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Biomembraneselongto themostimportantstructuref thecell andthecell organels. They
play not only structuralrole of the barrier separatinghe external and internal part of the
membrandout containalsovariousfunctionalmoleculesik e receptorsjonic channelscar
riersandenzymes.The cell membranelsopreseresnon-equillibriumstatein a cell which
is crucialfor maintainingits excitability andothersignalingfunctions. The growing interest
to thebiomembraness alsodueto their uniquephysicalproperties.From physicalpoint of
view the biomembraneghatarecomposedf lipid bilayerinto which areincorporatednte-
gral proteinsandon their surfaceareanchorecperipheralproteinsandpolysaccharidesgp-
resentiquid scrystalof smectictype. The biomembranearecharacterizedby anisotroy of
structuralandphysicalproperties.The comple structureof biomembranesalesthe study
of their physicalpropertiesratherdif cult. Thereforeseveral modelsystemghat mimic the
structureof biomembraneweredeveloped.Amongthemthelipid monolayeratanair-water
interphasebilayerlipid membrane¢BLM), supportedilayerlipid membrane¢sBLM) and
liposomesaremostknown. Thiswork is focusedontheintroductioninto the,,physicaword”
of thebiomembraneandtheir models.After introductionto the membranestructureandthe
history of its establishmentthe physicalpropertiesof the biomembranesndtheir models
arearestepwisepresented.The mostfocusis on the propertiesof lipid monolayersBLM,
sBLM and liposomesthat were most detailedstudied. This contrikution hastutorial char
acterthatmay be usefull for undegraduateandgraduatestudentsn the areaof biophysics,
biochemistry molecularbiology andbioengineeringhowever it containsalsooriginal work
of the authorand his co-worker and PhD studentsthat may be usefull alsofor specialists
workingin the eld of biomembraneandmodelmembranes.
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Biological membrands oneof the mostimportantcell structure.lt representanernvelopof the
cell with uniquebarrierfunction, that provide directionaltransportof speciednto the cell and
wasteandtoxic compound®utof thecell. In addition,thelow permeabilityof the membrandor

chagedpatrticles,e.g.ions,allowing to maintainnonequilibriumion distribution betweerextra

cellular and cytoplasmicside of the cell, which is crucial for cell function. Destructionof the
membranaesultedn establishmendf equilibriumandcell apoptosisThe membraneavith sup-
portedproteinnet- glycocalixis responsibldor the cell shapeandowing to the viscoelasticity
alsofor reversiblechangef this shapeduring cell function. Biomembranegprovide, however

not only structuralandbarrierfunctions. They containintegral andperipheralproteins thatare
responsibldor communicatiorof the cell with surroundingervironment,i.e. they have receptor
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functionandareresponsiblalsofor transferof thesignalsinto thecell by meanof sophisticated
signalingpathways.In amembranealsoseveralcatalyticalprocesseareconcentratedpr exam-
ple the enegy transductiorconnectedvith synthesiof enegeticallyreachmoleculeadenosine
thriphosphat€ ATP). From physicalpoint of view the biomembraneepresentnisotropicand
inhomogeneoustructurewith propertiegypicalto liquid crystalsof smectictype. Dueto rather
complicatedstructure anisotropy andinhomogeneitythe studyof the physicalandelectrochem-
ical propertiesof thebiomembraness dif cult. Thereforeseveralmodelsof biomembranebave
beendeveloped,that including micelles, monolayersJipid bilayers,liposomesand also solid
supportedipid Ims. Thesestructuresllowing to varryin largescalethelipid compositionand
allowing to incorporatentegral or peripheraproteins.Thus,the modelmembranesanbe con-
structedn away thatmimicsthestructureandpropertiesof biomembranesDuring lastdecades
the uniquepropertiesof lipid membranesillowed to fabricatebiocompatibleandbiofunctional
interfaceson a solid surfaces.Thesesupportedipid Ims allowing to immobilize variousfunc-
tionalmacromoleculedik e enzymesantibodiesreceptorandnucleicacidswithoutlost of their
native conformation selectvity, sensitvity andcatalyticactiity. Thesesystemsallowing to per
form stress-freanalyzingof interactionwith the membraneof variouspharmacologicatirugs
andthusto understandhe effect of thesecompoundsn the cell behaior. Thelipid Ims are
selfassemblingtructuresThisuniquepropertycanbeutilizedin fabricationof smartbiosensors
with excellentsensitvity andselectvity.

This work is devotedto introduceinto the peculiaritiesof theseexiting structuresandto
demonstrateiniquephysicalpropertiesof biomembranesndtheir models. The readeris step
wisely introducedinto to the peculiarity of the membranestructureand how this structurehas
beenhistorically established.Novel knowledge obtainedin recentstudiesis presented.The
chemicalcompositionof biomembraness thenshaved. Model structures allowing to study
physicalpropertiesof the membranessuchare monolayershilayers,liposomesand supported
membranesre describedogetherwith typical methodsusingfor their study Importantphe-
nomenaandpropertiessuchareelectricalandmechanicaktability, electroporationmembrane
thermodynamic@nd mechanicsprotein-lipid interactions,membranepotentials,electropora-
tion, ionic transport,cell receptorsand signalingare considered.Examplesof the application
of supportedipid membranesn fundamentaktudies,nanotechnologyndin constructionof
biosensorarepresentedaswell.

2 Membrane structur e and composition

2.1 Membrane structure

Biologicalmembranesreoneof themostimportantstructuralandfunctionalcomponentsf the
cell. They ful Il anumberof importantfunctions[1-4]:

1. structural- they surroundthe cell cytoplasmand give a certainform to the cell andits
organelles.

2. barrier- they securehe passingnto andout of thecell only of necessarjons,low molec-
ular compoundsproteinsetc.
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Fig. 1. Themodelof thestructureof biomembrane.

3. contact they performthe contactf cellsbetweereachotherby meansof speci ¢ struc-
tures.

4. receptors- they are susceptibleto different signalsfrom surroundingervironmentby
meansof specialproteinstructuresncorporatednto the membrane Thesesignalscould
belight, mechanicatleformationsspeci ¢ substancestc.

5. transport they provide theactive andpassve transmembranmembrandransporiof ions
andtransporiaswell astransporiof electrondgn mitochondriaandchloroplasts.

