeneities(see[76]).
Thehypothesisabouttheexistenceof microinhomogeneitiesallow usto explainwhy transversal
compressionof a BLM by anelectrical�eld leadsto changesin membranecapacitance.In this
casemainly the inner “soft” layer is deformed.Moreover, deformationis isovoluminous[160].
And this leadsto a bulging of the matterof the inner layer from the planarpartsA to the mi-
croinhomogeneitiesB (dashedline in a Fig. 42), in that it become“invisible” (thesepartsdo
not contribute to thecapacitance).For theplanarbilayer (Fig. 42c) the increaseof capacitance
in oneplaceis compensatedby its decreasein anotherplace. Thus,the mechanicalproperties
of a BLM canbequalitatively describedby a three-layerelasticmodelcomposedof anisotropy
elementswith defects.Moredetailedanalysisof thethree-layermodelof BLM elasticityis given
in Ref. [76].

6.3 Mechanicalpropertiesof lipid bilayersand protein-lipid interactions

Protein-lipidinteractionsplay anessentialrole in the functioningof biomembranes[175]. The
speci�city of theseinteractionsis, however, underdiscussion. Most probablythe exact lipid
compositionis not soessential.For examplechangesof thefattyacidchaincompositioncaused
by diet hasno injuriouseffect on cell function. However, dietaryinducedchangesin lipid com-
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positionarelimited: somefeaturesof thefatty acyl chaincompositionaremaintainedconstant,
like chainlengthin therangebetween,typically C16andC20,with abouthalf thechainsbeing
saturatedandhalf unsaturated.Thismeansthatoverallfeaturesof thelipid composition,suchare
lengthandsaturationof fatty acidarelikely to beimportantfor themembraneproperties[176].
Thelengthandsaturationof fattyacidareresponsiblefor thecreationof certainthicknessof the
membraneandits physicalstate,whichareimportantfactorsthatdeterminingtheproteinlipid in-
teractions[175,176].In certaincasealsothestructureof thepolarpartof thephospholipidsplay
role in protein-lipidinteractions.Thereis, however, evidencethatsmallnumberof speciallipids
is importantfor functionof theprotein.For examplefor Ca2+ ATPaseit is phosphatidylinositol
4-phosphate.Thebindingof this lipid resultedin increasingtheactivity of thecalciumpumpby
twice [176]. Speci�c activity to cardiolipinhasbeenobservedfor cytochromec oxidase[132].

Thefunctioningof membraneproteinswhich is accompaniedby changesin their conforma-
tion, couldin�uence thestructureandphysicalpropertiesof thesurroundinglipid environment.
Theinteractionof proteinswith membranesis providedbothby electrostaticforces(mainly pe-
ripheralproteins)andby hydrophobicinteractions(integralproteins).

Thestructureanddynamicaspectof protein-lipidinteractionscanbeinvestigateddirectlyby
variousphysicalmethods.The EPRspectrareveal a reductionin mobility of the spin-labeled
lipid chainson thebinding of peripheralproteinsto negatively chargedlipid bilayers. Integral
proteinsinducea moredirectmotionalrestrictionof thespin-labeledlipid chains,allowing the
stochiometryandspeci�city of the interaction,andthe lipid exchangerateat theproteininter-
face,to be determinedby EPR spectra. In this way a populationof very slowly exchanging
cardiolipinassociatedwith themitochondrialADP-ATPcarrierhasbeenidenti�ed (see[177] for
review). Fluorescencespectroscopy is alsoeffective for the studyof protein-lipid interactions.
In particularRehoreket al. [178] showedthatasa resultof conformationalchangesof theinte-
gral protein,bacteriorhodopsin,theorderingof thelipid bilayer increasesanda transmissionof
conformationalenergy occursover thedistancemorethen4.5nm. Mechanicalpropertiesof the
membranesarealsoverysensitive to theconformationalchangesin lipid bilayers.Thein�uence
of bacteriorhodopsinonthestructuralstateof spaciousregionsof planarbilayerlipid membranes
(BLMs) wasshown by meansof measurementof elasticitymodulusE? [179]. It wasshown,
thattheareaof a lipid bilayerwith analteredstructureperoneclusterconsistingof threebacte-
riorhodopsinmoleculessurpasses2800nm2. Moreover, asa resultof the illumination of BLM
modi�ed by bacteriorhodopsina considerableincreaseof E? occurred(morethen5 times)with
a further saturationon a stablelevel. This conditionwaspreserved for several hoursafter the
illuminationwasswitchedoff. This showsthepossibilityof mechanicalenergy accumulationin
membrane.

For theanalysisof themechanismof proteinlipid interactionthethermodynamicsandme-
chanicspropertiesof lipid bilayersandproteoliposomesareimportant. Owing to the possible
differentgeometryof the hydrophobicmoiety of proteinsand that of lipids, aswell as to the
actionof electrostaticandelasticforces,regionsof alteredstructuremay arisearoundprotein
molecules[76,180]. The formationof similar regionsmay representoneof the reasonfor the
occurrenceof long-distanceinteractionsin membranes.Very likely, hydrophobicinteractions
play the key role in the establishmentof links betweenintegral proteinsandlipids. The rigid
hydrophobicpartsof membrane-spanningproteinscauseadeformationof thehydrophobiclipid
chainsdueto lengthmatching.This leadsto thestretchingor compressionof thehydrocarbon
lipid chainsdependingon the relationof the hydrophobicpart of proteinsandthesurrounding
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Fig. 43. Schematicrepresentationof lipid-mediatedprotein-proteininteractionsinducedby hydrophobic
mismatch. (a) A matchedmembrane.(b,c) Hydrophobicmismatchof the samesenseresultedin lipid-
mediatedattractive forces. (d) A caseof hydrophobicmismatchof oppositesenseresultedin repulsive
forcesbetweenproteins(Reproducedby permissionfrom Ref. [182]).

lipids [181]. Distortionof themembraneby proteinsmaycauselipid-mediatedattractive or re-
pulsiveforcesbetweenproteins.Thepossiblesituationsarepresentedin Fig.43. Dueto changes
of the orderingof the lipid bilayer the increaseor decreaseof phasetransitiontemperature,as
well aschangesof membranemechanicalpropertiestakeplace.

Dueto considerableproblemswith theisolationandpuri�cation of integralproteinsandwith
thedeterminationof their structure,only a few proteinswereanalyzedsofar in respectof their
in�uence on thethermodynamicandmechanicalpropertiesof lipid bilayers.Usingthemattress
modelof MouritsenandBloom[181] aswell asLandau-deGennestheoryof elasticityof liquid
crystalsit waspossibleto explain satisfactorily thechangesin the temperatureof phasetransi-
tion of proteoliposomescontainingmembraneboundreactioncenterprotein(RC) andantenna
protein(LHCP) [183,184].Theroleof elasticforceswas,howeverstudiedonly in smallnumber
of worksandthemechanismof its actionis notclearyet. In thissectionwewill brie�y reportthe
resultsof analysisof themechanismsof protein-lipidinteractionbasedontheknowledgeof ther-
modynamicandmechanicspropertiesof thelipid bilayerswith incorporatedbacteriorhodopsin.
Detailedconsiderationof the theoryof themechanismsof protein-lipid interactionsis given in
Refs.[76,175].

As we mentionedabove, the incorporationof the protein into the lipid bilayer leadsto a
distortedregion of the membrane.This leadsto changesin phasetransitiontemperature� T
that is function of proteinconcentrationandaccordingto Ref. [183] canbe determinedby the
expression

� T = 8� 2(2r0=� + 1)[2(df � dp)=(df � dg) � 1]xp; (48)

where� is characteristicdecaylength,r 0 is the radiusof bacteriorhodopsin(BR) molecule,df

anddg arethelengthof hydrocarbonchainsof phospholipidsin a �uid or gel state,respectively,
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Fig. 44. (a)Schematiccross-sectionof anintegralproteinin aphospholipidmembrane.a is thehalf-bilayer
thicknessandr 0 is theradiusof protein.(b) Componentsof membranedistortionthatcontributeto thefree
energy (Adaptedfrom Ref. [186], reproducedby permission).

dp is thelengthof thehydrophobicmoietyof BR andxp is molarratio of BR andphospholipid
(numberof BR molecules/numberof phospholipidmolecules).Parameter� (T ) is not measur-
ablein the experiment. To determineits quantityaswell asto determinethe energy of elastic
membranedeformationaroundproteinwe have usedthealgorithmdescribedin Refs.[185,186]
for thenumericalcalculationof themechanicsenergy of themembranearoundthe ionic chan-
nel. Fig. 44 showsa schematiccross-sectionof integral proteinin a membrane.Thefreeenergy
changeunit perareain thecylindrical polarcoordinatesis

F = 2�
Z

rdr[E? u2=a+ aK 1(u0=r + u00)2 + 
 (u0)2]: (49)

Here,E? , K 1 and 
 arethe elasticitymodulusof transversalcompression,splayandsurface
tension,respectively. To determinethe minimum energy conformation,we minimize the free
energy with respectto thevariationin u (x,y) andgetthelineardifferentialequation[186]

K 1(u0=r3 � u00=r2 + 2u000=r + uI V ) � (
 =a)(u0=r + u00) + (E? =a2)u = 0: (50)

The equation(50) canbe solved numericallyusingalgorithmdescribedby Pereyra [187].
Parameter� canbe determinedfrom the minima of the free energy of the systemwith the as-
sumptionof exponentialdecayof perturbation

U(r ) = u0 exp[� (r � r 0)=� ]: (51)

In calculationstheelasticparametersandthethicknessof hydrophobicparttypicalfor DMPC
bilayers in gel (g) and �uid (f) statehasbeenused: E g

? = 7:28 � 10� 9 dyn 	A � 2, E f
? =
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Tab. 7. The resultsof calculationof the minimaof deformationenergy Fmin , decaylength� and� 0 and
correspondingradial rangeof thedistortedregion (r � r 0) (index e denotesfor exactsolutionof Eq. (50)
for theBR-DMPCsystem(seethetext).

Phasestate Fmin , kT (r � r0)e, 	A � , 	A Fmin , kT (r � r0), 	A � ', 	A

Gel 1.33 62.5 16.2 74 10.48 48.5
Fluid 1.68 55 13.5 62.5 9.6 40

3:76� 10� 9 dyn 	A � 2 (from measurementsof solventfreeBLM [188]), 
 d = 15� 10� 8 dyn 	A � 1,

 f = 3� 10� 8 dyn 	A � 1 (measurementsonliposomes[189]),K 1 = 10� 6 dyn(atypicalvaluefor
smecticmesophases[190]). TheparametersthatcharacterizetheBR moleculeare: dp

�= 30 	A
andr0 = 17:5 	A [191]. The thicknessof hydrophobicpart of lipid bilayer in a gel andliquid
crystallinestatewereasfollows: dg = 34:2 	A df = 22:8 	A, respectively (seeRef. [121] for
methodof calculations).

Theresultsof calculationsof deformationenergy, characteristicdecaylengths� and� 0 (see
below) andthe rangeof the distortionregion r � r 0 in the gel and�uid stateof lipid bilayers
of DMPC containedof BR areshown in Table7. The dependenceof u(r ), that representsthe
pro�le of the distortedregion of the membranearoundthe protein in the �uid state,is shown
in Fig. 45. Theexponentialshapeof thedeformation(curveA) obtainedusingEq. (51) andthe
value� = 16:8 	A (determinedfrom theminimaof freeenergyof thesystem)haveaconsiderably
larger rangethenthosedeterminedfrom theexact solutionof Eq. (50) (curve B). Interestingly
that the curve 2 is not exactly the exponentialfunction in both gel and �uid state. Using the

Fig. 45. Geometryof the distortionregion of a lipid bilayer aroundBR. A – u(r ) calculatedaccording
to Eq. (50) from the minima F = F (� ); B – u(r ) from the exact solutionof Eq. (50); C – backward
transformationof exactsolutionto theexponentialfunction(seethetext). (Reproducedby permissionfrom
Ref. [76]).



762 Structureandphysicalpropertiesof biomembrabesandmodelmembranes

Fig. 46. Dependenceof phasetransitiontemperatureTc of proteoliposomesof DMPC containingBR on
molar ratio of BR/DMPC(xp). 1 – DSCexperiment.Theoreticalcalculations:2 - � = 16:2 	A, N = 1;
3-� = 16:2 	A, N = 3; 4-� = 10:48 	A, N = 1; 5-� = 10:48 	A, N = 3. (Reproducedby permissionfrom
Ref. [76]).

backwardtransformationof theexactsolutionto theexponentialfunctionwe have obtainedthe
new valueof � 0 = 9:6 	A. Therangeof deformationis in this case(curve C) abouthalf aslarge
in comparisonwith exactsolution(curveB). Theremarkableregion in theFig. 45 is thesection
whenall threecurvescrossed.Onecanassume,that this point determinestheminimal distance
from BR. Fromwhichdifferencesbetweenexactsolutionof u = u(r ) andassumedexponential
decayof perturbationstart.TheregionbetweentheBR surfaceto thepointof differentiationcan
beconsideredastheregionof theimmobilizedin�uence of proteinon its lipid environment.

Parametersof distortedregions(seeTable7) allows usto calculatethechangesin thephase
transitiontemperaturein dependenceon the BR concentrationxp, by meansof Eq. (48). In
calculationweusedasimilarmethodasPeschkeetal. [183], whichconsiderstheaggregationof
LHCP. Thenumbersof BR monomersin purplemembraneclustersis known from RTG analysis
(N = 3) [192]. Thereforewe have modi�ed theequation(5.5) for all possiblecombinationsof
parametersandcreateddependenciesof Tc on xp (Fig. 46). In thecaseof � 0g = 10:48 	A, and
assumingtheaggregationof BR to trimers,wehaveobtainedasurprisinglygoodagreementwith
theexperiment.Similar resultswereobtainedalsofor thegel stateof themembrane.

The obtainedvaluesevidences,that at phasetransitionfrom gel to �uid statethe increase
of deformationenergy of thesystemBR-DMPCtakesplace(seeTable7). This meansthat the
orderingof hydrocarbonchainsof lipids aroundproteinin the �uid stateincreases,i.e. protein
stabilizesphospholipidmoleculesin its environment. As a result the increaseof hydrocarbon
mismatchtake place. The comparisonof themeanthicknessof hydrophobicpart of themem-
branedL = (dg + df )=2dp givesdL < dp. We can,thusexpecttheincreaseof phasetransition
temperatureTc in the BR-DMPC systemand this is in agreementwith the experimentalre-
sults[193]. ThusBR in�uencesits lipid environmentat largedistances- at least12–20nm in a
diameter. For thegeometryandtherangeof deformation,notonly is thesizeof thehydrophobic
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mismatchimportant.Thedeterminationof thecharacteristicdecaylengthof theperturbationthat
dependsonelasticparametersof themembraneis importantaswell.