The structureof biomembranesasseveral commonfeatures(Fig. 1). Their basisis alipid
bilayercomposedf lipid moleculesnto which areincorporategeripherabndintegral proteins.
They aresupportedr coveredby structuralproteins sucharee.g.spectrimetin erythrogites[2],
or bacterialS-proteing5]. Theouterpartof the bacterialandplantmembranegrealsocovered
by polysaccharideR?]. Thelipid matrix providestheintegrity of themembraneglectricalisola-
tion, andthepossibility of selfassemblyof thecorrespondingroteinstructuren themembrane.
The proteinsdeterminethe ful liment of the speci ¢ functionsby the membraneIn particular
theintegral proteins,which penetratehroughthe membranearefor exampleionic channelsor
the proteinsthat provide active ionic transport— ATPasesgtc. In normal, physiologicalcondi-
tionsthelipid bilayeris in liquid-crystallinestate.Fromphysicalpoint of view thebiomembrane
representheliquid crystalof asmectictype[6]. Thethicknesof biomembranesariedbetween
5-10nmandis considerabléessthenthedimensiorof thecells(typically several m). Thevari-
ationsin biomembranghicknesss mostly dueto theintegral, peripheralandstructuralproteins
aswell asdueto presencef lipopolysaccharideandglycopolysaccharid€g].

Due to small thicknessof the membraneshe discovery of the membraneand study of its
structureandpropertiesvasnot easy The progressn understandin@f the peculiaritiesof the
membranestructureand propertieswas directly connectedwith the progressin physics. The
appearancef light microscopeand especiallyconsiderablerogressin fabricationof optical
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(@) (b) ()

(d)

Fig. 2. Brief schematicistoricaloverviev of the modelsof biomembranes(a) — lipid bilayeraccording
to GortelandGrendel[8], (b) — Model by DanielliandDawson[10], (c) - unitarymodelof biomebrandoy
Robetsor{13], (d) - micellarmodelproposedy Lucy [14].

lensesn 17 centuryallowedto perform rst obsenationof the cell structureby Hooke in 1662.
However the further progresswas ratherslow and only in 1831 Brown shaved existenceof
nucleusin a cell [7]. Thenthe cell theory one of the fundamentalconceptof biology, has
beenformulatedby botanistSchleiden(1838)andzoologistSchwann (1839)[2]. However, at
this time even hypothesion the existenceof the membranedid not exist. The existenceof the
membranesurroundingthe cell hasbeenproposednly in 1855by Negeli, who obsened that
undamagedaells canchangethe volume uponthe changeof osmoticpressurenf surrounding
ervironment.Thesexperimentdhave beencontinuedoy Overton[1], who shavedthatnonpolar
moleculespenetrateeasierthroughthe cell membraneahen polar molecules. Resultsof these
experimentsallowed him to raisethe hypothesighatthe membranestructurehasa lipid nature.
Furtherdevelopmentof the conceptof membranestructurehasbeenachiezedthanksto work by
GorterandGrendel[8] atthe rst third of XX. century Thistime wascharacterizethy excellent
achievementin the study of monomoleculatayersat an air-waterinterface performedmostly
dueto thework by Langmuirandco-workers[9,10]. GorterandGrendel[8] usedthis approach.
They extractedlipids from erythrogtesand shoved that the areaof the monomoleculatayer
formedby lipids on anair-waterinterfaceis twice of theareaof erythrog/te cell. Thisresultedn
theconcepthatthe biomembranés composedaf thetwo monomoleculalipid layers(Fig. 2a).
Despitecertainerrorsin their study that consistedn underestimatiorof concentratiorof
lipids (they usedacetonefor extractionof lipids, which however doesnot allow to extract all
lipids) and areaof erythrog/tes(they determinedthe areafrom dry cells) aswell asthatthey
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Tah 1. The compositionof biomembranefl].

Biomembrane . % (.)f.dry weight
proteins| lipids | hydrocarbons
Myelin 18 79 3
Humanerythrog/tes 49 43 8
Outersegmentof retinarood 51 49 -
Mitochondriaof theratliver — — —
Innermembranes 76 24 2<
Outermembranes 52 48 —
Salmonellayphimurium - - -
Innermembranes 65 35 -
Outermembranes 44 20 37

did not considerthe presenceof proteins,the bilayer conceptof biomembranestructurewas
acceptedy wide scienti c community It is now clearthatif they will performthe experiment
correctlytheinterpretatiorwill bedifferent.It is known now thatthemembranef erythrog/teis
composedanly by 43% of lipids, while therest,49 % arethe proteinsand8 % the hydrocarbons
(seeTablel).

The assumptiorthat also the proteinsare connectedvith the membranehasbeenraised
10 yearslater by Danielli and co-workers[11] dueto necessityto explain substantiallylower
surfacetensionof biomembrane# comparisorwith purelipid monolayersat air-waterinter-
face. For examplethe surfacetensionof the membraneof the cell of seaurchin wasapprox.
0.2mNm 1, while thatfor the monolayersf fatty acidsat air-waterinterfacewasbetweerl0—
15mN m ! [12]. Furtherstudiesalsoshaved thatadditionof proteinsinto the watersubphase
resultedin decreasef surfacetensionof lipid monolayers.It hasbeenthereforeproposedhat
theglobular proteinsareconnectedvith bothsurfacesof thelipid bilayer(Fig. 2b).

Direct approval of the existenceof biomembrandasbeenpossibleonly after discovery of
electronmicroscoly andits applicationin biology in the 50" of the XX. century The rst
micrographgerformedby electronmicroscoly shavedthatthecell is surroundedy thin mem-
braneof athicknessapprox.6—10nm. This membranavascomposeaf threelayers.Two high
electrondensitylayersof athicknessapprox.2 nmwereseparatedy low electrondensitylayer
of athickness3.5nm[13]. Similar structurehasbeenobsenedalsoin mostof intracellularor-
ganelled14]. It hasbeenproposedhatthe high electrondensitylayerscorrespondo theregion
of polarheadgroupsof phospholipiddayercoveredby proteinswhile low electrondensitylayer
correspondso the hydrophobicpart of thelipid bilayer (see[7] for electronmicrographof cell
structures).On the baseof theseresultsRobertsor{15] proposedhe elementarymodelof the
asymmetriccell membrane.Accordingto this modelthe lipid bilayeris coveredby the layer
of the proteinsin a -conformationthat are adjacento the polar part of the membranedueto
electrostatidnteractions.The asymmetryis dueto the factthat outermonolayeris coveredby
glycoproteingFig. 2c). FurtherLucy (seeRef. [12]) proposedhe membranenodelcomposed
of the micellescoveredby proteins(Fig. 2d). However, this modelcannot explain rathersmall
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conductvity of bilayer lipid membrane¢BLM) determinedby Mueller et al. [16]. This and
further studiesshovedthatthe speci ¢ conductancef BLM is in therange10 6-10 10 !
cm 2[17,18].

High resolutionelectronmicroscopy aswell asimproved methodsof preparatiorultra thin
samplesallowedto obtainthe micrographof cell membranesvith additionalstructuraldetails.
It hasbeenshownn the existenceof channeldn a membraneaswell asmosaicstructureof the
cell surface. The analysisof theseresultsallowed to proposeso called uid-mosaic model of
biomembrang19,20]. Accordingto this model(Fig. 1) the membranes composeaf the lipid
bilayerwith incorporatedroteins.The modelallowedto explain particularlythe dependencef
theactiity of membranegroteinson the physicalstateof membraneaswell asexistenceof the
membraneriscosity Furtherprotein-crystallicmodel proposedby Vanderlooi and Green(see
Refs.[11,21]) differsfrom uid-mosaic modelonly by postulatingthe existencein amembrane
of arigid proteinstructure.Currentlyvariousmodi cation of uid-mosaic modelsareusedfor
descriptionof biomembranestructure. However, the studiesof physicalpropertiesof biomem-
branesandlipid bilayersrevealedthat the mobility of somemembraneproteinsis stronglyre-
stricted.Also the concepiof continuoudipid bilayeris certainsimpli cation. The experimental
andtheoreticalstudiesperformedrecentlyhave shovn thatthe lateral structureof lipid bilayer
is dynamicsand heterogeneouandis characterizedy lipid-domain formationwith different
mobility of lipids andproteing[1,2].

Speci ¢ interactionsbetweenmembranecomponentdeadto selectve orientationand seg-
regation of the lipids and proteinsin the plane of the membrane.Therearethe lipid clusters
composedf up to several hundredsof molecules. The existenceof long-rangesuperstructure
was obsened on model membranesystemsby several methods,e.g. by scanningtunneling
microscoyy [22]. Aggregatesof proteinsalsooccurein biomembranesA typical exampleof
this phenomenoris the aggrejationof integral protein- bacteriorhodopsiin membrane$23].
The two-dimensionaimatrix of a biomembranerobably consistsof patchesof phospholipid
moleculedn differentdegreesof conformationabisorder Undercertainconditions the bilayer
organizationcanbe interruptedby nonbilayerphaseg24] aswell asby bilayerphase®f differ-
entcomposition,andby regionsof mismatchbetweencoexisting phases.Suchfeatureswithin
the organizationof a membraneanhave differentlife-times,andmay be formedasa response
to ernvironmentalandmetabolicperturbationg4]. Severaltypesof molecularmotionsof lipids
and proteinsare experiencedby the componentsithin the membrane:rotation of molecules
alongtheiraxesperpendiculato the planeof themembraneccursevery 0.1-100nsecfor lipids
and0.01-100msecfor proteins;sggmentalmotion of agyl chains(0.01-1nsec)givesriseto an
increasedlisordertowardthe centerof the membranetranslationaimotion of moleculesn the
planeof the membraneccurswith a lateraldiffusion coefcient of 10 1° to 10 8 cn? sec 1.
Thedynamicalpropertieof themembraneomponentsliffer morethanwhatwould beexpected
only onthebasisof their size.

The biomembranesire composedof lipids, proteinsand hydrocarbons.The proteinsand
lipids representhe main part of the biomembrane.The contentof hydrocarbonsisually does
not surpassl0 %. Hydrocarbonsre mostly covalentlyboundedo thelipids (glycolipids) or to
the proteins(glycoproteins).Both glycolipids and glycoproteingplay importantrole in the cell
recognition.The hydrocarbonsirelocalizedat outerpartof all biomembraneandthustogether
with thedifferentchemicalcompositiorof lipids atbothmembranenonolayersontributeto the
membraneasymmetry Membraneis asymmetricaklsoin respectof proteins. The contentof
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proteinsin the membranevariesfrom almost20 % for membranesf myelin to almost80 % for
innermembranesf mitochondria(Tablel).

2.2 Membrane lipids

Lipid bilayeris aselfassembledtructureformedfrom lipids in anaqueougrvironment.Thisis
theresultof thehydrophobiceffect, wherebythenonpolaracyl chainsof lipids andthenonpolar
aminoacidresiduesn proteinstendto be squeezedway from the aqueougphase.Thereexist
morethen100variousphospholipidghatdiffer by their polarheadgroupsandthe composition
of hydrophobicchains.Lipids canbe divided on threemain classesphospholipidsglycolipids
andsterols.

Phospholipidsare most frequently occurredlipids of cell membranes.They are divided
on two main classes:glycerophospholipidend sphingophospholipidéerivativesof ceramide
andsphingomyelin) Theglycerophospholipidéphosphatidylcholin€PC),phosphatidylethanol-
amine(PE), phosphatidylserin€PS), phosphatidylinosito(PI) andphosphatidylglycero{PG))
have similar structure which consistof polar headgroupandtwo hydrophobicchainsof fatty
acidsthat are connectedo the glycerolbackbongFig. 3). The mainrepresentatiesof phos-
pholipidsareshowvn in Fig. 4. Thestructuref glycerophospholipidandsphingophospholipids
differ considerablyin the interfacialandhydrophobigart (comparestructureof PCandSM on
Fig. 4). The mostcommonbasein mammalianSM is sphingosing1,3-dihydroxy-2amino-4-
octadecene)yith atrans-doublédondbetweernC4andC5atoms.Phospholipidplay dominantly
structuralrole in themembraneThey participateon formationof the barrierfor passve translo-
cationof ionsandotherspecieghroughthemembranandprovide specialervironmentfor func-
tion of membraneproteins.However, certainlipids have alsofunctionalrole. Typical examples
are phosphatidylinositoand sphingomyelin. Phosphatidylinositols localizedin cytoplasmic
side of the membraneandis importantfor cell signalling. Sphingomyelin(SM) is important
componenbdf eukaryoticcell. SM hasthe cylindrical shapdike PC,thathelpto minimize free
enegy in formationof lipid bilayers. However, in additionto the structuralrole, it participates
alsoin cell signaling(seepart 10.2). Productsof SM metabolism Jike ceramidesphingosine,
sphingosine-1-phosphasaddiacgylglycerol, areimportantcellular efectorsandgive SM arole
in cellularfunctionslike apoptosisageinganddevelopmen{25]. SM forms more stablecom-
plexeswith cholesterolin comparisonwith other phospholipids. Resultsobtainedduring the
lastdecadeshawv a substantialateralorganizationof bothlipids andproteinsin biomembranes.
Sphingolipidsjncluding SM, togethemith cholesterolhave beenshavn asimportantfactorsin
formationof lateraldomainsor “rafts” formationin biologicalmembranesThesedomainshave
beensuggestetb take partin cellularprocessesuchassignaltransductionmmembrandracking
andproteinsorting. Theformationof lateral“rafts” in biologicalmembraness supposedo be
drivenby lipid-lipid interactionswhich arelargely dependenbn the structureandbiophysical
propertief thelipid component$25,26].

Glycolipidsarelocalizedexclusively at extracellularsideof plasmatianembraneThe sugar
residuef glycolipidsarethereforeexposedo the externalpartof thecell andcreatethe protec-
tive Im, whichsurroundingnostof theliving cells. Glycolipidsarerepresentetly cerebrosides,
sulphatidesandgangliosides As an example,monogalactosyldiglycerid@ViG) andgalactosyl-
ceramidgGC) areshovn onFig. 4.