In addition to native integral proteinsalso their model, e.g. � -helical peptidesare used.
Using thesemodelsystemsit hasbeencon�rmed, that themismatchbetweenthehydrophobic
moietyof theproteinandlipid bilayer resultedin changesof thermodynamicpropertiesof the
lipid bilayer[121]. Experimentswith simplepeptidesincorporatedinto thelipid membranesof
differenthydrophobicthicknessrevealed,thatalongpeptidecanincorporateinto eitherthick or a
thinbilayer, in thelatercaseby tilting. In contrastshortpeptidescannotincorporateinto toothick
membraneandinsteadwill form aggregates[176,194,195].Thepossibilityof peptidetilting in
thin bilayershasbeendemonstratedalsoby moleculardynamicsimulationmethod[196,197].

While considerableattentionof experimentalandtheoreticalworkswasfocusedontheprob-
lem of the interactionof integral proteinswith lipids, smallertheoreticalworks areknown for
the analysisof the lateralorganizationof peripheralproteins. However, thereis considerable
amountof papersfocusedon theorganizationof biopolymersandreceptorson lipid monolay-
ers[35,198]. This is particularlyconnectedwith developmentof biosensors.Experimentalas-
pectsof theinteractionof peripheralproteinswith membranesurfacearereviewedalsoin paper
by Kinnunenet al. [199]. This topic is ratherattractive areaalso in connectionwith adsorp-
tion of DNA to the membranesurfacethat canbe consideredasan initial stepfor subsequent
translocationof this moleculeinto thecell, e.g. by meansof electroporation.In thesesystems
themembraneelasticityplaysimportantrole. It hasbeenshown thatinteractionof DNA andits
complexeswith cationicsurfactantsresultedin considerablechangesof BLM elasticity[169].
Changesof E? of supportedBLM hasbeenobservedalsoduringadsorptionof model� -helical
peptidesto themembranesurface[69].

Theoreticalworksfocusedonanalysisof themechanismsof interactionof peripheralproteins
with membranesurfacehasbeenreviewedin paperby Gil etal. [175]. Variousapproachesin this
analysisincludefor examplemoleculardynamicsimulationsof associationof peripheralproteins
with fully hydratedlipid membranes.This methodhasbeenappliedto studythe interactionof
phospholipaseA2 (PA) with membranesurface[200]. Theauthorsobtaineddetailedinformation
on PA conformationandanalyzedalsotheenzymaticactivity of this protein.Anotherapproach
hasbeendevelopedby Heimburg andMarsh[201] andis connectedwith expressionof isotherms
for binding of adsorptionof chargedproteins(e.g. cytochromeC (cytC)) to a chargedsurface
(e.g. dioleoyl phosphatidyglycerolbilayers). It hasbeenfound that the cross-sectionalareaof
cytC is equivalentto 12 lipids in a �uid bilayerandthatthechargeof theproteinin a membrane
is lower in comparisonwith netchargeof nativeproteinin a solution.Currentlyoneof themost
effectiveapproachis connectedwith applicationof MonteCarlosimulations[202]. Thismethod
wasappliedto the studyof aggregationof cytC in a dimyristoyl phosphatidylglycerolbilayers
andrevealedalsohigh potentialin analysisof protein-inducedphaseseparationin binary lipid
mixtureswhereproteinpreferlipids of certaincon�guration.

Thebindingof proteinsto themembranesurfacemayresultchangesin surfacepotentialof
theBLM aswell aschangesin dynamicsof reorientationof dipolemomentsconnectedwith head
groupof phospholipids.Thefundamentalsof themembranepotentialsanddipolerelaxationwill
beconsideredbelow.
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7 Membrane potentials

7.1 Diffusion potential

Unmodi�ed bilayerlipid membranesrepresentaninsulatinglayerwith verylow permeabilityfor
ionsor otherchargedmolecules.However, BLM canbemodi�ed by ionic channelsor carriers
thatallows to transportchargedspeciesby meansof diffusioneitherby meansof a gradientof
concentrationor by meansof a gradientof electricpotentialor both (seepart 8). In the case
of potentialgradientit is so-calleddiffusion membranepotential,or Nernstpotential, that is
driving forceof theionic transportacrossthemembrane.TheNernstpotentialis determinedas
differencebetweenpotentialinsideandoutsidethecell (or innerandoutersideof themembrane)

� ' = ' in � ' out = �
RT
zi F

ln
Cin

Cout
; (52)

whereR is thegasconstant,T is temperature,F is Faradayconstant,z is valenceof ion i , Cin

andCout aretheconcentrationof ionsi at innerandoutersideof themembrane,respectively.
For measurementof diffusionpotentialon a BLM, theelectrometerswith high input resis-

tanceshouldbeused.But evensimplepH metercanbeapply for this purposes,assumingthat
two referenceelectrodes(e.g.Ag/AgCl) shouldbeused.

7.2 Electrostaticpotentials

In addition to the diffusion potential thereexists membranepotentialbetweenthe polar part
of the membraneandthe bulk of electrolyte,so calledborder or electrostaticpotential. The
electrostaticpotentialat themembrane-solutioninterfaceis composedof two majorcomponents
stemmingfrom surfacechargesanddipoles,respectively (seefor example[76, 203-207]). In
the caseof chargedlipid moleculesthereis a diffuse ionic double layer potential or surface
potentialoriginatingfrom �x edchargelayerin combinationwith ionsfrom theadjacentaqueous
electrolytesolution. Its maximalvaluerelative to thebulk solutionlies just at the interfaceand
canbedescribedapproximatelyby eitherGouy-Chapmanor Sternmodels(seee.g.[47,203]).In
thissectionwe will usetheGouy-ChapmanpotentialEGC . In thepolarheadgroupregion there
is a furtherpotentialjump, Ed, resultingfrom themoleculardipolesof the lipids themselvesor
from orientedwatermolecules.This is so-calleddipole potential. Furthercharge anddipole
contributionsmaycomefrom adsorbedspecies.Thetotalsurfacepotential,� m , is givenby sum
� m = EGC + Ed. Experimentally, EGC andEd canbedistinguishedby dependenceof EGC

on ionic strength.Fig. 47 givesa schematicrepresentationof theelectrostaticpotentialacrossa
bilayer. Thedifferencein theheightsof thetwo cornersat zeroappliedvoltage,�� m , is equal
to thedifferenceof thesurfacepotentialsof thetwo sideof thebilayer

�� m = � EGC + � Ed: (53)

Therefore�� m is measureof theasymmetryof theelectrostaticpotentialsassociatedwith
themembrane.Surfacepotentialsareeitherlocalizedstrictly within thesurfaceregion (Ed) or
extendat most to a limited distancefrom it (EGC ). At equilibrium it is not possibleto make
a direct measurementof thesepotentialswith electrodesin the bulk phaseexceptat zeroionic
strength.
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Fig. 47. Schematicrepresentationof electrostaticpotentialsat themembrane-solutioninterfaces.The�x ed
charge surfacepotential (Gouy-ChapmanpotentialEGC ) and surfacedipole potential,Ed , are shown.
Indexes1 and2 refer to the two sidesof the membrane.The total surfacepotentialon eachsideof the
membrane,� m is givenby EGC + Ed . Thedifferenceof thesurfacepotentialon thetwo sides,�� m =
� EGC + � Ed is calledthetrans-membranepotentialor “internal” potential.Ua is theexternallyapplied
dcvoltage.(Reproducedby permissionfrom Ref. [76]).

7.2.1 Gouy-Chapmanpotential and the determination of surfacechargedensity �

Theelectrostaticpotentialat a chargedsurfacein contactwith electrolytere�ects both thesur-
facecharge densityandthe redistribution of ions in the electrolytesolutionin the presenceof
this potential. A descriptionof the systemis basedon the Boltzmannequationto describethe
concentrationof eachionic speciesasa function of theelectrostaticpotential,andthePoisson
equationto describetheCoulombinteractionbetweentheions(see[203]). Usingtheappropriate
boundaryconditionsto solve theintegralequationsleadsto theGouy-Chapmanequation

� =

s

2"" 0RT
X

i

ci (! )
�
exp

�
�

zi F E GC

RT

�
� 1

�
; (54)

whereci (! ) is the bulk concentrationof species“i” with chargezi . Othersymbolshave their
usualmeaning.For thegeneralcasewith multivalentions presentthereis no explicit solution
for EGC asa functionof � , but if only univalentionsarepresenttheGouy-Chapmanpotential,
adaptedto convenientunitsandat T = 25 � C, is givenby

EGC (mV ) = 50:8 ln
h
s +

p
s2 + 1

i
; (55)

wheres = 1:36� =
p

c and� is in elementarychargespernm2 andc denotesconcentrationof the
1:1electrolytein mol l � 1. It is evidentfrom thisequationthatthesurfacepotentialresultingfrom
a givenchargedensitydependson the ionic strengthof thesolution: higherionic strengthsare
saidto shieldthesurfacecharge,resultingin alowersurfacepotential.Althoughit is notpossible
to measurethe surfacechargedensityof a membranedirectly, it is possibleto determine� by
measuringthechangein theGouy-Chapmanpotentialupona changeof the ionic strength.For
thispurposethemembraneis usuallyformedat relatively low ionic strength(e.g.,10mmol l � 1),
andthetransmembranepotentialis measured.Subsequentlytheionic strengthononesideof the
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Fig. 48. Relationshipbetweenthe Gouy-Chapman�x ed charge surfacepotentialandthe membranesur-
facecharge density� (e nm� 2 , wheree is the elementarycharge). For a given valueof the membrane
chargedensity, theGouy-Chapman�x edchargesurfacepotentialwill bereducedwhenthe ionic strength
is increased(uppercurve: 10mmol l � 1 , lower curve,110mmol l � 1). Concentrationsreferto 1:1salt.The
dottedcurverepresentsthedifferencebetweenthecurvesat10mmoll � 1 and110mmoll � 1 . PointA corre-
spondsto theshieldingexperimentdescribedin Ref.[207]. (� UC min = 20:6 mV, � = 8� 10� 2 enm� 2).
(Reproducedby permissionfrom Ref. [76]).

membraneis increased,e.g. to 110 mmol l � 1, by additionof a small amountof concentrated
electrolyte,andthetransmembranepotentialis againdetermined.Thechangein transmembrane
potentialmeasuredin sucha shieldingexperimentis just � EGC , as the dipole potentialEd

is insensitive to the ionic strength(see[208]). Curves showing EGC vs. reciprocalsurface
chargedensityfor two differentionic strengths,aswell a plot of the differencebetweenthese
curves,areshown in Fig. 48. Giventhemeasured� EGC for thegivenchargeon ionic strength,
the surfacecharge densitycan be readdirectly of sucha plot. If the � EGC is known with
an accuracy of about1 mV then the minimal surfacecharge density that can be detectedin
10mmol l � 1 electrolyteis about1:4� 10� 3 elementarychargesnm� 2 (seeFig.48,uppercurve).
Thebiomembranesarenegatively chargeddueto presenceof negatively chargedphospholipids
aswell asdue to the negative charge of proteins. Also many adsorbedpolyelectrolyteshave
isoelectricpointsbelow neutralpH [206]. Thesurfacechargedensityof biomembranesis usually
between-0.17 e nm� 2 (frog node)[209] to -2.3 e nm� 2 (cray�sh) [210] (e is elementaryor
electroncharge: 1:602 � 10� 19 C). This is different with the model membranes,wherethe
chargedensitycanvary in largeextendandcanbebothpositive or negative dependingon lipid
used:2:5 � � � � 2:5 enm� 2 [208].

A qualitative interpretationof Ed is generallygivenin termsof analogywith a condenser:a
polarizedmoleculewith aneffectivedipolemomentM = qd is similar to two conductingphases
separatedby distanced andenclosinga charge densityq. The dipole momentis expressedas
Debye(D). Thenthepotentialdifference� Ed is givenby

� Ed = 4� qd="; (56)

where" is thedielectricconstant.If thereis anarrayof n dipolesperunit area,

� Ed = 4� nM ? ="; (57)
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whereM ? is thenormalcomponentof thedipolemomentto thesurface.
Thereareseveralcontributionsto � Ed : (1) thechangeinducedby reorientationof thewater

dipolesin the presenceof the monolayerforming molecules;(2) the dipolesof the monolayer
formingmolecules,namelythatof polarheadgroupsof phospholipidsandthatof thealkyl part,
whichcanbelocatedin differentdielectricconstantmedia,then

� Ed = 4�
X

(nM ? ="): (58)

Thedipolepotentialof monolayers,i.e. boundarypotentialbetweenthehydrocarboncenter
of themembraneandthebulk aqueousphaseis typically severalhundredof milli volts [36].

7.2.2 Surfacepotentialsand diffusion potentials

It is worth emphasizingthe differencebetweenthe transmembranepotentialsand membrane
potentials(“dif fusion potentials”)resultingfrom selective permeabilitymechanisms(seesec-
tion 9.1). In contrastto surfacepotentials,diffusion potentialsaredueto a concentrationdif-
ferencebetweentheaqueousphasesandarethusa bulk propertythatcanbemeasureddirectly.
Surfacepotentialsanddiffusionpotentialsarecompletelyindependentconceptuallyandeasily
distinguishedexperimentally. An exampleof a non-zerotransmembranedifferenceof surface
potential(�� m ) for which no potentialdifferencecanbe detectedbetweenthe bulk phasesis
presentedin thepaperby Schochet al. [211], wherea chargedmembrane,madepermeableto
monovalentcationsby nonactin,is asymmetricallyshieldedby calcium ions. This resultsin
a non-zerotransmembranepotential�� m , yet no bulk potentialdifference,asevidencedby a
current-voltagecurve thatpassesthroughtheorigin. Theoppositesituation,with �� m = 0 but
a non-zerodiffusionpotential,would be found, for examplewith a membranemadeof neutral
lipids in presenceof nonactinanda gradientof monovalentcations. With no current�o wing
in theexternalcircuit a diffusionpotentialwould establishitself acrossthemembrane,i.e. the
current-voltagecurve for this systemwould passthroughi = 0 at a voltageequalto thediffu-
sionpotential.A casewhich both �� m anddiffusionpotentialarenon-zerois, of course,also
possible.

7.3 Methodsof surfacepotential measurements

7.3.1 Measurementson monolayersor vesicles

Thedipolepotentialcanbemeasuredby variousmethods,suchareionizingelectrodemethodor
vibratingplatemethod[36]. TREK Inc. (USA) [212] produceshigh sensitive electrostaticvolt-
meters,e.g. model320Cthat in connectionwith electrodemodel3250canmeasurethesurface
potentialwith an accuracy of 1 mV. The sensitive electrodeis electromechanicallyvibratedto
producecapacitive modulationbetweentheelectrodeandthetestsurface. If thevoltageon the
testsurfaceis differentthanthevoltageon thereferencesurface(probehousing),anAC signal
is induceduponthe electrodeby virtue of this modulationin the presenceof the electrostatic
�eld. Theamplitudeandphaseof this AC signalarerelatedto themagnitudeandpolarityof the
differencein potentialbetweenthe testsurfaceandtheprobehousing.TheTREK electrostatic
voltmetercanbedirectlyconnectedto theelectronicunit of NIMA trough[48], sofully computer
controlledmeasurementof surfacepotentialundercompressionof monolayercanbeperformed.
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For micellesandvesiclesothermethodsfor estimationof thevariousmembranepotentials
usingnon-electrodetechniqueshave beendeveloped(e.g. [145,205,213]).Thesemethodsare
basedon utilizing themolecularprobes.Thepropertiesof theprobesaresensitive to the trans-
membranepotential(see[206] andreferencehereinfor moredetails).

Ratherpopularmethodfor studytheelectrostaticmembranepotentialis basedon measure-
mentof so-called� -potential. In this casethemobility of thechargedlipid vesiclesin external
electric�eld is determined.Thechargedvesiclesplacedinto theexternalelectric�eld Eex begin
to move dueto theelectrostaticforceanddragpartof thediffusedoublelayerwith them. The
� -potentialis de�ned astheelectrostaticpotentialat theplaneof shearbetweenthemembrane
associatedandstationarypart of thedoublelayer. An analyticalexpressionfor � -potentialhas
beenfoundonly for particlesthatdo not interactwith thesolvent.Whene.g.membranevesicle
of a radiusr is placedin anelectric�eld Eex , it will movewith constantspeedv, becauseof the
balancebetweenelectricalforceandtheresistanceof themediumwith viscosity� . Thevalueof
the� -potentialcanbethencalculatedaccordingto theSmoluchovsky equation

� =
4� � v
"E ex

(59)

(see[206] for the theory). Usually � � � m , however the differencesbetweenthe potentials
� and � m will decreasewith decreasingof potentialgradient(d� m =dx), i.e. this differences
shoulddecreasein dilutedsolutions.However, theuncertaintyassociatedwith the thicknessof
doublelayerd� at which thepotentialis determinedis themaindrawbackof theelectrophoretic
potentialmeasurements.Typically, a valued� = 0:2 nm is assumed.However, thevalueof d�

certainlydependson theinterfacialmembranestructureandhydration,owing to thefactthatthe
planeof shearlies in theregionwherespeci�c lipid-watereffectsdominate.Thus,it is probable
that the actualvalued� changeswith the membraneor solvent composition,temperatureetc.
Theexperimentallyobservedincreaseof themembranehydrationat themaintemperaturephase
transitionof thelipids offerstheexplanationfor theobservedincreaseof � -potentialat thephase
transition(see[206] for moredetails).

7.3.2 Measurementson planar bilayers

Direct measurementof the surfacepotentialof planarbilayers is not possible,as mentioned
above. It is however, possibleto measurethedifferenceof thesurfacepotential,�� m . By vary-
ing theionic strengthoneachsideof themembranethe�x edchargesurfacepotentials,andthus
thesurfacechargedensity, canbedeterminedfor thetwo sidesindependently(seesection7.2.1).
The �rst determinationof the surfacepotentialsof BLMs were basedon the current-voltage
curvesmeasuredin thepresenceof anion carrier. A methodbasedon thedependenceof mem-
branecapacitanceon the transmembranepotential(electrostriction),andthereforeindependent
of any transportmechanisms,wasintroducedin themid 1970's [211,214-216],Theadvantages
andlimitationsof variousapproacheswill now beconsideredin detail.

1. Curr ent-voltagecharacteristics.A completedescriptionof theI � V curvesfor carrier-
mediatedion transportinvolvesboththesurfacepotentialdepictedin Fig.47andtheBornenergy
of thechargedspeciesin thehydrophobicinterior of thebilayer[217]. Thetheoreticalbasisfor
suchanalysiswasdescribedin 1970[218], andmany groupshave publishedwork in this �eld
(e.g.[219-222]).All interpretationis basedon a moreor lessappropriatemodelto describethe
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potentialenergy barrierto carriertransport.An exact �t of themeasuredI � V curvescanbe
a laboriousprocedure,andthe detailedshapeof the curve caneasilybe in�uenced by further
factorssuchasbilayercompressibility[223]. Neverthelessthesurfacepotentialsdeterminedin
thiswayhavegenerallybeenfoundto beconsistentwith thepredictionof Gouy-Chapmantheory.
While themethodis experimentallyrelativesimple,andcanyield informationonbothEGC and
Ed, it harborsseveraldisadvantagesin practice.1. A single,well-de�ned transportmechanism
mustbepresent.Thisusuallymeansthatacarriersubstancemustbeadded,whichmaylimit the
kind of experimentpossible.2. The exact resultsdependon the modelandcorrectionfactors
applied.3. Eachdeterminationrequiresameasurementof theI � V characteristicandsubsequent
numericalanalysis.Thismakesit impracticalfor thecontinuousautomaticmonitoringof surface
potentialsat frequentintervals[207].

2. Techniquesbasedon electrostriction. Thetechniquesdiscussedin thissectionarebased
on thecompressionof BLMs by a transmembraneelectric�eld. Themaximalbilayerthickness,
correspondingto minimal capacitance,is found whenthe potentialdifferenceacrossthe core
of the bilayer is zero. (This “core” correspondsto the hydrophobicregion of the BLM: given
the low dielecticconstantandrelative thicknessof this layer, it will provide themaincontribu-
tion to theoverall membranecapacitance).As this coreor “internal” potentialdependson both
the intrinsic surfacepotentialsof the bilayer itself (�x ed chargeanddipole potentials)andthe
externallyappliedpotential,a chargein thesurfacepotentialscanbecompensatedby an equal
but oppositelydirectedexternal�eld. Theexternallyappliedvoltageneededto achieveminimal
capacitancehasbeendesignatedthe“capacitanceminimizationpotential”(UC min , [214]) andis
givendirectly by

UC min = � (� EGC + � Ed): (60)

Theaccuracy with whichUC min canbedetermineddependson theamplitudeof themembrane
compressibilitycoef�cient: thebiggerthisparametertheeasierthemeasurementbecomes.

The�rst reportontheuseof electrostrictionfor thedeterminationof BLM surfacepotentials
wasgiven in 1976[214] anddescribedin detail in Refs.[211,216]. Experimentallya small ac
signal(e.g. 1 kHz, amplitude10–25mV) wassuperimposedon an adjustablebiasvoltage. A
continuousmeasurementof BLM capacitancewasprovidedby a recti�cation of the 900 com-
ponentof the ac BLM current,therebyallowing operationeven at relatively large background
conductances.The biasvoltageis variedsymmetricallyin small steps(e.g.,� U = � 25 mV)
arounda holdingpotential,Uh , which is thenadjustedto give equalmeasuredC(U) valuesat
Uh � � U. This correspondsto a discretesamplingof theC(U) curve to determinetheapplied
voltageatwhich thebilayercapacitancehasits minimumvalue.Automaticmonitoringof �� m

hasbeenachievedwith eitheranalogfeedbackcircuitry or a microcomputer.. Thenoiselevel of
UC min wasfoundto be1–2mV ptp for solvent freeBLMs (apparatustime constant3 sec,see
e.g.[224]).

In 1978AlvarezandLatorre[215] reportedthemeasurementof BLM surfacepotentialsof
solvent free BLMs. Membranecapacitancewasmeasuredby recordingthe transientcharging
currentfollowing a smallstepchangein appliedpotential.To enhancetheresolution,thecharg-
ing currentof amatchedR-Cmodelcircuit wassubtractedfrom theBLM chargingcurrentusing
analogcircuitry. Signal-to-noisewasimprovedby digital signalaveragingtechniques.With a
voltagestepof 10mV theauthorswereeasilyableto detectchanges(of 0.01%) in BLM capaci-
tancefor bilayershaving acoef�cient of electrostrictionof 0.02V � 2. As reportedby theauthors
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the measurementsmay take up to 25 secper point (512 repetitionsat 20 repetitionsper sec).
With largevoltagejump the time perpoint couldbe reducedconsiderably, but this maynot be
desirablein many situations.

The methodbasedon determinationmembranepotentialusingcurrentharmonicswasde-
scribedin 1980[216] and is basedon the generationof currentharmonicswhena sinusoidal
voltageis appliedto themembrane[76]. WhenmembranepotentialU1 is presentandacvoltage
with anamplitudeU0 andfrequency f is appliedto theBLM, thenin additionto thethird current
harmonicswith amplitudeI 3 andfrequency 3f alsothesecondcurrentharmonicswith amplitude
I 2 andfrequency 2f is generated.Thesurfacepotentialcanbethendeterminedfrom equation

� m = � U1 + U0I 2=(4I 3): (61)

Themembranepotentialcanbedeterminedeitherby compensationof theamplitudeof sec-
ondcurrentharmonicby externalvoltage[216] or by measurementof amplitudesof bothsecond
andthird currentharmonics[76]. For measurementusingsecondcurrentharmonicmethodan
acfrequency of 1 kHz hasgenerallybeenused[216,225].Theoptimalamplitudeis determined
by the BLM compressibility, but lies in the range10–50mV, As a rule, with a machinetime
constant1 sec,thenoiselevel correspondto about� 1 mV for membraneshaving a coef�cient
of electrostrictiondown to 10� 3 V � 2 at frequency 1 kHz. Thecompressibilityof mostBLMs is
considerablyhigherthanthis. Caremustbe taken whenBLMs have a voltage-dependentcon-
ductivity, i.e., a non-linearcurrent-voltagecharacteristics,asthis canalsoleadto thegeneration
of secondcurrentharmonics.In this casetheuseof a phasesensitive detectorratherthanjust a
tunedampli�er couldincreasetherangeof applicationof thetechnique.

8 Dielectric relaxation

The dielectricrelaxationmethodis basedon analysisof the time courseof changesin the ca-
pacitancefollowing suddenchangesin thevoltageappliedacrossthebilayer [226]. Using this
method,onecanobtain informationabout,e.g.,reorientationof moleculardipolesandcluster
formation.A symmetricvoltage-jump(-V to +V ) acrossabilayercanorientnaturallyoccurring
dipoles.Themagnitudeandtime courseof theseeffectswill dependon thestructureof thebi-
layerandbulk phase.Sucheffectswill alsobere�ected by changesin membranecapacitance.
The capacitanceof the bilayer dependson dielectricconstant" of bilayer material,membrane
area(A) andthicknessof the membraned (seesection3.2). An electric �eld could affect all
theseparameters,eachmustbeconsideredseparately. This hasbeendoneby Sargent[226] and
Hianik andPassechnik[76]. As it hasbeenshown by Sargent[226], no correlationwasfound
betweenthe normalizeddielectricrelaxationparametersandmembranearea,showing that the
effectswereindeedrelatedto thebilayerratherthanto theborderregion.

8.1 The basicprinciples of the measurementof dielectric relaxation

Thedielectricrelaxationis determinedby measuringthetimecourseof thedisplacementcurrent
following a stepchangein potential.A detaileddescriptionof theconstructionandoperationof
theapparatusis givenelsewhere[226]. Brie�y a positive voltageis appliedto theelectrodesat
time t = 0. This causeda large charging current(I 0) to �o w, which decayswith a time con-
stantof RsCm , (Rs = solution+electroderesistance,Cm = membranecapacitance).In addition,
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Tab. 8. Relaxationtimesof the reorientationof dipole momentsof BLM preparedfrom soya beanphos-
phatidylcholine(SBPC)andsBLM preparedfrom SBPConatip of Te�on coatedstainlesssteelwire or on
asmoothgold surfacecoveredby alkylthiol [110].

Membranesystem � 1; � s � 2; � s � 3; � s � 4; � s � 5; � s � 6; � s

BLM in n-decane 6.9� 1.9 18� 6
sBLM in n-decane 5.9� 0.4 13.6� 2.0 27.6� 3.6 51.7� 4.2 85� 9 120� 12
(stainlesssteelwire)
sBLM with alkylthiol 40� 4.0 290� 100 1903� 760
(thin gold layer)

theremayberelaxationcurrentscausedby voltageor time-dependentchangesin Cm , anda dc
componentthroughRm . At time t = 0 a negative voltageis appliedto an R-C analogcircuit
whichmodelstheparametersof theexperimentalsystem.In this way a currentis generatedthat
is equalin magnitudebut oppositein signso thatgeneratedby themembranecharging current
andthedccomponent.Thecurrentsfrom bothcircuitsarecombined,resultingin a cancelingof
thechargingpeaksanddccurrents.

Any capacitiverelaxationis assumedto haveanexponentialtimecourses

I (t) �=
X

i

I i
0e� t=� i : (62)

The amplitudesareonly meaningfulwhennormalizedin somemanner:asan initial trial, the
valueswereexpressedper unit area,of which the simplestmeasureis the membranecapacity
at zerovoltageC(0) = C0

m . Thus it is convenientto presentrelaxationamplitude(I i
r ) as a

fractionalor percentchangesin capacitance,for which thecompleteexpressionis

I i
r � � Ci =C0

m = I i
0� i =(V0C0

m ): (63)

This is relatedto the “dielectric increment”throughthe dielectric constant. The latter is,
however, not known for all the conditionsmet. Thereforethe phenomenological“relaxation
amplitude”wasusedfor analysis[226]. Theresolutionof theapparatusallows thedetectionof
� Ci of about1 pF with time constant� > 1 � s. All relaxationphenomenareportedhereare
considerablyslower thanthis,sothatno inaccuracy is introducedfrom thissource.

8.2 Application of the methodof dielectric relaxation to BLM and sBLM

Themethodof dielectricrelaxationallows oneto studydynamicpropertiesof BLM andsBLM
andbindingthemacromoleculeson themembranesurface.Themethodof dielectricrelaxation
allowsusto determinethecharacteristictimeof thereorientationof dipolemomentsof phospho-
lipid headgroups.Dueto thedomainstructureof lipid bilayersanddifferentsizeof theclusters,
we can expectdifferent collective movementof the reorienteddipole momentsfollowing the
applicationof symmetricalvoltagejumpsto themembrane.

The resultsof determinationof relaxationtimes for variousBLM andsBLM systemsare
presentedin Table8. We canseeconsiderabledifferencesof relaxationtimesbetweendifferent
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Tab. 9. Capacitancerelaxationcomponentsof BLM of differentcompositionsandfollowing theabsorption
of avidin-GOX complex from both sidesof the membraneat the �nal concentrationof 30 mmol l � 1 : 1.
BLM from crudeox brainextract (COB); 2. B-BLM: BLM from biotinylatedCOB 3. B-BLM+A-GOX:
BLM from biotinylatedCOBmodi�ed by avidin-GOX complex [229].