Sterolsof themembranesreconstructean the baseof sterolbackbone Amongsterolsthe
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(@) (b)

Fig. 3. The moleculeof glycerophospholipid phosphatidylcholine(a) — schematiaepresentation(b) —
chemicalstructure. The glycerophospholipids composedf ve parts: hydrophilic choline headgroup
is connectedhroughthe phosphateesidueto the glycerol backbone.The glycerolis connectedvith two
hydrocarborchainof fatty acids.This partcreatethe hydrophobigpartof thephospholipid At the placeof
doublebondthehydrophobicchainis tilted in respecto thedirectionnormalto themembran€Reproduced
by permissiorfrom Ref.[2]).

cholestero(CH) is typical only for living cells, but bacterialandplant cells do not containthis
sterol. Theplantscontainsstigmastero(ST), andmicroorganisms- ergosterol(ES) (Fig. 5).

Lipid compositionof variousliving cellsis presentedn Table2. We canseethatthe basic
lipids arephosphatidylcholinendphosphatidylethanolamin&lycolipidsareoccurredn larger
extentin amembranef myeline.

Thereexist high variety of fatty acidsin phospholipids However, mostly two or threetypes
of fatty acidsaredominantin cell membranesin higherplantsthereare mostly palmitic, oleyl
andlinoleyl acids. The stearg! acid practicallydoesnot occurredthere. The cell of living or-
ganismsontainsn additionto palmiticandoleyl acidsalsothefatty acidswith largernumberof
carbons-20andmore.As arulethey arecomposeaf evennumberof carbonatoms.Theunsat-
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Fig. 4. Structuraformulaof mainlipids presentedn biomembranesPC- phosphatidylcholinéRE - phos-
phatidylethanolamine? S- phosphatidylserine?| - phosphatidylinositolPG- phosphatidylglycerolSM -
sphingomyelinMG - monogalactosyldiglycerid& C - galactosylceramid€&)PG - diphosphatidylglycerol
(cardiolipin).
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Fig. 5. Structuraformulaof mainsterolspresentedn biomembranesCH — cholesterol ST — stigmasterol,
ES- emosterol.

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

Lipids Plasma | Nucleus| Mitochon-| Myeline | Erythro-| E. Coli
membrang 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 35 0 8.5 8.5 0
Phosphatidylinositol 3.0 6.0 25 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 115 - - - - -
Cholesterol 19.5 10.0 - 26.0 25.0 0
Cholesteroksters 2.5 1.0 25 - - -
Fatty acids 6.0 9.0 - - - -
Glycolipids - - - 26.0 10.0 0
Otherlipids 15.0 5.5 15.0 0.5 15 -

uratedfatty acidscontaindoublebondsalmostexclusively in acis-conformationAn exampleof
fattyacidcompositionin anerythrog/te membran®f manis presentean Table3. Thephospho-
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Tah 3. Fatty acid compositionof the phospholipidsof erythrogte. PC — phosphatidylcholinesPE —
phosphatidylethanolamineBS-phosphatidylserine§M - sphingomyelines.

| Fattyacid [ PC | PE | PS| SM |
C16:.0 34 | 29 | 14 28
C18:.0 13 9 36 7
c18:1 22 | 22 | 15 6
C18:2 18 6 7 2
C204 6 18 | 21 8
c24.0 - - - 20
C241 - - - 14

lipids composeaf unsaturateéhatty acidsaretypicalfor biomembranesAppearancef only one
doublebondin onechainof fatty acid considerablydecreasethe phasetransitiontemperature
from gelto liquid-crystallinestateof phospholipid For exampledipalmitoylphosphatidylcholine
(DPPC)composeaf two saturatedatty acids- palmitic acids(16 carbonshasmainphaseran-
sitiontemperaturatapprox.41 C.However, palmitoyloleylphosphatidylchtine (POPC)which
differ from DPPConly by onedoublebondin onefatty acid chainhasphasetransitiontemper
atureat 5 C. Thus,thanksto the unsaturatedatty acidsthe biomembraneat physiological
temperaturearein aliquid-crystallinestate.

In additionto above mentionedipids thereexist alsoanotheripids that occurredlessfre-
guentlyin amembranesAmongtheselipids we canmentionplasmalogensln the moleculeof
plasmalogerinsteadof acyl groupat the rst carbonatomof glycerolthereis aldehydegroup.
Anotherphospholipid- cardiolipin (diphosphatidylglyceroljFig. 4) is importantcomponenbf
themembranesf mitochondrialt hasbeenfoundthatin cyanobacterighe nitrogenis replaced
by sulphateandthuscreatingsulphophospholipidsTheseorganismsareableto producesulpho-
cholinefrom cysteineand metionine,which protectscyanobacteriasothey cannot be utilized
by otherorganismdn sea.The membranesf thethermophilicandmethaneroducingbacteria
containdiphytang! glycerolethersThefatty acidchainsof thesdipids arecovalentlyconnected
in amiddle sideof themembraneThis resultedin higheststability of thelipid bilayerthatpro-
tectthemembrandrom disruptionat highertemperatureaswell asagainstissolutioneffect of
methanol.

Distribution of the lipids in a membranés highly asymmetric. The glycolipids are exclu-
sively locatedat outermonolayerof the membrane The assymmetryn a distribution of phos-
pholipidsin themembranef erythrog/teis shavn onFig. 6. In theoutermonolayemarelocalized
the majority of two choline containingphospholipidssphingomyelinand phosphatidylcholine.
The two amino— phospholipidsare predominantly(phosphatidylethanolamin®y even exclu-
sively (phosphatidylserindpcalizedin the cytoplasmichalf of thebilayer[27]. Theuncatalyzed
exchangeof lipid moleculeshbetweenmonolayerss very slow and probablydoesnot exist for
proteins. Transbilayerovementis enegetically unfavorablebecauset requiresthe insertion
of the polar groupsinto the nonpolarregion andthe exposureof the apolargroupsto the polar
region. Slow uncatalyzedransbilayemovement(the socalled ip- op) of somephospholipid
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Fig. 6. Transbilayedistribution of phospholipidsn the humanerythrogte membrane TPL - total phos-
pholipid, SM - sphingomyelin,PC - phosphatidylcholinePE - phosphatidyletanolamingnd PS - phos-
phatidylserine(Reproducedby permissiorfrom Ref. [27]).

hashalf-time value of 3 to 27 h (phosphatidylcholine)ywhereascertain phospholipidgphos-
phatidylethanolamineggresubjectto an ATP-dependeritippase” — catalyzednwardmovement
with a half-time of approximatel\80 min. Probablymuchfasteris thetransbilayemovementof

cholesterolrevealinghalf-timevaluein orderof seconds.

All membraneomponentareregycledmary timesduringthelife of thecell. Thelife time
of the phospholipidsdependn the intensity of function of the membrane.For examplethe
life time of phosphatidylcholinen a myeline membranes 2 months,while in membraneof
mitochondriawhereextensie oxidative processetake placeit is only 2 weeks.