System � 1; � s � 2; � s � 3; � s
BLM 5.3� 1.0 - -
B-BLM 5.0� 0.3 26.1� 5.0 115� 27
B-BLM+A-GOX 16.5� 1.0 26.5� 1.0 505� 16

membranesystems.While free standingBLMs arecharacterizedby two relaxationtimes,the
dynamicsof sBLMs formedon the tip of stainlesssteelwire canbe characterizedby up to 6
relaxationtimes.Thereasonfor theincreaseof thenumberof relaxationcomponentscanbedue
to physicalandchemicaladsorptionof phospholipidsonthemetalsupport.Thisadsorptioncould
result in the differentdegreeof the immobilizationof lipid moleculesandthuscanleadto the
appearanceof differentandmorerelaxationtimes. A similar resultis alsoseenfor membranes
formedon thin gold layerswith alkylthiols. In thiscase,thenumberof relaxationcomponentsis
lower. However, a furtherincreaseof thedurationof relaxationtimestakesplace.This provides
evidenceaboutthestrongrestrictionof movementsof dipolemoments.Theresultis in agreement
with theincreasedvaluesof elasticitymodulusof thelattermembranesystemin comparisonwith
thatof sBLMs formedonwires.

The physicalorigins for different relaxationtimes for BLMs have beenanalyzedby Sar-
gent [226]. It wassuggestedthat the fastestrelaxationtimes(several � s to tensof � s) could
correspondto small amplitudereorientationsof individual dipolesaboutan axis lying in the
planeof the membrane,while the timesof abouthundred� s re�ect a rotationalreorientation
of individualmolecules.Slow relaxationcomponents(severalhundred� s to ms)probablyindi-
catethereorientationmovementsof domainsor clustersof dipolesin themembraneplane.For
comparison,anNMR studyby Davis [227] gave dipolecorrelationtimesof 1-5 � s for lecithin
vesicles,which is consistentwith the resultsobtainedfrom conventionalBLMs asusedin our
experiments.Therelaxationtimesin � s andmsrangeobtainedby varioustechniqueson phos-
pholipidbilayerswererecentlyreportedby LaggnerandKriechbaum[228].

Dielectricrelaxationexperimentsallowedusto studythebindingof enzymaticcomplexeson
themembranesurfaceandcon�rmed thestrongbindingof theavidin-GOX complex to thebi-
otinylatedmembranes.Theseexperimentswereperformedonafree-standingBLM. Wechecked
in astepwisemannerhow dipolerelaxationtimesof phospholipidheadgroupschangeduponthe
modi�cation of lipids andmembranes.Theresultsobtainedaresummarizedin Table9.

In this experimentcurrentrelaxationcurveswereaveragedandthestandarddeviation taken
astheexperimentaluncertainty. NativeBLMs formedfrom crudeox brainextractexhibitedone
relaxationtimeof (5 � 1) � s. Additional relaxationcomponents[(115� 27)� sand(26 � 1)� s]
appearedin BLMs modi�ed by biotin. Addition of theavidin-GOX complex to theelectrolyte
(�nal concentration30nM) onbothsidesof thebiotinylatedBLM resultedin theappearanceof
aslow component(505� 16)� s. Theappearanceof thisslow componentpresumablyrepresents
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acollectivemotionof coupleddipolemomentsandre�ects clusteringin themembrane,induced
by bindingof theA-GOX complex [229].

Considerablechangesof relaxationtimeshavebeenobservedalsowhenshortoligonuclotides
modi�ed by palmitic acid were incorporatedinto the BLM and sBLM as well as during hy-
bridizationwith complementaryoligonucleotidechainat themembranesurface[230]. Dielectric
relaxationmethodscanbe very usefulalsofor studyof binding of variousmacromoleculeson
themembranesurface,suchareshortpeptides[231] andlocalanesthetics[232].

9 Transport thr oughthe membranes

Theimportantfunctionof biomembranesconsistsin regulationof thetransportof ionsor other
molecules,e.g. nutrientsinto the cell or wasteproductsand toxic substancesout of the cell.
Thanksto the membranes,all cells maintain concentrationgradientsof various metabolites
acrossplasmamembranesandmembranesof cell organelles.Transportof the speciesacross
the membranecanbe performedby passive diffusion or by facilitateddiffusion. In later case
thecompoundseitherdiffusesthrougha channelforming proteinor arecarriedby a carrierpro-
teins[233].

9.1 Passive diffusion

Passive diffusion is simplesttransportprocess.The driving forceof this processis gradientof
concentrationof speciesacrossthemembraneor a gradientof membranepotentialsor both. I.e.
speciesaretransportedby passive diffusion from region of higherconcentrationsto the lower
oneor from region of higherpotentialto lower potential.Theequilibriumconditionis reached
whenconcentrationsor potentialsareequalat bothmembranesides.

Let us considerthe transportof chargedmolecules,e.g. ions throughthe semipermeable
membrane.Theconsiderationcanbeperformedon thebaseof electrochemicalpotential~� . For
dilutedsolutions(typically Ci < 0:1 mol l � 1)

~� = � 0 + RT ln Ci + zi F '; (64)

where� 0 is standardchemicalpotential(i.e. chemicalpotentialof 1 mole species),Ci is the
concentrationof moleculesor ions,' is thepotential,otherparametershavetheirusualmeanings.
The�ux j i of theionsacrossthemembranecanbedeterminedfrom Teorrellequation

j i = � uCi
d~�
dx

; (65)

whereu is themobility of the ionsexpressedin m2s� 1V � 1. SubstitutingEq. (64) into Eq. (65)
weobtain

j i = � uRT
dCi

dx
� uC i zi F

d'
dx

; (66)

which is theNernst-Planckequation.If electricallyunchargedparticlesaretransportedthrough
themembraneor if d'=dx = 0, then

j i = � uRT
dCi

dx
= � Dr Ci ; (67)
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Fig. 49. Schematicrepresentationof theion �ux acrossthemembrane.

whereD = uRT is diffusioncoef�cient expressedin m2s� 1 andEq. (67) representtheexpres-
sionof �rst Fick law for diffusion. If concentrationsof speciesat two membranesidesareCM

1
andCM

2 , respectively (Fig. 49)

j i = � D
CM

2 � CM
1

d
; (68)

whered is themembranethickness.Becauseit is dif�cult to determineconcentrationsCM
1 and

CM
2 , for practicalpurposesthefollowing equationis used

j i = � Pi (C2 � C1); (69)

wherePi is the permeabilitycoef�cient (usuallyexpressedin cm s� 1). Pi is a constantthat
describeshow easilythe moleculesleavesthe watersolventandcrossthe hydrophobicbarrier
presentedby the membranes.Pi dependson propertiesof the membraneandon transported
species.If we considertheconcentrationsof speciesin a membraneproportionalto theconcen-
trationsat membranesurface,then

CM
1 = kC1 and CM

2 = kC2; (70)

wherek is partitioncoef�cient. SubstitutingEq.(70) to Eq.(68)we obtain

j i = �
Dk
d

(C2 � C1): (71)

Thus,Pi dependson threequantities:(a)partitioncoef�cient k, which is theratioof thesol-
ubility of themoleculein a membraneto thesolubility in water, (b) thediffusioncoef�cient, D ,
whichdescribestherateof diffusionof themoleculein themembraneand(c) on themembrane
thickness,d. Thus,the �ux of the moleculesthroughthe membraneincreaseswith increasing
thesolubility of themoleculesin amembrane,with increasingthediffusioncoef�cient andwith
decreasingthemembranethickness.Thepermeabilitycoef�cients for polarspeciesareshown in
Table10.

9.2 Facilitated diffusion of chargedspeciesacrossmembranes

Thelipid bilayershasvery low permeabilityfor chargedparticles,e.g.ions(seepart3.2.1).This
is dueto low dielectricpermittivity of thehydrophobiccoreof themembrane(" �= 2) which is
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Tab. 10. Permeabilitycoef�cients for polar solutesacrossbilayersand biomembranes.Adoptedfrom
[4,233].

Membrane
Permeabilitycoef�cient, cm.s� 1

Na+ K+ Cl� H2O Glucose

Phosphatidylcholine< 1:2 � 10� 14 — < 5:5 � 10� 11 < 4:4 � 10� 5 2:5 � 10� 10

(egg)
Phosphatidylserine < 1:2 � 10� 13 < 9 � 10� 13 < 1:5 � 10� 11 — 4 � 10� 10

Phosphatidylserine: < 5 � 10� 14 < 5 � 10� 14 < 3:7 � 10� 12 — 1:7 � 10� 11

cholesterol(1:1)
Humanerythrocytes < 1 � 10� 16 < 2:4 � 10� 10 < 1:4 � 10� 4 < 5 � 10� 5 2 � 10� 5

Frogerythrocytes < 1:4 � 10� 7 < 1:6 � 10� 7 < 9:5 � 10� 8 — —
Dogerythrocytes — — — < 5 � 10� 5 —

notfavor for incorporationof chargedparticles.Thepartitioncoef�cient of theparticlesbetween
lipid andwaterphasecanbeestimatedaccordingto following equation

k = exp(� � W=RT); (72)

where� W is energy connectedwith transferof the onemole of thechargedspeciesfrom the
waterto themembrane.Accordingto theBorn theory

� W =
(zF )2

2r

�
1
"

�
1

"w

�
; (73)

wherer is theradiusof chargedparticle,e.g. ions,z is ion valence," , " w aredielectricpermit-
tivities of hydrophobicpartof themembraneandwater, respectively. For practicalcalculations
(zF )2

2r = 68:2z2=r and � W is expressedin kJ/mol and ion radiusis in nm. The changesof
energy for transferof Na+ (r = 0:095 nm) from water(" w = 81) to the membrane(" �= 2)
is 350kJ/mol. This meansthat thereexistssubstantialenergeticbarrierfor transferof ion from
water into the membrane.However, energy of ion in a membranedecreasesdueto at least4
effects[234]: 1. membranehas�nite thickness.2. ionscanform pairs.3. Thepores(channels)
of high dielectricpermittivity canbe incorporatedin a membrane.4. Ions canbe transported
by carriers,that increaseeffective radiusof the ion. Theseeffectsareschematicallyshowedat
Fig. 50. Let usconsidertheseeffectsstepwisely. Due to �nite thicknessof themembraneand
dueto imageforces(i.e. polarization)the electrostaticenergy of ion in a membranedecreases
(Fig. 50a). Due to this effect the energy of ion in membranedecreasesby a value� r=d, i.e.
by few per cent. The heightof energy barrier is, however, still of at leastseveral hundredsof
kJ.mol� 1. Theformationof ionic pairs(Fig. 50b)couldresultin maximumtwo fold decreaseof
theenergy. Theporesof high dielectricpermittivity couldconsiderablydecreasetheenergy of
ion in a membrane(Fig. 50c). Finally, several compounds,e.g. valinomycin,serve ascarriers
of ions(Fig. 50d)[235,236].Theenergy of thecomplex of ionsof a radiusr with a carrierof a
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Fig. 50. Schematicrepresentationof theion in amembrane:(a)effectof theimageforces;(b) formationof
ionic pairsfrom cations(I + ) andanions(I � ), (c) channeland(d) carrierin a membrane.

radiusbcanbecalculatedaccordingto theBohr'sequation

� W =
(zF )2

2

�
1
b"

�
b� r
r b"b

�
; (74)

where" b is effective dielectricpermittivity of inner part of the complex. If the " b � " and
b � r , then� W = (zF )2=(2b"). For example,theenergy of thecomplex of carrier+ ion in a
membranewith " � 2 will be34 kJ mol� 1, which is about10 fold lessthenfreeenergy of ion
with a radius0.1nm in a membranewithoutcarrier.

Passive andfacilitateddiffusion of ions by carriersarecharacterizedby differentshapeof
dependenceof the�ux on theconcentrationof diffusedmolecules.In thecaseof passive diffu-
sion,the�ux increaseslinearlywith concentrationof ions,while saturationof the�ux takeplace
at higherconcentrationof ions in thecaseof carrier-mediatedtransport.Let usconsidersome
peculiaritiesof channel-formingmoleculesandcarriers.

9.2.1 Ionic channels

Amongchannel-formingionophoresthegramicidinA (GRA) is mostwell known andhasbeen
studiedin detailssince1971[237,238].Gramicidinhasbeenisolatedfrom Bacillusbrevis. GRA
is a small peptidecomposedof 15 alternatingL- andD- aminoacidsresidues,a formyl group
at N-terminus(HEAD) andan ethanolamineat the C-terminus(END). It forms ionic channels
with high speci�city to monovalentcations.On thebasisof theanalysisof theresultsobtained
by NMR technique,it hasbeenproposedthat structureof GRA channelis dimmercomposed
of two � -helicesmonomerconnectedby they head-to-head,i.e. by their formyl groups[239].
Furtherit hasbeenestablishedby NMR technique,thathelicesareright handed[240]. Thehelix
is unusualwith 6.3 residuesper turn anda centralhole approximately0.4 nm in diameter. A
certaincontroversystill remainsbecausethereis an alternative structurethat could provide a
porelargeenoughto transportions– theright-handeddoublestrandedhelicaldimmerstructure.
Thisstructure,howeverpredominatesin anorganicsolvent. It hasbeenalsoobservedthatGRA
form stablemonolayerin an air-water interphase,in which it is in doublehelical form [241]
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Fig. 51. (a) Schematicpictureof gramicidinchannelin a membrane.(b) current�uctuations in a BLM
containedgramicidinchannels.

(seepart 3.1.5). However, in a lipid bilayersGRA channelsare most probablyin a dimmer
form [238]. This hasbeencon�rmed alsoby moleculardynamicssimulations,thatshowedthat
GRA dimmeris connectedwith 16 lipid molecules[242,243].

The conductanceand kinetics of associationanddissociationof gramicidinchannelsin a
BLM hasbeenextensivelystudied[237]. It ispossibleto observediscretejumpsof BLM conduc-
tivity � 40pSin 0.1mol l � 1 KCl at ratherlow concentrationsof gramicidin(< 10� 12 mol l � 1).
Thecurrent�uctuationscanbeconnectedwith associationof two monomersdiffusinglaterally
in BLM monolayersand/orwith dissociationof thesedimmers(Fig. 51). The �uctuation of
thecurrent,however with a muchlarger time of theconductancestate,hasbeenobservedalso
for dimmerscomposedof covalentlyconnectedmonomersof thegramicidinA. In this casethe
�uctuationsof conductivity areconnectedwith the�uctuation of thethicknessof themembrane.
Earlystudiesof ionic channelsformedby GRA havealreadyestablishedthatthecurrent-voltage
characteristics(IVC) of GRA modi�ed BLM arenon-linear. Thenon-linearitydependsonelec-
trolyteconcentrationandcomposition[237]. Thequantitativemethodof determinationof degree
of non-linearityof GRA channelshasbeendevelopedby Flerov et al. [244]. Themethodcon-
sistsin the measurementsof the higher currentharmonicsgeneratedin membranesmodi�ed
by GRA [76]. It hasbeenfound that the measurementof IVC non linearity usingthis method
enablesthe investigationof themutualinteractionof ionic channels,changesof thekineticsof
membranepropertiesduring the formationof themembrane,in�uence of lipid environmenton
thechannelproperties[245]. This methodoffersa possibilityto verify thetheoreticalmodelsof
ion transportthroughgramicidinchannels[76].

In contrastwith gramicidin,alamethicinmoleculesform channelsof differentdiameterde-
pendingon thenumberof alamethicinmoleculesinvolved. It hasbeenestablished,thatalame-
thicin channelcan have up to 7 conductingstates[246]. Amphotericin is anotherchannel-
forming compound. It haslower conductivity thenGRA channelsand is formed in presence
of cholesterolthatstabilizesthechannelstructure[247].

Recentlya variety of additionalnaturalpeptideshave beenidenti�ed andshowed channel
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Fig. 52. Thechemicalstructureof thevalinomycin.

properties.Among thesepeptidesaree.g. mellitin – a beevenomtoxin peptideof 26 residues
andcecropins– inducedin Hyalophora cecropia. Thesepeptidesform � -helicalaggregatesin
membranes,creatinganion channelin thecenterof theaggregate.Thecommonfeatureof these
peptidesis theiramphiphiliccharacter, with polarresiduesclusteredononefaceof thehelix and
nonpolarresiduescontactedwith hydrophobicpartof a membrane[233].

9.2.2 Ionic carriers

Themostdetailedstudiedionic carrieris valinomycin(VAL) isolatedfrom Streptomycesfulvis-
simus. VAL hascyclic structurecontaining12 units madefrom 4 differentresidues.Two are
aminoacids(L-valine andD-valine), two otherresidues,L-lactateandD- hydroxyisovalerate,
contributeesterlinkages(Fig. 52). Thepolargroupsof theVAL structurearepositionedtoward
thecenterof thering, whereasthenonpolargroupsaredirectedoutwardfrom thering. Thehy-
drophobicexteriorof VAL interactfavorablywith hydrophobiccoreof themembrane,while the
centralcarbonyl groupssurroundtheK+ ion, shieldingit from contactwith nonpolarsolvent.
K+ - VAL complex freelydiffusesacrossbiologicalmembranesandcausespassiveK+ transport
(upto 10000K+ /sec).For comparison,theGRA channeltransportsaround107 ionspersecond,
however it is lessselective to K+ ions thenVAL [233]. VAL selectivity bindstheK+ andRb+

cations,but hasaboutthousandfold loweraf�nity to Na+ andLi+ ions. It is connectedwith the
fact, that considerablymoreenergy is requiredto desolvatesmallerions thenlarger ions. For
example,thehydrationenergy for Na+ is � 300kJ mol� 1, while � 230kJ mol� 1 for K+ ions.
Othermobilecarrier ionophoresincludemonensinandnonactin.The unifying featureof their



Transportthroughthemembranes 779

structureis similar to VAL – polarinnerpartandhydrophobicouterpart.

9.3 Mechanismsof ionic transport

Therearetwo basicapproachesfor considerationthemechanismsof ionic transportacrossthe
membrane:1. diffusionand2. discretemechanism.

1. Diffusion mechanismis basedon applicationNernst-Planckequation..This approachis
basedonassumptionof constant�eld acrossthemembrane,i.e. d'=dx = const. Thiscondition
is ful�lled for thin membranesand for thick diffusion doubleelectric layer. In this casethe
Nernst-Planckequation(67)hasform of lineardifferentialequation

dC
dx

+ AC = � B ; (75)

whereA = zF '= (RTd), B = j i (uRT). Thesolutionof Eq.(75) representsdependenceof ion
�ux on membranepotentialandthe ion concentrationsat bothmembranesidesC1 andC2 (see
Fig. 49)

j i =
zi F P'

RT
C1 � C2 exp[zi F '= (RT)]

1 � exp[zi F '= (RT)]
; (76)

whereP = uRkT=d is coef�cient of permeability(seepart 9.1). Thus, the Eq. (76) derived
by Goldman(seeRef. [248]) allowing to estimatepassive ionic transportin thecaseof known
concentrationof ionsatbothmembranesideandfor known valueof permeabilitycoef�cient, P.

TheGoldman'sequationassumesnon-lineardependenceof transmembraneion �ux onmem-
branepotential. Nonlinearity increaseswith increasingthe ion gradient. This dependenceis
linear only when C1 = C2 and at very high valuesof membranepotential. At equilibrium
condition, i.e. when j i = 0, we obtain from Eq. (76) the known Nernst equation: ' =
(RT=(zi F )) ln(C1=C2). The non linearity of IVC is connectedwith in�uence of the electric
�eld on thedistributionof ionsinsidethemembrane.

Theconstant�eld approachhasbeenusedfor explanationof non linearity of IVC of GRA
channels(see[76] for moredetails).

2. Discretedescription of ionic transport. This approachtakesinto accountthemembrane
inhomogeneityandion-ion interactionsin achannel.(Notethatin diffusionapproachmembrane
is consideredashomogeneousandthe ionsdo not interactinsidethemembrane).Theanalysis
of the ion transportis basedon Eyring theoryof the kineticsof chemicalreactions.Herewe
considersimplecaseof thetransportof ionsthroughionic channelthatis characterizesby three
energeticbarriers.Two barriersarelocatedat themembraneborderandthebarrierresponsible
for ion selectivity is locatedin thecentralpartof themembrane(Fig. 53). If the ion transferis
limited by centralbarrier, thenunidirectionalion �ux esaredeterminedasfollows

~j i = C1� A exp[� zi F '= (2RT)]
 

j i = C2� A exp[zi F '= (2RT)]
(77)

whereA is constantand� = exp[� E=(RT)] is frequency of ion transferacrossenergeticbarrier
with a heightE . Resultingcurrentacrossthemembranewill be

I i = zF (
 

j i � ~j i ) = zi F � [C2 exp(zi  =2) � C1 exp(� zi  =2)]; (78)
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Fig. 53. (a) Threebarriermodelof ionic channeland(b) theshapeof current-voltagecharacteristics:ion
transportis determiningby A. centralandB. sidebarriers.

where = F '= (RT). For symmetricalion concentrationsC1 = C2 = C, theIVC will be

I i = zi F � C[exp(zi  =2) � exp(� zi  =2)] = zi F � C sinh(zi  =2): (79)

Thus, if the current is determinedby the ion transferacrossthe centralbarrier, the IVC
hasshapeof hyperbolicsinus. The conductivity will increasewith increasingthe membrane
potentials.Theshapeof IVC allowing to determinewhich barriersarecrucial for ion transport.
This is illustratedon Fig. 53. We cansee,that if transportis determinedby centralbarrier, the
IVC is superlinear, but it is sublinearwhensidebarriersaredetermining(see[86,234]for more
details).

9.4 Active transport systems

Passive and facilitateddiffusion transportsare driven by concentrationor potentialgradients
acrossthe membrane.However, othertransportprocessesin biological membranesaredriven
in an energeticsense.They transportspeciesfrom low to high concentrationregions,andthus
maintainthe non-equilibriumconditionsthat are crucial for living systems. Theseprocesses
areenergy consumable.Themostcommonenergy input for active transportis ATP hydrolysis,
tightly coupledto the transportevent. Light energy is other sourcefor active transport,e.g.
proton�ux in Halobacteriumsalinarum(previouslyHalobacteriumhalobium) or in thylacoidor
mitochondriamembranes.Thehydrolysisof oneATPmoleculecausestransportof four protons
from the exoplasmicto the cytoplasmicside of thylacoidmembrane.In Ca-ATPasethe ATP
hydrolysisis coupledwith transportof two Ca2+ ions. In thecaseof Na+ , K+ -ATPasetwo ions
of K+ aretransportedinsideandthreeNa+ ionsoutsidethecell following hydrolysisof oneATP
molecule.

Most of theseATPases,i.e ionic pumpstransferdifferent ions in oppositedirection such
asNa+ vs K+ , H+ vs. K+ or Ca2+ vs H+ . This processhasbeencalledPing-Pong[249].
Each“half-cycle” consistsof anorderedsequenceof experimentallyidenti�ed steps:ion bind-
ing, ion occlusion(togetherwith ATPasephosphorylationand dephosphorylation),transition
betweenbothprincipalconformationsE1 ! E2 andvice versa,ion deocclusionandreleaseto
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Fig. 54. Schematicrepresentationof H+ -ATPasein a thlylacoidmembrane.Thesubunit F1 is responsible
for ATP hydrolysis,while subunit F0 formsprotonchannel.

theaqueousphaseontheothersideof themembrane.Recentinvestigationrevealedthatacharge
movementoccurredmainly during the ion binding andreleasesteps.Thosereactionstepsare
called“electrogenic”(see[143] andreferencehereinfor details).

The study of the mechanismsof active transportis rathercomplicated. It is also due to
thefact,thatthestructureof ATPasesis not known yet in suf�cient details,althoughsubstantial
progresshasbeenachievedin thestudyof thestructureandconformationof Ca2+ -ATPase[250].
TheATPasebehaveslike a molecularmotor. Hydrolysisof ATP resultedalsoin rotationof the
F1 subunit (i.e. thesubunit whereactivesidefor hydrolysisof ATP arelocated)(Fig. 54) [251].
The activity of Na+ , K+ -ATPase[252] andalsoCa2+ -ATPase[176,195]canbe regulatedby
phospholipids.Themechanismsof functioningof ATPasesarestudiedusuallyby meansof their
reconstitutioninto thelipid vesicles[143],BLM [76,253]or supportedlipid bilayers[254]. In the
�rst caseusuallythepotentialsensitive�uorescenceprobesareused,while in latercasestheelec-
trostrictionandimpedancespectroscopy methodsareconvenient.Recently, usingtheultrasonic
velocimetryanddensitometrymethod,we showedthatincorporationof Na+ , K+ - ATPaseinto
the lipid vesiclesof DOPCdecreasestheir compressibility. Furtherdecreaseof compressibility
hasbeenobservedafteradditionof ATP in a concentrationrange1–5mmol.l� 1 This evidences
aboutconsiderablein�uence of ATPaseonphysicalpropertiesof thelipid membrane[255].

10 Membrane receptorsand cell signaling

The interactionof organismswith surroundingenvironmentis realizedby receptors.For each
typeof thephysicalor chemicalsignalthereexist specialreceptorslocalizedin a plasmamem-
braneor receptorproteinsinside the cells. Light receptorsprovide visual orientationof the
organisms,thermalreceptorsaresensitive to thetemperaturechanges,mechano-andbarro-re-
ceptorsareresponsiblefor sensingmechanicaltensionandthepressure.Mechanoreceptorsare
responsiblealsofor tactilesensitivity thatallows to distinguishshapes,texturesandmovements.
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Theprinciplesbasedon mechano-electricaltransductionareresponsiblealsofor registrationof
sound.Chemoreceptorsareresponsiblefor distinguishingtastesandsmells.

All receptorsystemshave commonfeatures.Receptorsareincorporatedinto thecell mem-
branes.In all casesthereceptorstranslatethestimulusinto anelectrochemicalpotentialchanges,
whichin turnresultin generationof actionpotentialin adjacentneurons.Theintensityof astim-
ulusis determinedby thenumberandfrequency of actionpotentialsproducedby sensorysystem.
Specialtypeof receptors— hormonalreceptors— areresponsiblefor transductionof thesignal
into thecell.

In thecaseof physicalreceptionit is necessaryto analyzethemechanismsof interactionof
physicalsignalwith receptor. This interactionis usuallyaccompaniedby changesof conforma-
tion of thereceptor, thatshouldaffect thephysicalpropertiesof themembrane,e.g.permeability
and/orcompressibility. Therefore,for understandingthemolecularmechanismsof receptionit is
necessaryto studyphysicalpropertiesof themembranes.For chemicalreceptorsthe important
stepsthatshouldbeanalyzedconsistingin diffusionof theligandmoleculeto thereceptor, bind-
ing of ligandwith receptorand�nally transductionof thesignalfrom thebindingevent inside
thecell througha complex signalpathways.

Let usconsider�rst thebasicfeaturesof physicalreception.

10.1 Physical reception

Thecommonfeatureof physicalreception,e.g.visual,mechano-,barro-andthermo-is thatthe
externalsignalresulted�nally in openingof ionic channelsin amembrane.Themolecularmech-
anismsof visualreceptionwasdescribedin Refs.[233,236].Thebasictransducingmoleculein
visual receptionis rhodopsin. Using the modelsystem– bacteriorhodopsinincorporatedinto
BLM – it hasbeenshown, that illumination of this light-sensitive membraneresultedin con-
siderableincreaseof the elasticitymodulusin directionperpendicularto the membraneplane,
E? . This effect hasbeenconnectedwith the in�uence of the conformationalchangesof bac-
teriorhodopsinon largeregionsof lipid bilayers. Theseresultsevidenceon existencethe links
betweenfunctional stateof the sensingmacromoleculeand physicalstateof the surrounding
membrane[76].

Herewe brie�y describethe basicprinciplesof mechanoreception.In 1972V.I. Passech-
nik [256] proposedhypothesis,thattheionic channelswith �uctuating conductivity canserveas
thetransducersof membranemechanicaldeformationinto electricresponseof thecell. Theex-
istenceof suchchannelsin mechanoreceptorcellswasexperimentallyfoundlaterin 1977[257].
The conceptionraisedby Passechnikallows oneto introducean elementarymechanoreceptor
unit — elementarymechanosensitive center(EMC) — which is composedof an ion channel
anda partof a receptormembraneattachedto it. The EMC functionconsistsof thechangeof
themeanion channelconductivity asa resultof thedeformationof this partof themembrane.
This concepthasbeenproved in a detailedstudyof Passechnikandhis co-workers,which is
summarizedin Ref. [76].