2.3 Membrane proteins

Membraneproteinsplay importantfunctionalrole in a cell. They form ionic channelstrans-
porters receptorandenzymes Certainproteinsplay alsostructuralroles. An exampleis spec-
trin netlocatedin cytoplasmicside of the membrangFig. 7) [2]. The membraneproteinsare
divided into threemain groups— peripheralproteins,integral proteins(seeFig. 1) andstruc-
tural proteins. The enzymesare mostwidespreadproteinsin a membranesThey canbe both

integral (ATPasesandperipheralacetylcholinesterasphosphatasesT.hereceptorsaswell as
immunoproteingouldalsobeperipherabr integral. Thereceptoproteinsareusuallyconnected
with additionalproteinsin cytoplasmicside of the membrandor transferthe signalinsidethe

cell. Amongtheseproteinsthe G-proteinsplay importantrole in cell signaling. Cell signaling
andtherole of G-proteinswill bedescribedn moredetailbelow (seepart10.2).

Peripheral proteins e.g. cytochromc, arelocalizedat the membranesurfaceandare con-
nectedwith a membraneeitherby meansof electrostatidnteractionsor they containshorthy-
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Fig. 7. Membraneproteinsandtheir functions: A —ionic channel B — DiffusiontransporterC — Receptor
D — Enzyme(transformssubstrateS to the productP).

drobhobicchain,thatallows to anchorperipheralproteinto the membrane Peripheraproteins
canbeisolatedby meansf changeshe pH or ionic strength.

Integral proteins e.g. glycophorin,Na,K ATPase,bacteriorhodopsimetc. aretranslocated
acrosghelipid bilayer. In additionto hydrophilicpart,which contactedvith waterervironment,
they are characterizedalso by hydrophobicpart, that contactedwith hydrophobicinterior of
the membrane.Integral proteinshave variousdegreeof compleity and can passthroughthe
membraneonly once (glycophorin),or several time (bacteriorhodopsin- this protein 7 times
crossthe membrand?]). Integral proteinsaremoretightly connectedvith the membraneghen
peripheralproteins. The membranerchitectureaswell asfunctioningof membranegroteinsis
determineddy protein-lipidinteractions.This questiorwill be consideredelow (part6.3). The
isolationof integral proteinsis more dif cult in comparisorwith peripheralproteins. For this
purposdt is necessaryo useorganicsolventsor detegents.As we alreadymentionedprganic
solvents,like the mixture of chloroform/methanolallows to isolateintegral proteins,however,
after the isolationthe proteinsmay lost the activity. They canbe use,however, for structural
studies put usuallyarenot suitablefor functionalstudies.Most commonis isolationof integral
proteinsby detegents.Amongdetegents theionic detegent,sodiumdodeglsulphate sodium
cholateor nonionic detegent, like Triton X-100 are mostcommon. Application of sodium
cholateandTriton X-100is, however mostsoft for preservinghe functionof proteins.Therole
of the detegentsconsistsin disturbingthe lipid bilayer andin formation of detegent-protein
complees,thataresolublein water Also thelipid moleculesorms complexeswith detegents.
The moleculesof detegentareof conicalshape.Thereforein a waterthey form micelles. The
proces®f solubilizationof integral proteinsis shavedonFig. 8. Thedisadwantageof application
of detegentshoweverconsistin thefactthatdetegentsemainadjacento theproteinstherefore
additionalmethod<of puri cation shouldbe usedto receve pureproteinfraction. In recenttime
the syntheticmethodsare mostpreferablein synthesisof shortpeptidesfor model studiesand
biotechnologie$or productionof someproteinsof high purity.
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Fig. 8. Schemeof theisolationof integral proteinsby detegent.

Fig. 9. Theschematigepresentationf cytoskeletonof erythrogte membrane.

Structuralproteinsform the membranecytoskeleton. An exampleis the spectrinlocalized
at cytoplasmicside of erythrog/te membrane.The structuralproteinsdo not belongexactly to
themembrangroteins but areconnectedo the membranehroughintegral proteins.For exam-
ple the bandlll proteinof erythrogrtesis connectedvith small proteinankerine. The spectrin
threadsareconnectedo the ankerin (Fig. 9). The spectrinnettogetherwith microtululesand
micro laments protectthe cell againstchangeof the shapeor change®f the cell volume. The
mainproteinof cytoskeletonis tubuline. Tubuline is ableto form aggreatesandformstube-like
structures.The integrity of thesestructuress possibleonly at very low concentratiorof Ca?*
ions(usually10 7 M). Increaseof calciumconcentratiorin cytoplasmicsideof the cell cande-
stroy the cytoskeleton. ThereforeCa* - pumpscontinuouslyprovide very low level of calcium
in acell by eitherremoving it into cytoplasmicreticulumor outsidethe cell. Cytoslkeletoncon-
siderablestabilizesthe integrity of the cell membraneImportantfactorof this stabilizationare
alsointercellularcontactsthat are createdby collagen. All living cell excepterythrog/tesand
lymphog/teshave the cell ervelope-theglycokalix.
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Fig. 10. Incorporationof synthesizegroteinsinto the membrane. A — signal peptide,B - signalpeptide
connectedvith receptorC -receptorfacilitatetheincorporationof the peptideinto themembraneD — after
incorporationof the peptide the signalpartis remored andpolysaccharideareattachedE — ribosomeis
separatedrom themembrane(Accordingto Ref. [28]).

The life time of membraneproteinsis from 2 to 5 days. Thereforethereexist mechanism
thatprovidestransporof newly synthesizegnembrangroteinsto themembraneThesynthesis
of the proteinis startedat the ribosomesnside of the endoplasmaticeticulum (Fig. 10). The
growth of the polypeptidechainstartsfrom N-terminal. First the specialsequenc®f the chain
is synthesizedhat is recognizedby membraneeceptor As soonasthe polypeptidechainis
sufciently long, it separatefom thereceptoybut preseretheconnectiorwith ribosome After
the synthesigheproteinis separatedrom ribosome28].

3 Models of the membranestructur e

The study of physicalpropertiesof the biomembraness ratherdif cult dueto small size of
the cell (typically several m), small thickness(5-10 nm), considerablénhomogeneityand
anisotropy. In additionit is dif cult to studyseparatelythe propertiesof thelipid bilayersand
in uence of proteinsto the bilayer. Thereforebiophysicalstudiesof the membraneproperties
have beenperformedon variousmodelsof membranestructure sucharelipid monolayersmul-
tilayers, bilayer lipid membraneg¢BLM), multi- or unilamellarvesiclesand supportedbilayer
lipid membrane¢sBLM).