10.2 Principles of hormonal reception

Thefactthatreceptorsareincorporatedin lipid bilayershasgreatsigni�cancefor enhancementof
diffusionof ligandto thereceptor. AdamandDelbrück(see[86]) estimatedthetimeof diffusion
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of themoleculeto the targetof a radius“a” from thespaceof a radius“b”. They showed,that
thetime � ( i ) is functionnotonly theratiob=a, but alsothespacedimension

� ( i ) = (b2=D( i ) )f ( i ) (b=a); (80)

wherei meansthe uni- (1), di- (2) or three-(3) dimensionalspace.In a �rst stagethe ligand
movesto thereceptorby meansof threedimensionaldiffusion. As soonasit reachesthemem-
brane,it continuesto diffuseto thereceptorbindingsiteby meansof two dimensionaldiffusion.
Theestimationsshowedthatat certainconditions102 < b=a< 104 and103 < D (2) =D(3) < 1,
� (2) =� (3) < 1. Thus,theexistenceof receptorsin a membraneenhancesinteractionof ligand
with receptordueto fastermoving by meansof two dimensionaldiffusion.

Theformationof ligand(L ) – receptor(R) complex (LR ) is thenext stepin hormonerecep-
tion. This stepcanbeanalyzedin analogywith substrate-enzymeinteraction.Theformationof
ligand-receptorcomplex

L + R $ LR (81)

is characterizedby af�nity constantK � 108–1011 mol� 1 l, which is usuallyhigherthanthat
for substrateenzymecomplexes.Let usconsidergeneralpeculiaritiesof ligandreceptorbinding,
whenn ligandsinteractswith m bindingsites.Theligandcanexist in bound(B) or in a free(F )
state.Thereforetheconcentrationof ligand,[L i ] will be

[L i ] = [Fi ] +
mX

j =1

[B ij ]; i = 1; : : : ; n: (82)

In analogy, receptorcanalsobe in the stateB ij , i.e. in complex with ligand andin a free
stater ij . Thus,theconcentrationof j-bindingsite[R j ] will be

[Rj ] = [r j ] +
nX

i =1

[B ij ]; j = 1; : : : ; m: (83)

At equilibrium(Fi + r j $ B ij ) theaf�nity constantK ij is

K ij =
[B ij ]

[Fi ][r j ]
; i = 1; : : : ; n; j = 1; : : : ; m: (84)

Substitutingvalue[B ij ] from Eq.(84) to Eqs.(82)and(83)we obtain

[L i ] = [Fi ] +
mX

j =1

K ij [r j ][Fi ]; i = 1; : : : ; n; (85)

[Rj ] = [r j ] +
mX

j =1

K ij [r j ][Fi ]; j = 1; : : : ; m: (86)

Thenfrom Eq.(86)wehave

[r j ] = [Rj ]=(1 +
mX

j =1

K ij [Fi ]); j = 1; : : : ; m (87)
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andsubstitutingvalue[r j ] to Eq.(85)weobtain

[L i ] = [Fi ] + (
mX

j =1

K ij [Rj ][Fi ])=(1 +
nX

i =1

K ij [Fi ]): (88)

If we usetheratio ki =
mP

j =1
[B ij ]=[Fi ] = [L i ]=Fi ] � 1, thentheEq. (88) canbetransformedas

follows

ki =
mX

j =1

K ij [Rj ]=(1 +
nX

i =1

K ij [Fi ]): (89)

In simplestcase,i.e. onetypeof ligand(i = 1) andonetypeof receptor(j = 1) we obtain

k = K [R]=(1 + K [F ]) (90)

andtakinginto accountthat[F ] = [B ]=k, weobtainScatchardequation

k = [B ]=[F ] = K [R] � K [B ]: (91)

In coordinates[B ]=[F ], [R] theEq.(91)canbeexpressedby straightline, thatallowing to deter-
mineconcentrationof receptors[R] aswell asaf�nity constantK . Usuallythesituationis more
complex andrequiringanalysisof severaltypesof bindingsitesandseveraltypesof ligands.For
thispurposeit is necessaryto solvenumericallytheEq.(89).

Next stepin hormonalreceptionconsistsin transductionof the signaloriginatingfrom the
binding of ligand to its receptorinto the cell. The complex of reactionsaccompanying signal
transductionacrossthemembranehave beendescribedin details(seee.g.[2,233,258]).In gen-
eral,thehormoneinteractionwith receptorincorporatedin plasmamembranemobilizesvarious
secondmessengers:cyclic nucleotides,Ca2+ ions,ceramide(appeareddueto phospholipaseac-
tion onsphingomyelin)andothersubstances,thatactivateor inhibit enzymesinsidethecell. The
receptorsareusuallyconnectedwith othersignalingstructuresatcytoplasmicsideof thecell, e.g.
G-proteins,tyrosinkinaseor oligomericion channels,thatmediatedthesignaltransduction.As
anexamplewe considertheadenylat-cyclase-initiatedcAMP signaltransductionpathway with
participationof G-protein.Thispathwayis schematicallyshowedonFig. 55. Thebindingof lig-
andto thereceptoractivatesG-protein(typically it is heterotrimercomposedof threesubunits,� ,
� and
 ). This activationresultedin hydrolysisof GTPto GDPat � subunit of G-protein.As a
result� subunit dissociatefrom theG-proteincomplex andactivatesadenylat cyclase.Adenylat
cyclasethenconvertscytoplasmicATP into campandcAMP thenactivatesproteinkinase,that
in turn is ableto modulatethegeneexpression.

10.3 Tasteand smell reception

Thesetypesof receptionare responsiblefor recognitionof tastesand smellsof varioussub-
stances.It is assumed,that smell receptionis basedon recognitionof molecularstructure,i.e.
thereceptorresponsiblefor speci�c smellhascavity thatexactlycorrespondsto theshapeof the
moleculethatis detected[259]. Somepheromonereceptorscanrespondto their volatile ligands
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Fig. 55. Schematicrepresentationof the adenylate cyclasesignal transductionpathway. For explanation
seethetext.

in a quantalway. For examplethemoth,Bombyxmori, respondsto singlemolecules,or at most
very few moleculesof thepheromonebombykol, by increasingits wingheatfrequency [260].

The tastereceptionis basedon molecularrecognition. The acidic tasteis determinedby
protons,salt tasteby anions,like Cl� . Sweetandbitter tasteoriginatingfrom interactionwith
receptorof speciesof differentstructure.Theprogressin investigationof themechanismsof taste
receptionduringlastyearswasconnectedwith isolationof proteins,e.g.monellin,thatinducing
sweettaste.Usingtheseproteinsit hasbeenpossibleto demonstratespeci�city of interactionof
this ligandswith tastereceptors.

In tasteandsmellreceptionthebindingof speciesto thereceptorsis alsotransformedinto the
electricalsignals.However, themechanismsof thesetransductionsarestill unknown (see[261]
for review of exsistinghypothesis).

10.4 Arti�cial receptors

In additionto naturalreceptors,currentlya considerableinterestis focusedon developmentof
arti�cial receptors. It is connectedwith developmentof receptorbasedbiosensors.Among
arti�cial receptorsthecalix[n]arenesareof specialinterest.They representmacrocyclic aromatic
moleculeswhichoriginatefrom thesynthesisof thephenolsandaldehydes,whereas[n] referto
the numberof the phenolaromaticcycles in the molecule. In calixarenes,phenolicsubunits
arebridgedvia methyl groupsin metaposition. This providesof the characteristicvase-like
shapeof thecalixarenemolecule[262]. In addition,macrocycleswith subunitslike resorcineor
pyrrol have beensuccessfullysynthesized[263-265]. Due to the presenceof the hydrophobic
cavity, formedby the phenolicunits, calixarenesarebeingusedfor detectionof a wide range
of compoundssuchas metal ions, biomacromolecules,etc. Moreover, easymodi�cation of
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Fig. 56. Chemicalstructuresof calix[4]resorcinarene.

thesidegroupsallows oneto preparetailor-madecalixareneswith high af�nity for thespeci�c
targetmolecules.Therefore,theserecognizingfeaturesof calixarenescanbeusedasa basisfor
developmentof biosensors.

Monolayersformedby calix[n]areneshave beenstudiedeitheron thewatersubphase[265-
268]or onthesubphasescontainingvariouscations[262,269].In addition,calix[4]arenesmono-
layershave beenalsosuccessfullyemployedfor thedetectionof monomericnucleosidesin the
subphase[270]. Recently, considerableattentionwasfocusedon thedevelopmentof themeth-
odsof detectionof theneurotransmittersadrenaline,dopamineor ephedrine,which trigger the
metabolismof the lipids and sugars,followed by their utilization in the energetic processes.
Uncontrolledimpositionof thesecatecholaminesactingasthedopingandtheir dif�cult detec-
tion hasprovokedInternationalOlympic Federationinto thesearchfor the rapidandfoolproof
methods,which couldestimatetheconcentrationsof thecatecholaminesin theurine. Synthetic
calix[4]resorcinarene(Fig.56)wasextensivelystudiedin thisrespect.It hasbeenshown, thatthe
biosensorbasedon thesolidsupportedlipid membraneswith incorporatedcalix[4]resorcinarene
is highly sensitivetowardscatecholamineswith detectionlimit in � M concentrationrange[271].
Thesesensorswereselective anddid not reveal any signi�cant interferenceswith othercom-
pounds(e.g.ascorbicacid,lactose,ureaetc.)[271]. Despitetheseextensivestudies,themecha-
nismsof interactionof catecholamineswith calix[4]resorcinareneandthemechanismsof inter-
actionof this arti�cial receptorwith phospholipidsis still underinvestigations.

In ourrecentwork [272]westudiedthepropertiesof themonolayersformedby calix[4]resor-
cinareneandalsothepropertiesof mixedcalix[4]resorcinarene-phospholipid monolayersformed
at thewatersubphaseor subphasecontainingvariousconcentrationsof dopamine.Thebinding
of dopamineresultedin changeof theshapeof thesurfacepressureisotherms,aswell aschanges
of thedipolepotential,which indicatethechargeredistribution uponthedopaminebinding,as
well asthereorganizationof themolecularstructureof themonolayers.This is seenonFig. 57,
whentheplot of thesurfacepressureanddipolepotentialasa functionof meanmoleculararea
is presentedfor differentdopamineconcentrationin watersubphase.Increasingconcentrationof
dopamineproducesa shift of theisothermstowardhigherareas.

Thiseffectisaccompaniedbyanincreaseof themeanmolecularareaof calix[4]resorcinarene.
The valuesof the meanmolecularareasare reportedin Table 11. As it can be seenin Ta-
ble 11, themeanmolecularareaof calix[4]resorcinareneincreasesat thepresenceof 1 mM of
dopamineby approx. 7 % (the differencesbetweenthe molecularareawithout dopamineand
at certaindopamineconcentrationwerestatisticallysigni�cant accordingto theStudent's t test
(p < 0:001)).
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(a) (b)

Fig. 57. Theplot of surfacepressure(a) anddipolepotential(b) asa functionof meanmolecularareafor
monolayersof calix[4]resorcinareneat watersubphase(1) andthosecontaineddopaminein concentration:
(2) – 10; (3) – 100and(4) – 1000�M , respectively. (Reproducedby permissionfrom Ref. [272]).

Tab. 11. Mean molecular area, A and compressibility modulus, C� 1
S for the monolayers of

calix[4]resorcinareneformed at pure water subphaseand those containedvarious concentrationof
dopamine. Resultsrepresentmean� SD determinedfrom 6 independentexperiments. The differences
betweenmeanmolecularareasarestatisticallysigni�cant accordingto the Student's test (P < 0:001)
Adoptedfrom Ref. [272].

Dopamine,� M A (nm2/molecule) C� 1
S (mN/m)

0 1.52� 0.02 178.4� 4,1
10 1.56� 0.02 176.7� 4,0
100 1.59� 0.01 171.2� 5,5
1000 1.64� 0.02 165.2� 5,3

Increaseof dopamineconcentrationcausesalsoa shift of thepotential-areadependenciesto
higherdipolepotentialsat low pressureregion(Fig.57b).Howeverathighersurfacepressureand
at presenceof dopamine,thedipolepotentialsarehigherthanthosewithout dopamine(� 120–
130mV). Thetendency of thedipolepotentialsto grow sincetheverybeginningof thecompres-
sioncanberelatedto thebindingof dopamineto themonolayer. ThepK a valueof dopaminein a
watersubphaseis 8.87[273]. Thereforeat pH of watersubphaseusedin experiments(pH � 6),
the aminogroupof dopamineis positively chargedandhasaf�nity to the –OH groupsof the
calix[4]resorcinarenemoleculesexposedinto the water subphase.This pK a value could in
principle shift down when dopaminebind to a monolayer. However, despitethis possibility
we supposethat the electrostaticinteractionsbetweendopamineandthe calix[4]resorcinarene
hydroxyl groupsare the main reasonof the changesof dipole potential. From Fig. 57b, we
canalsoseethat beforethe main raiseof the dipole potentialcertainirregularity took placeat
� 2:1 nm2/molecule.Themagnitudeof this irregularity increaseswith increasingthedopamine
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Fig.58. Theplot of meanmolecularareaasafunctionof dopamineconcentrationfor monolayerscomposed
of calix[4]resorcinareneformedon watersubphase.(Reproducedby permissionfrom Ref. [272]).

concentration.This effectmaybeassociatedwith changesof thecalix[4]resorcinarenestructure
dueto dopaminebinding.

Using the datapresentedon Fig. 57a we ploted of meanmolecularareaas a function of
dopamineconcentration(Fig. 58). It is seenfrom Fig. 58 that this plot representsa typical
Langmuirisotherm.Thereis tendency to saturationathigherconcentrationsof dopamineandthe
interactionbetweendopaminemoleculesandthereceptorsis muchstrongerthanthosebetween
dopaminemoleculesat thesurfaceof themonolayer(see[73] for theoryof speci�c adsorption).
The dissociationconstant,KD wasdeterminedaccordingto equationA = Amax c=(K D + c),
whereAmax is themaximalmolecularareaandc is thedopamineconcentrationandwasfound
ca.310 nM. This is muchhigherin comparisonwith e.g. the binding af�nity of antibodiesor
DNA aptamers,whicharein therangeof 1–100nM [274].

More detailedinformationaboutthe physicalpropertiesof the monolayercanbe achieved
from thecompressibilitymodulus,C � 1

S , de�ned as[275]

C � 1
s = � A

�
� �
� A

�
: (92)

Accordingto Ref. [275], compressibilitymodulusvaluesbetween0 to 12.5mN/m refer to the
gasphaseof the�lms, from 12.5to 50 mN/m to theliquid – expanded(L-E) �lms, from 100to
250mN/mto theliquid – condensed(L-C) �lms andthevaluesabove250mN/maretypical for
thesolid �lms. UsingEq. (92),we determinedthecompressibilitymodulusfor condensedstate
of themonolayers.Thequantity

�
� �
� A

�
is theslopeof themonolayerandtheareaA corresponds

to the meanmolecularareaat condensedstateof the monolayer(Table11). As it canbe seen
from theTable11,all theinvestigatedmonolayersarecharacterizedby compressibilitymodulus
> 165 mN/m. This provesthe condensedstateof the monolayers.It is alsoseenin Table11
thatwith increasingof dopamineconcentration,thevaluesof C � 1

S tendto decrease(althoughthe
statisticalanalysisusingStudent's t testprovedthesigni�cant differences(p < 0:001) between
theC � 1

S valuesonly at 0 and1000� M of dopamine).This suggeststhatchangesof theconfor-
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mationof thecalix[4]resorcinarenedueto bindingof dopaminecausedmore�e xible (i.e. more
compressible)monolayer.