Historically the rst modelsof membranestructurewerethe lipid monolayersthat played
considerableole in establishinghe bilayer natureof biomembraneatthe rst third of the XX
century The stablebilayer lipid membrane$ave beenreportedin 1962 by Mueller and co-
workers[29]. Finally in 1965 Banghamwith co-workers[30] discoveredthe liposomes that
becomesmost popularand mostwidely usedmodel systemfor study the physical properties



704 Structureandphysicalpropertieof biomembrabeandmodelmembranes

Fig. 11. a) Expandedandcondensednonolayeron a watersurface.b) Schemeof depositionof the mono-
layersonto a hydrophobicsurface(e.g. mica). Theimmersedsurfaceof the surfacebecomesydrophilic
afterdepositionof the rst layerandbecomesydrophobicafterdepositionof the 2 nd layer

of biomembranesLipid membrane®n a solid supporthasbeenreportedoy McConnelet al.
in 1988[31]. Below we presentthe methodsof formation and basic physicaland structural
propertieof thesesystems.

3.1 Lipid monolayers

Lipid monolayersare formed spontaneouslat an air-water interface. This is due to the am-
phiphilic natureof the lipids. Whenlipids are dissohedin a non-aqueousolatile solventand
introducedontoa polarliquid surface thesolventwill evaporatdeaving thelipid moleculesori-
entedat theliquid-gasinterface.The polarheadgroupspulling themoleculeinto the bulk of the
waterandthe hydrophobicchainsare orientedinto the air. Sweepinga barrier over the water
surface causeghe moleculesto comeclosertogetherand eventually to form compresse@dnd
orderedmonolayer muchlik e forcing togethemallsonabilliard or pooltable(Fig. 11a).

The formationof thin oil Ims on anair-waterinterfacehasbeen rstly reportedin XVIII.
centuryby BenjaminFranklin. During his visit Londonin 1773he obseredthatoneteaspoon
of oil sputteredbn awaterhadcalmingin uence over half of anacre(2000m?) of water Taking
into accountthe volume of oil 5 ml this would meanthata Im thickness0.25 m (about100
layers)wascoveringthis surface. Franklinreportedhis nding to the Royal Societyof London
in 1774.Theinvestigatiorof thepropertieof oil Ims onanair-waterinterfacehasbeenstarted
by AgnesPoclelswith very simpletroughin her kitchen. Shereportedher resultsin letter to
Lord Rayleightand publishedin Naturein 1891. Sheasa rst performedexperimentswith
monolayersisingthe barriet

Considerableprogressin physicalstudiesof monolayershasbeenachieved thanksto the
work by Irving Langmuir Langmuirstudiedthe relationshipbetweenthe pressureandareaon
an aqueoussurface. FurtherKatherineBlodgett, who worked with Langmuir, developedthe
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techniqueof transferringthe Ims ontosolid substrate¢Fig. 11b). A brief history of Langmuir
Blodgett Ims hasbeenpublishedby Gaineq32].

Below we considerbasicprinciple of monolayerthermodynamicandthe propertieof lipid
monolayersat an air-water interface. We alsoinclude basicprinciplesof dipole potentialand
Maxwell displacementurrentsof the monolayers.The basicphysicalvaluethatcharacterizes
thelipid monolayeris surfacetension .

3.1.1 Surfacetension

Thechange®f internalenegy at the solid-liquid interfaceis characterizethy equation33]
X
dUu=TdS+ idnj  PdV + dA; Q)

whereU istheinternalenepgy of thesystemS istheentropy, ; andn; arethechemicalpotential
andthemole numberof component, respectiely, A is totalinterfacialareaand is thesurface
tensionof theinterface.

SincethefreeGibbsenegy G = U TS + pV, it followsthatat constanpressurep, and
usingthe surfaceexcessguantities

X
dG™ =  S¥dT + dn® +  dA @)

and

dGEX
= A : 3
Tipini
In the caseof a pureliquid in anequilibriumwith its saturatedrapor, the surfacetensionis
alsoequalto the surfaceexcessof theHelmholtzfreeenegy (F = G pV) perunitarea

0= Fg"=A: 4

To illustrate the physicalmeaningof the surfacetension,let us considerthe lipid Im at
the air waterinterfaceof the LangmuirBlodgetttrough (Fig. 12a). The lipid moleculesin the
insoluble monolayercan move only parallel of the water surface. The moleculeshit against
movablebarriercreatingthe surfacepressure . Thenthework donein extendingthe movable
barrieradistancedx is: | dx. Ontheotherside,the changeof surfaceenepgy atthe exchange
of lipid monolayeron purelywatersurfaceis ( ¢ )1 dx, where o and aresurfacetension
of thewaterandmonolayefrespectiely. Thus,

= Force=l = : (5)

The surfacetensionis thena force per lengthunit expressecasNm 1. As anexample,the
surfacetensionof purewater o = 7275mNm ! [34]. A uid interface,suchasair/water
interface hasthe advantageof beinga planeinterface. The changesn interfacialfreeenegy of
thisinterfacecanbe estimatecby measurementdf surfacepressure The mostcommonmethod
of measuremerthe surfacepressurds the Wilhelmy method[35]. Accordingto this methoda
thin plate,usuallymadeof glassmica,platinumor lter paperis partiallyimmersedn theliquid
phaseandis connectedo an electromicrobalanceThe forcesactingon the plateareits weight
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Fig. 12. a) LangmuirBlodgetttroughwith lipid monolayerj) schematiagepresentationf the principle of
themeasuremenhe surfacepressureFor descriptionseethetext.

Fp andsurfacetensioneffectsdownward,andArchimedesuoyang F, upward(Fig. 12b). The
netdownwardforceis
F=Fp+2 (w+ t)cos Fa; (6)
wherew andt (t  w) arethewidth andthe thicknessof the plane,respectrely, and is the
contactangleof the liquid with solid plate. If the plateis completelywetted,the contactangle
= Oandcos = 1, sothat
F=F+2w Fa: (7)

Whenthe compositiorof theinterfacevaries,F, andF, (providedthe plateis maintainedn
a x edposition)stayconstantthen F = 2w( solution water ) = 2w and

= F=2w: (8)
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Fig. 13. Schemef theMaxwell displacementurrentyMDC) experimentaket-upin thea) gasstateandb)
solid stateof thelipid monolayer Themonolayeiis formedbetweerthe upperelectrodesuspendedpprox
1.5mm above the subphassurface(1) andelectrodemmersedn the subphasé2). Moleculesareforced
to changeof their orientation,which is accompaniedby the o w of the current. Currentsinducedduring
compressioraredetectedy sensitve electrometef3). Changeof the orientationof the moleculesresults
in the changeof the vertical componenof dipole moment(M ;1 andM» correspondo dipole momentsat
thegasandsolid statesrespectiely).

3.1.2 Dipole potential

The dipole potential V of the monolayeris differencebetweenthe potentialof a monolayer
andthat of cleansubphaseThe measurementf dipole potentialallows to analyzechangesn

the orientationof the moleculardipolesin the monolayerduring compression Presencef the
monolayebetweerelectrodesauseshange®»f the potentialbasedn the Helmholtzequation

V= =(A""); 9)

where",; and", arethe relative dielectric constantof the air (", 1) andthe permittivity of
vacuumyrespectiely, , isthenormalcomponenbdf the dipole momentof the moleculeandA
isthemoleculararea.Thedipolepotentialwasmeasurethy meansf vibratingplatemethod 36]
usinghigh sensitve electrostatiavoltmeter320Candelectrode3250(Kelvin probe)(TREK Inc.,
USA), thatallowedmeasuringlipolepotentialwith anaccurag of 1 mV. Thedipole potentialof
thephospholipidnonolayerss in theorderof severalhundredmD [36].

3.1.3 Maxwell diplacementcurr ent

The Maxwell displacementurrent(MDC) representshe sumof the contributionscomingfrom
change®f theorientationsof themoleculegdM ;), change®f the numberof the moleculeaun-
dertheupperelectrodgdN ) (Fig. 13) andchange®f the surfacepotentialof the puresubphase

(d)
dQ—I— N dMy . Mz dN . "0Sd
dt ~  d dt d dt d dt’
whered is the distancebetweerelectrodel andwatersurface,S is the areaof electrodel and
"o is thedielectricconstanbf vacuum[37]. Becauseghe surfacepotentialof the puresubphase

(10)
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is constanturingtheexperimentonly rst two componentparticipateonthe MDC. Apparatus
for measuremenIDC is basedon two parallel electrodes.Oneis immersedn the waterand
groundedandthe seconds placedin theair approx.1.5mm abovethe subphas@ndelectrically
shielded.The areaof thetop electrodds usuallyapprox.20 cm?. Currentcanbe measuredy
sensitve electrometee.g. Keithley 617 (Keithley InstrumentslUSA) (seee.g.[38]). TheMDC
is usuallyrecordecsimultaneouslyvith surfacepressure- areaisotherms.

The MDC techniqueis sensitve only to dynamicchage processeswhich in describedex-
perimentalketuparecausedy lateralcompressiomf the lipid monolayer Thereforeary time-
independenthage (mainly structuredwaterlayer and additionalsubstances subphasellis-
tributednear/atheinterfacehasno effectontheMDC. In comparisorwith corventionalelectri-
calmeasurementsf surfacepotential(by theKelvin probemethod)MDC techniquas of consid-
erableadvantagefor time-dependedtudiesof reorientationof the moleculesin the monolayer
Dipole momentprojectionanalysisoy MDC methodis very sensitve for evaluationof molecular
orientation(so-called orderparameter’aswell aselectricstateand/orconformationrchangef
the molecule. This methodcanbe ratherinformative for studythe phospholipid/proteiphase
transitionsandin uence of monolayercompaositionon the intermolecularinteractions.In con-
trastwith surfacepressure- areaisothermanalysis, MDC measurement extremely sensitve
alsoin the low surface pressurearea,where other methodssuchare excessarea, Gibbs free
enegy, elasticmodulusaremuchlessinformative.

3.1.4 Propertiesof lipid monolayers

The phospholipidsform stablemonolayersat an air-water interface. The forcesbetweenthe

polarheadgroupsareof electrostatimatureandareproportionalo 1=r? (r is theintermolecular
separation).The forcesbetweerhydrocarborchainsaredueto vander Waal's interactionsand

areproportionalto 1=r® (attractive forces)and1=r'? (repulsie forces). Thus,the interactions
in the subphaseare of longerrangethanthosein superphase Whenthe lipids are spreadat

sufciently large surfaceand no external pressurds appliedto the monolayer the molecules
behae asatwo dimensionabas(Region G on Fig. 14), which canbedescribedy equation

A = kT; (11)

where is thesurfacepressureA the moleculararea k is the BoltzmanconstantandT is the
thermodynami¢emperatureFurthercompressiomesultedin the Im orderingthatbehae like
two dimensionaliquid. This liquid expandedstate(L-E) is shavn on Fig. 14. With continued
compressiotthe L-E stateturnsinto liquid condensingtate(L-C). Furthercompressiomesulted
in solid stateof the Im (S). This solid stateis characterizedby a steepandusuallylinearrela-
tionshipbetweenrsurfacepressureandmoleculararea. The collapsepressure, ¢, is reachedat
furthercompressiomtwhichthe Im irretrievablylosesits monomoleculaform. Theforcesex-
erteduponit becomedoo strongfor con nementin two-dimensiongndmoleculesareejectedbut
of themonolayemlaneinto eitherthe subphas¢€morehydrophilicmolecules)r the superphase
(more hydrophobicmolecules).However, collapseis not uniform acrossthe monolayerbut is
usuallyinitiated nearthe leadingedgeof the barrieror at discontinuitiesn the trough-suchare
cornersor theWilhelmy plate.Usuallya collapsedim will consistof largeareasof uncollapsed
monolayercontainedheislandsof collapsedegions. Thevalueof the collapsepressurevaries
dependingon the phopsholipidstructureand temperature.For simple saturatedatty acid the
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@) (b)

Fig. 14. (a) Compressiomsothermof the monolayer:G — gassstate;L-E liquid expandedstate;L-C liquid
condensedtate;S solid state;,C — collapse; ¢ collapsepressure; ; transitionpressuréatthebeginningof
theL-E-LC transition);At meanareaat , Ao limiting areaAs, areain thesolid state.Thearrow indicates
thedirectionof thecompression(b) Schematigepresentationf themonolayeistructurestdifferentstate.

collapsepressureanbein excessof 50mN m * whichis equivalentto about200 atmospheres
if extrapolatedo threedimensions.

The A isothermdor realmonolayersanbe well describedy two-dimensionahnalog
of vanderWaal's equation

+ Ai‘z (A b= KT (12)

wherea is the vander Waal's constanthat characterizethe intermoleculaiinteraction,bis the
effective areaof moleculecross-sectiofb  Ap).

Quantitatve information can be obtainedon the moleculardimensionsand shapeof the
moleculesunderstudy Whenthe monolayeiis in two-dimensionasolid (S) or liquid condensed
state(L-C) the moleculesarerelatively well orientedand closely pacled andthe zeropressure
molecularareacan be obtainingby extrapolatingthe slopeof solid (As) or liquid-condensed
(Ao) phaseto zeropressure- the point at which theselines crosseghe x-axis. This point cor
respondo the hypotheticalareaoccupiedby one moleculein eithersolid or liquid-condensed
state(Fig. 14). Theshape®f the A isothermsf lipid monolayerglepend®ntemperature.
Thisis shavn onFig. 15wherethegenerakharacteof A isothermdor monolayerdormed
from phosphatidylcholineomposedf saturatedatty acid is presented.The isothermlabeled
T7 represenmonolayersat liquid crystallinestate. The curve labeledT6 represents lipid at
thetransitiontemperatureThetransitionof thelipid occursvery closeto the collapsepressure.
The other curvesrepresenmonolayersat lower temperatures.They exhibit monolayerphase
transition(region tendingtoward horizontal)from uid torigid Ims atpressureshatarelower,
the lower thetemperatureT1 representsinisothermthatis almostentirely of asolid Im [39].
The phasetransitionin a monolayercould take placealsoin a constanfpressure.For example
in anarrav temperaturéntenval (2 C) in amonolayercomposedf myristineacidthe phase
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Fig. 15. Relationshipbetweensurfacepressureandthe areaper moleculefor lipid monolayersat an air-
waterinterface(Accordingto [39] reproducedy permission).

transitionfrom condensedo a liquid expandedstatetakes place. This transitionis accompa-
nied by increaseof the areaper moleculesince0.21 nm? to 0.4 nn? [18]. The calculationof
thermodynamiparametersf the monolayersat phasdransitionss discussedn Ref. [40].