The arti�cial receptorsarenovel structureswith high perspective for practicalapplication
in biosensors.For examplesmonolayerformedby calix[4]resorcinarenecanbe depositedon
a solid surfaceand the detectionof dopaminewith the calixaŕenu�lm can be determinedby
variousmethod,e.g.usingmassdetection,amperometricor impedancespectroscopy methods.

11 Lipid �lm coatedelectrodes

Interestto the lipid �lm coatedelectrodes(known alsoassupportedlipid membranes(sBLM))
asa tool for constructionof high sensitive andselective biosensorsis considerable.Lipid �lms
protectthe solid supportfrom undesirableinterefencesandthusminimize the redoxprocesses
at theelectrodesurface.On theotherhandthelipid �lm thatmimicsthepropertiesof biomem-
branesrepresentsconvenientimmobilizationmatrix, that preserve the conformationalfreedom
of attachedmacromolecules,suchareenzymes,antibodiesor nucleicacids.Thelipid �lm, due
to its insulationpropertiesrepresenthighbarrierfor transferof chargedparticlesto theelectrode.
Thisdisadvantage,canbe,howeverovercomeby modi�cation of the�lm by electronor ion car-
riers.Lipid �lms canbepreparedwith highscaleof lipids of variousstructuresandthusallowing
to constructbiosensingsystemwith desirablesurfaceproperties.In contrastwith, socalledfree
standigBLM, lipid coatedelectrodescanbestableevenat air. Sothey canbeinvestigatedalso
by otherthenelectrochemicalmethods,sucharee.g. atomicforcemicroscopy (AFM), surface
tunnelingmicroscopy (STM) or scanningelectrochemicalmicroscopy (SECM).Due to similar
chemicalcomposition,structuralandphysicalpropertiesthe sBLM canserve alsoasa conve-
nientmodelfor biomembranes.Themethodof preparationof sBLM andsocaledtetheredBLM
(tBLM) hasbeenreportedin part3.2.2(seealsoreviews [110,168,276]).

11.1 Modi�cation of lipid �lm coatedelectrodesby functional macromolecules

Incorporationof functional macromolecules,e.g. enzymes,antibodiesor nucleic acids into
lipid layersor immobilization onto sBLMs or liposomesis a crucial stagein the preparation
of biosensor. Themethodof immobilizationshouldful�ll certainrequirements:1. Stability of
lipid-macromoleculecomplex for suf�cient time; 2. Optimalconformationallability of macro-
molecules;3. Accessto reactivesitesof enzymes,antibodiesor receptors.

For integral proteinsor receptors,which containhydrophobicconstituents,the incorpora-
tion into the membranescan be doneeither by meansof mixture of the proteinswith lipids
in the membrane-formingsolution, or by fusion of proteoliposomeswith lipid layers. Mix-
turesof proteinswith lipids in solutionhavebeensuccessfullyusedfor incorporationof bacteri-
orhodopsin[277] andantibodies[278]. Antibodieswerealsoimmobilizedto the�lter supported
bilayers[279]. Vesiclefusion for incorporationof proteinshasalsobeenextensively reported
(e.g. bovine serumalbumin [280], acetylcholinesterase[281,282], choleratoxin [282], bac-
teriorhodopsin[277,283],cytochromeoxidase,nicotinic acetylcholinereceptor[280] andH+ -
ATPase[284].

Anotherimmobilizationmethodwhich hasimportantpracticalapplicationshasbeendevel-
opedby Wilchek [285]. This methodconsistsin useof thehigh af�nity of streptavidin and/or
avidin to biotin. Thus,if a streptavidin or avidin modi�ed macromoleculeis addedto a sBLM
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that is preparedfrom biotinylatedphospholipids,a stablecomplex betweenproteinandphos-
pholipid is formed. The �rst sBLM biosensorsbasedon immobilizationof enzyme– glucose
oxidaseusingstreptavidin-biotin technologyor avidin-biotin technologyhave beenreportedin
Refs. [286,287]. Similar methodhasbeenusedalso for immobilization of antibodiesto the
sBLM [288].

A further novel approachof immobilization consistsin usinga bacterialglycoproteinsso
calledS-layerasmatrix for immobilizationof proteinmacromolecules[289].

For immobilizationof oligonucleotidesto sBLM theeffectiveapproachconsistsin modi�ca-
tionof shortsequenceof singlestrandedDNA byhydrophobicchain,e.g.palmiticacid[232,290]
or cholesterol[291].

11.2 Bioelectrochemicaland analytical applicationsof lipid coatedelectrodes

Lipid �lms coatedelectrodesarenew tool for fundamentalandappliedresearchin bioelectro-
chemistry, biophysicsandanalyticalchemistry. Concerningthefundamentalstudiestheadvan-
tageof thesesystemsconsistsin their high stability andavailability to apply additionaltech-
niques,that cannot be usedfor classicalmodelof biomembranes,e.g. BLM and liposomes.
Thereare for example thicknessshearmode technique(TSM), surphaseplasmonresonance
(SPR),elipsometryandall typesof imagetechniques,suchareAFM, STM andSECM.Lipid
�lms allow incorporationof integral andperipheralproteins,proteolipidicreceptorcomplexes,
that allows to mimics the structureandpropertiesof biomembranes.As a matterof fact the
biomembranesare supportedby spectrinnet or glycocalix, thereforeselectionof appropriate
support,e.g. agargel or polymerscanserve assuitablemodelof biomembranessupportedon
glycocalix.

Supportedlipid �lms revealeduniquepropertiesalsofor applicationsin analyticalchemistry.
They allowing to immobilize on their surfaceenzymes,antibodies,arti�cial receptors,nucleic
acids,DNA/RNA aptamersand thus to usethesesystemsas a biosensors.Variationof lipid
compositionallowing to selectconditionsthat allow to avoid unspeci�c interactionswith the
sensorsurfaceof variousundesirableinterferences.

Theapplicationof supportedlipid �lms in thefundamentalresearchhasbeenreviewedin pa-
perby Sackmann[113] andKnoll [254]. Applicationof sBLM bothin fundamentalandapplied
studieshasbeenreviewedalsoin Refs.[110,168,276,292].

Unmodi�ed supportedlipid �lms can be ratheruseful for study the adsorption/desorption
processesof variouscompoundsthataredissolvedin lipids,e.g.detergentsor naturalsurfactants,
like saponin[293] aswell ascanbeusedfor determinationof activity of phospholipases.This
hasbeenshown in paperby Mirsky et al. [294]. The approachusedin this work wasbased
on the fact that hydrolysisof the substrate,mediatedby phospholipaseA2 leadsto formation
of water solubleproductsfrom water insolublesubstrate,i.e. phospholipidmonolayer. The
actionof phospholipasethusresultedin removing certainpartof lipid monolayerfrom alkylthiol
supportedlipid �lm, thatis monitoredasincreaseof capacitanceof thelayeradjacentto thesolid
electrode.

Unmodi�ed lipid coatedelectrodescanbesuccessfullyusedalsofor thestudyof themech-
anismsof interactionof nucleicacidswith lipid layeranddueto high stability of thesupported
lipid �lms, thesesystemsopennew routs for study of the mechanismsof electroporationof
nucleicacids.As anexampleis thepaperby Schoutenet al. [295]. They preparedcationicbi-
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layeradsorbedin self-assembledmonolayer(SAM) of alkylthiols terminatedby negativecharged
groupsof carboxylicacid. UsingtheSPRmethod,they showed,thatcationiclipids formedbi-
layersat thetopof SAM of a thickness3.2to 3.3nm. By meansof photobleachingmethodthey
showedthatthelayerswerehomogeneousandrelatively immobile.DNA interactswith cationic
lipids by physicaladsorption.It hasbeenshown in thiswork, thatDNA formsa layerof 0.8nm.
Recently[169] themethodof electrostrictionhasbeenappliedtostudytheinteractionwith sBLM
cationicsurfactanthexadecylamine(HDA), HDA–DNA andDNA–Mg2+ complexes.Interaction
of HDA with sBLM resultedin decreaseof membranecapacitanceandtwo-directionaleffecton
elasticitymodulus,E? , (increaseor decrease),which canbe causedby differentaggregation
stateof surfactantat the surfaceof sBLM. In contrastwith effect of HDA, the complexesof
HDA–DNA resulted,in mostcases,increaseof elasticitymodulusandincreaseof membrane
capacitance,which canbecausedby incorporationof thesecomplexesinto thehydrophobicin-
teriorof themembrane.Certainpartof thesecomplexescanbe,however, adsorbedonthesBLM
surface.DNA itself doesnotcausesubstantialchangesof physicalpropertiesof sBLM; however,
additionof bivalentcationsMg2+ to theelectrolyte-containedDNA causedsubstantialincrease
of elasticitymodulusandsurfacepotential. Thesechangeswere,however, muchslower than
that observed for HDA–DNA complexes,which canbe causedby slow competitive exchange
betweenNa+ andMg2+ ions.

Supportedlipid �lms arealsoratherperspective tool for studythe mechanismsof protein-
lipid interactions[69] as well as for reconstitutionof ATPasesand study the mechanismsof
functioningtheseionic pumps[284].

For speci�c responseof lipid coatedelectrodesto variouslow andhigh molecularweight
speciesthe lipid �lm shouldbe modi�ed by ionic channels[296,297]andcarriers[298,299],
speci�c receptors[300,301],antibodies[302-304],of nucleicacids[230,291,305].In this part
we will show two examplesof applicationof sBLM in bioelectrochemistry:1-sBLM modi�ed
by carriersandionic channelsand2-sBLM asanenzymaticelectrodes.Anotherapplicationscan
be�nd in abovementionedreviews,e.g.[110,168,254,276,292].

11.2.1 Supported lipid �lms modi�ed by carriers and ionic channels

In the �rst studiesof sBLM formed accordingto the methoddevelopedby Tien and Sala-
mon[105], therewasattemptto check,whethersBLM couldbemodi�ed by ionic carriers,e.g.
valinomycinin orderto usethis systemasanion-selective electrode.Successfulattemptin this
directionwasdemonstratedin paperby Snejdarkovaetal. [299]. They showedthatmodi�cation
by valinomycinreally inducedincreaseof conductivity of lipid �lm at thestainless-steelsupport.
Theproblem,however remainswith presenceof metalsupport,thatdoesnotallowing to further
diffusionof the ions. This problemhasbeensolved in paperby Ziegler [306], who usedagar
supportedlipid �lms andsuccessfullydemonstratedionic channelcharacteristicssimilar to that
observedfor freestandingmembranes.Theseagar-supportedlipid �lms hasbeenusedalsofor
studythe interactionof shortpeptideswith lipid �lm [307]. The advantageof thesesystemin
additionto theirhighstability is thatthey requireminimalvolumeof buffer – around50–100� l,
which is at least10 timeslower thanthatusedin typical experimentswith freestandingBLM.
This, of courseconsiderablysafetheamountof speciesused.In addition,agarsupported�lms
representsbilayerssystems,which is not the caseof the lipid �lms supportedon a tip of the
metalwire. As we alreadymentionedat thebeginningof this chapter(section3.2.3)lipid �lms
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formedon a tip of themetalwire containstructuraldefectsandmaybecomposedof monolay-
ers,bilayersor evenmultilayers.Unfortunately, themaindisadvantageof agarsupported�lms
is their lowerstability in comparisonwith metalsupported�lms. Thereforefurtherattemptswas
focusedon developmentof thesupportedlipid systems,thatwill containhydrophilicspacerbe-
tweenmetalandlipid �lm, which canbe �led by electrolyteandthusrepresentmoresuitable
modelof biomembrane.

The problemhasbeensuccessfullysolved by Cornelet al. [308], that developedsophisti-
catedlipid bilayersystemsupportedon a gold layer, but containedhydrophilicspacerbetween
gold and bilayer that allowed the buffer to be localizedhere. This systemhasdemonstrated
highsensitivity to dissociationof ionic channelsfollowing disruptionof gramicidindimmersby
speci�c interactionwith antigens[308] or duringhybridizationof nucleicacidat the lipid �lm
surface[309].

11.2.2 Electrodescoatedby lipid �lms with immobilized enzymes

Lipid coatedelectrodesrepresentuniquetool for studythemechanismsof enzymaticreactions
at thesurfacesandfor constructionof enzymaticsensors.Theenzymecanbeincorporatedinto
the lipid �lms by meansof dissolutionof enzymemoleculesin lipid solutionfrom which the
�lm is preparedor by immobilizationof theenzymeat thelipid �lm surface.In this respectthe
pioneeringwork by Snejdarkova et al. have greatsigni�cant for further progressin this �eld.
In thesework either streptavidin [286] or avidin [310] have beenusedfor immobilization of
glucoseoxidase(GOX) to the lipid �lm surfacepreparedon a tip of freshly cuttedstainless-
steelwire coatedby insulatingpolymeror Te�on. Furtherthis approachhasbeenusedalsofor
immobilizationof anotherenzymes,e.g.ureaseonapolypyrrol �lm [311], or bi-enzymesystem
containedof acetylcholinesteraseandcholineoxidase[312].

Let usshow peculiaritiesof lipid-coatedelectrodesmodi�ed by enzymesusinganexampleof
mostdetailedstudiedsystemcomposedof GOX attachedto thesupportedlipid �lm lipid using
avidin –biotin technology[286,310,313,314].

In orderto preparelipid �lm+GO X coatedsolidelectrodemostlythesurfaceof freshlycutted
tip of Te�on coatedstainlesssteel[313] or platinumwires [315] wereused. The formationof
the �lm is rathersimpleandis basedon the techniquedevelopedby Tien andSalamon[105].
Thecleanwire is immersedinto thedropof lipid solutiondissolvedin n-decane-butanolmixture
(8:1volume/volume).Thenthetip is cuttedby sharpscalpelandimmersedin abuffer (typically
0.1mol l � 1 KCl + 10mmol l � 1 Tris/HCl, pH 7.0). NotethatpH of electrolytehasconsiderable
in�uence on GOX activity, thereforeit is importantto work in a buffer conditionwith optimal
pH (approx.pH 7). In abuffer theselfassembledprocessof formationthelipid �lm takesplace.
Phospholipidsisolatedfrom crudeox brainextract(COB) areconvenientfor formationof these
�lms. Theselipids canbe modi�ed by D-biotin-N-hydroxy-succinimide ester[286]. In order
to useavidin-biotin technologyit is alsoimportantto modify enzymeby avidin or streptavidin.
For this purposethemethodwell describedin Ref. [285] canbeused.This methodis basedon
formationof avidin-GOX (A-GOX) conjugatesby cross-linkingwith glutaraldehyde.Themod-
i�cation of the �lm surfacecontainedbiotinylatedphospholipidsconsistsin immersionof lipid
coatedwire into theA-GOX buffersolution.Thekineticsof thisprocesscanbestudiedusinge.g.
electrostrictionmethod. It is expected,that immobilizationof A-GOX to the lipid �lm surface
will resultin strongbindingof avidin to thebiotin sides.This binding is noncovalent,but very
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Fig. 59. (a)Timecourseof changesof elasticitymodulusE? (traceA) andelectricalcapacitance(traceB);
(b) membranesurfacepotential�� m fro sBLM from COB extractmodi�ed by biotin following addition
of A-GOX ata �nal concentrationof 30nmol l � 1 and60nmol l � 1 (Themomentof additionof A-GOX) is
indicatedby arrows). (Reproducedby permissionfrom Ref. [229]).

robusthaving a dissociationconstant10� 15 mol l � 1. In additionthereexist stronginteraction
betweenavidin moleculesat the surfaceof the �lm. All theseprocessesresult in stabilization
of thestructureof the �lm. This stabilizationpartially causesrestrictionof themobility of the
lipids, thatin turn in�uence on themechanicalpropertiesof thelipid �lm. We canthereforeex-
pectsubstantialin�uenceof bindingprocessonthemechanicalpropertiesof the�lm. In addition
GOX is negatively charged. Thereforethebinding processshouldresult in changesof surface
potentialof the �lm. Thesephenomenahave beenobserved experimentally[313]. An exam-
ple is showedon Fig. 59. We canseethat chelation-like interactionof A-GOX with surfaceof
biotinylatedlipid �lm resultedin increaseof elasticmodulusE? , decreaseof membranecapac-
itance,C andincreaseof surfacepotential�� m . Thesaturationof membranecapacitanceand
surfacepotentialstartsalreadyatA-GOX complex concentrationof 30nmol l � 1. Therestriction
of themobility of phospholipidsfollowing theadsorptionof theconjugateA-GOX resultedalso
in increaseof relaxationtime of reorientationdipolemoments,ashasbeenshowedabove (see
part8.2andTab. 9).

The detectionof glucosein a buffer canbe performedamperometrically[316], e.g. based
on anodicreoxidationof enzymeusuallyat potentialapprox+0.6 V (positive terminalon an
workingelectrode)

GOX(FAD) + glucose! GOX(FADH) + gluconolactone (93)

GOX(FADH 2) + O2 ! GOX(FAD) + 2H+ + 2e� (94)

Thus,thechangesof thecurrentin a systemA-GOX electrode-referenceelectrodeis a mea-
sureof the concentrationof glucosedegradedby enzymesat the surfaceof lipid �lm. As we
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Fig. 60. Calibrationplot at threedifferentpotentialvaluesfor biosensorwith a BLM formedon a Na�on
layercontainingFccomparedwith a calibrationplot for a biosensorwith aBLM ona Na�on layerwithout
Fc at +0.6 V. Measurementcarriedout in 0.1 mol l � 1 phosphatebuffer of pH 7.2. Theplatinumwire of
a diameter0.6 mm coatedby low conductingpolyoxyphenylene �lm wasusedasa supportfor the �lms
(Reproducedby permissionfrom Ref. [315]).

mentionedabove, thelipid �lm is poorly permeableby chargedparticles,e.g. ionsor electrons.
Thereforefor increasingthesensitivity it is necessaryto modify the lipid �lm by electroncar-
rier, e.g.tetracyanoquinodimethane(TCNQ)[313] or tetrathiofulvalene(TTF) [317]. Thesensor
responsefollowing additionof glucoseis in orderof 1 min. The plot of thecurrentasa func-
tion of glucoseconcentrationhastypical shapeexpectedfor enzymaticreactionsfollowed by
Michaelis-Mentenkinetics,i.e. it is curve with saturation(Fig. 60). Thesensitivity of thesen-
sorresponsedependson thepotentialappliedaswell ason modi�cation of thesupportinglayer
by mediator. The dependenceof the currentversusconcentrationof glucosecanbe linearized
usingtheLineweaver-Burk plot, i.e. plot of (I � I max )=(I � I 0) versusglucoseconcentration.
HereI 0 is thecurrentin absenceof glucose,I is thecurrentat certainglucoseconcentrationand
I max is the currentat saturation,i.e. at high glucoseconcentration.The standardanalysisof
this plot allowing to determineMichaelisconstant,K M . For examplefor lipid �lm baseden-
zymeelectrodereportedin paper[313], theKM = 0:66 � 0:18 mmol l � 1 which is closeto the
valueobtainedby Bartlettet al. [316] (K M = 1 mmol l � 1) for theenzymeelectrodewith GOX
modi�ed by ferrocenederivativesandimmobilizedonglassycarbonelectrode,i.e. no lipid �lm
waspresent.Highervalueof KM hasbeen,however obtainedwhenlipid �lm wasmodi�ed by
TCNQ (K M = 14:45 � 1:32 mmol l � 1) or whenGOX wasformedon the �lm composedof
lecithinandpolypyrrole[318] (K M = 13:1 mmol l � 1). Theabovevaluesof KM were,however,
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lowerthenthatfor freeGOX in solution(33mmol l � 1, see[319]),whichmaybeconnectedwith
slower rateof glucoseoxidationat the amphiphilicsurfaceas it is revealedfrom considerably
lower valueof enzymeturnover (around1.1 s� 1 for lipid coatedelectrodes[313] and10� 3 to
10� 2 s� 1 for GOX immobilizedonglassycarbonelectrode[316]) in comparisonwith thatfor a
freeGOX in a solution(approx.340s� 1 [319]). Relatively low enzymeturnoveraswell asthe
sensitivity of thesensorbasedon lipid couldevidenceaboutcertainunfoldingof theenzymeat
morehydrophobicsurface[320].

Recentlyperformedanalysisof thepropertiesof GOX sensorbasedon lipid �lms prepared
on varioussupports,including stainlesssteel,platinum,polypyrrol andNa�on �lms modi�ed
by ferroceneshowed,thatthebestsensitivity andbestresistanceto variousinterferences(ascor-
bic acid,paracetamol,uric acid)hasbeenobtainedby GOX sensorformedon thebaseof lipid
�lms supportedon Na�on �lm with incorporatedferrocene(Fc). Na�on �lm was supported
on a tip of platinum wire coatedby insulatingpolymer [315]. The presenceof the media-
tor – Fc – entrappedinto Na�on �lm allowed substantiallyincreasesensitivity of the sensor
(17:7� A mmol l � 1 cm� 2), which is almost1000time morein comparisonwith thesensorpre-
paredon thebaseof lipid �lm on a stainlesssteelsupport.In addition,thepresenceof mediator
allowed to decreasethepotentialfor oxidationH2O2 to +0.4 insteadof +0.6 for �lms without
mediator(Fig. 60), similarly to thesystemsmodi�ed by TCNQ [313]. This allowed consider-
ably reduceactionof variousinterferences.Thesensorwasratherstable.Despitethefactthatat
+0.4V duringthe�rst threedaysof usethesensitivity decreasedalmostby 40%, duringsubse-
quent3 weeksthesensorwasstable.Theseuniquepropertiesopenpossibilitiesalsofor practical
applicationof thelipid �lm basedsensorsin a complex biologicalliquids.

Thus, in addition to practicalapplicationsof self assembledstructureson a solid support,
thesesystemsallowing to usevariouspowerful physical techniquesfor study the adsorption
of enzymes,antibodiesor nucleic acidsto the lipid �lms. Supportedlipid �lm with immo-
bilized proteinsrepresentsalso certainbiomimetic structure,modeling,e.g. lipid membrane
with immobilizedperipheralproteins.Thesestructuresarecrucial for studytheproblemscon-
nectedwith interactionbetweenbiological andnon biological interfaces.Due to the fact, that
a considerablepart of biochemicalprocessesin cells take placeat the membranesand their
surface,the biomimetic structuresthat allow to study theseprocessesshouldhave increasing
importance[321-323].

12 Conclusion

In this work I have attemptedto presentan introductionto thephysicalpropertiesof biomem-
branesand their models. It is obvious, that theseobjectsthat seemto be rathersimply in a
brief view arerathercomplex in a moredeepanalysis. The dimensionof the mostcells is in
micrometerscale,while the thicknessof biomembranesis in the scaleof several nanometers.
It is likely that with applicationsof novel technicaltools for the studyof ,,nanoword“ a new
exiting knowledgeonthesestructureswill appear. Thesupportedlipid membraneswith incorpo-
ratedreceptors,enzymes,antibodiesor nucleicacidscanalsoberatherusefulfor development
of the biosensorsthat mimic the peculiaritiesof naturalmembranes.The growing interestto
theapplicationof biomimeticstructuresin biosensingcouldresultin apparanceof deviceswith
applicationin medicaldiagnostics,food industryaswell asfor environmentalmonitoring.
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[152] H. Träuble,H. Eibl, H. Sawada:Naturwissenschaften61 (1974)344

[153] O. Kratky, H. Leopold,H. Stabinger:in Methodsin Enzymology, ed.E. Grell; Vol. 27, Academic
Press,London,1973

[154] D.P. Kharakoz,A.A. Shlyapnikova: J. Phys.Chem.B 104(2000)10368
[155] E. Freiere,R. Biltonen:Biochim.Biophys.Acta514(1978)54

[156] J.F. Nagle:AnnuRev. Phys.Chem. 31 (1980)157

[157] S.Marcelja:Biochim.Biophys.Acta367(1974)165
[158] L.D. Landau,I.M. Lifshitz: StatisticalPhysics, Part 1 (Courseof TheoreticalPhysics,Volume5),

Butterworth-Heinemann,Oxford,1999

[159] D.A. Pink: Can.J. Biochem.Cell. Biol. 62 (1984)760

[160] D. Wobschall:J. Coll. InterfaceSci. 36 (1971)385
[161] D. Wobschall:J. Coll. InterfaceSci. 40 (1972)417

[162] E.A. Evans:Biophys.J. 14 (1974)923
[163] E.A. Evans,S.Simon:J. Coll. InterfaceSci. 51 (1975)266

[164] V.I. Passechnik:Biophysics(Moscow)25 (1980)265

[165] V.I. Passechnik,T. Hianik: Biophysics(Moscow)22 (1977)548
[166] S.P. Timoshenko, J.N.Goodier:Theoryof Elasticity, New York, Mc Graw Hill, 1970

[167] T. Hianik, M. Haburcak,K. Lohner, E. Prenner, F. Paltauf,A. Hermetter:Coll. Surf. A 139(1998)
189

[168] T. Hianik, in Ultrathin ElectrochemicalChemo-andBiosensors. Technology andPerformance, ed.
V.M. Mirsky; Springer-Verlag,Berlin, Heildelberg, New York, 2004



References 801

[169] T. Hianik, A. Labajova: Bioelectrochemistry 58 (2002)97

[170] W. Rawicz, K.C. Olbrich,T. McIntosh,D. Needham,E. Evans:Biophys.J. 79 (2000)328

[171] �C. �Simán,V.I. Passechnik:Colloid J. (Moscow)44 (1982)305
[172] S.Halstenberg, T. Heimburg, T. Hianik, U. Kaatze,R. Krivanek:Biophys.J. 75 (1998)264

[173] R.Krivanek,P. Rybar, E.J.Prenner, R.N.McElhaney, T. Hianik: Biochim.Biophys.Acta1510(2001)
452

[174] E. Evans,R. Skalak:MechanicsandThermodynamicsof Biomembranes, CRCPress,BocaRaton,
Fl. 1980

[175] T. Gil, J.H.Ipsen,O.G.Mouritsen,M.C.Sabra,M.M. Sperotto,M.J.Zuckermann:Biochim.Biophys.
Acta1376(1998)245

[176] A.G. Lee: Biochim.Biophys.Acta, 1376(1998)381
[177] D. Marsh:FEBSLett, 268(1990)373

[178] M. Rehorek,N.A. Dencher, M.P. Heyn: Biochemistry34 (1985)5980
[179] T. Hianik, L. Vozár: Gen.Physiol.Biophys. 4 (1985)331

[180] E. Sackmann:Ber. Bunsenges.Phys.Chem.82 (1978)891
[181] O.G.Mouritsen,M. Bloom: Biophys.J. 46 (1984)141

[182] P.A. Kralchecsky, V.N. Paunov, N.D. Denkov, K. Nagayama:J. Chem.Soc.Faraday. Trans. 91
(1995)3415

[183] J.Peschke,J.Riegler, H. Möhwald: Eur. Biophys.J. 14 (1987)385

[184] M.M. Sperotto,O.G.Mouritsen:Biophys.J. 59 (1991)261
[185] H.W. Huang:Biophys.J. 50 (1986)1061

[186] P. Helfrich, E. Jacobson:Biophys.J. 37 (1990)1075
[187] V. Pereyra: Lect.NotesComput.Sci. 76 (1978)67

[188] T. Hianik, M. Haburák: Gen.Physiol.Biophys. 12 (1993)283
[189] E.A. Evans,D. Needham:J. Phys.Chem. 91 (1987)4219

[190] P.G.De Gennes:ThePhysicsof Liquid Crystals, OxfordUniversityPress,London,1974

[191] R.J.Cherry:Biochim.Biophys.Acta559(1979)502
[192] W. Stockenius,R.H.Lozier, R.A. Bogomolni:Biochim.Biophys.Acta505(1979)215

[193] T. Hianik, B. Piknova, V.A. Buckin, V.N. Shestimirov, V.L. Shnyrov: Progr. Coll. SurfaceSci. 93
(1993)150

[194] R.J.Webb,J.M.East,R.P. Sharma,A.G. Lee: Biochemistry37 (1998)673
[195] A.G. Lee: Biochim.Biophys.Acta1612(2003)1

[196] H.I. Petrache,D.M. Zuckerman,J.N.Sachs,J.A. Killian, R.E.H.KoeppeII, T.B. Woolf: Langmuir
18 (2002)1340

[197] P.D. Tieleman,L.R. Forest,M.S.P. Samsom,H.J.C.Berendsen:Biochemistry37 (1998)17554
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