The A isothermscanbe effectively usedfor estimationthe areaper moleculeof phos-
pholipid. This areadepend®n boththe structureandchage of headgroupaswell ason length
and degree of saturationof the hydrocarbonchains. As an example,the Fig. 16 represents
the A isothermsof lipid monolayercomposedf differentphosphatidylcholinesdioleoyl
phosphatidylcholinéDOPC)hasbothchainsunsaturatedsoy beanphosphatidylcholinégSBPC)
has polyunsaturatedatty acids chains,egg phosphatidylcholindeggPC)has50 % saturated
and50 % unsaturate@hainsanddipalmitoylphosphatidylcholie (DPPC)hasboth chainssatu-
rated.lt is evidentthat,atany x edsurfacepressurgéheareapermoleculeis in following order:
DOPC > SBPC > eggPC> DPPC. Figurel7 schematicallyllustratestheareapermolecule
andintermoleculadistancan thesefour phospholipids.The correspondingntermoleculadis-
tancewascalculatedo be10.6 A, 10.0A, 9.7A and8.1 A (1 A =0.1nm) ata surfacepressure
of 20mNm ! (I mNm ! = 1dyn.cm ) [41]. Thus,achangein the saturationof the fatty
acidresultedn change®f intermoleculadistancan themonolayer
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Fig. 16. Surfacepressure-aresothermsof 2 - DOPC, - SBPC,4 - eggPCand - DPPC(According
to [41] reproducedby permission).

Fig. 17. Schematiaepresentationf the areaper moleculeandintermoleculardistanceon DOPC,SBPC,
eggPCandDPPCbasedn the dataplottedin Fig. 16. (Accordingto [41] reproducedy permission).
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If the monolayeris composedf the mixture of differentphospholipidsthendependingon
the structureof phospholipidghe monolayercould be lessor moredenselypacked. Obviously,
in a constansurfacepressurendin the caseof ideal miscibility or in the caseof lack of misci-
bility the plot of the averageareaper moleculeasa function of concentratiorof the oneof the
componenshouldbe straightline

A =xA1+ (1 x)Az; (13)

wherex is the molefraction of thecomponenfA; andA; andA, areextrapolatedo the“zero-
pressure’areador correspondinghospholipidsAny deviationfrom linearity indicateschanges
in the miscibility of the monolayercomponentsand canindicateof formation supermolecular
assembliesr domains.Thesedomainscanbeobsenableby uorescencemicroscoyy [42]. The
lipid monolayerscanbe effectively usealsofor studythe mechanism®f protein-lipidinterac-
tions [35], the mechanisnof functioning of phospholipasept3]. Wide applicationof mono-
layersare connectedvith nanotechnologiesThe LangmuirBlodgett methodof depositionof
lipid monolayerson a solid supportallowing to preparebiosensorgomposedf thin Ims as
well asto useanothempowerful techniquedor studythe physicalandstructuralpropertiesof thin
Ims, suchareFouriertransforminfraredspectroscop(FTIR), atomicforcemicroscoly (AFM),
scanningunnelingmicroscopy (STM) andothermethodqseeRef. [44] for applicationof lipid
monolayers).

Theexactcorrespondencef thepropertiesof lipid monolayergo the propertieof biomem-
braneds, however, still underdiscussior]{6] andis particularlyconnectedvith selectionof the
surfacepressureof monolayerghat mostadequatelycorrespondso that of bilayersaswell as
with the questionsconcerninghe mechanismsf interactionbetweertwo monolayerghatcre-
atethe bilayers.Marshsuggestedhat shouldbein range30-35mN m ! [45]. However, the
maintransitiontemperatureTy, , for DPPCthenoccursabout5 C tolow comparedo bilayers.
Otherauthorssuggest = 50 mN m ! [46]. This give correctTy, , but the areaper molecule
atT = 50 C for DPPCmonolayerss lessthenthatof bilayers[6]. The predictionof bilayer
propertiesusingmonolayersouldbe mostcorrectin thecasewhenno speci ¢ interactionexists
betweentwo monolayers.Thereis, however evidence,that suchinteractionshouldexists [6].
Despiteof this, it is obviousa greatadvantageof applicationof monolayerdor studythesurface
propertief lipid membranesThemonolayerallowsto measurenucheasiettheareaperphos-
pholipidsthenbilayers.It is alsoeasyto measuralipole potentialof themonolayersandto study
the adsorptionprocessest the watermonolayerinterface[47]. This advantagetogetherwith
othernew applicationsn nanotechnologieshow thatlipid monolayergepresentery attractve
objectfor physicsaswell asfor bioelectrochemistryThe studyof the thermodynamigroper
ties of lipid monolayerscanbe performedby preciseLangmuirBlodgetthrough(e.g. NIMA
TechnologylLtd. producesof throughof differentsizeincluding tensiometerand deeperdor
depositionlms onasolid supporf48]).

Monolayertechniqueallowing to studynot only purelipid monolayersbut alsotheir mix-
tureswith proteinsandshortpeptidegseeRef.[35] for review). They arealsousefullfor study
the peculiaritiesof DNA hybridizationat the surfaceg49] aswell asfor studythe propertiesof
thelipid monolayerswith incorporatedarti cial receptorse.g. calixareneg50]. Otherapplica-
tions,includingthe studyof themechanismsf enzymatiaeactionsatinterfacescanbefoundin
Ref.[51].
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3.1.5 Propertiesof peptide monolayers

It is interestingthat also proteinsor shortpeptidescanform stablemonolayersat an air-water
interface[35]. As an examplewe will presentresultsobtainedrecentlyin our laboratorythat
describeghethermodynami@andelectricpropertiesof monolayergormedby gramicidinA [52].

GramicidinA (gA) is bacterialpeptidecomposedf 15 aminoacid residuessecretedrom
Bacilusbrevis. Dueto its relatively simplestructuret is oneof thebeststudiedshortpeptideand
it is oftenusedasa modelof integralmembrangrotein[53,54]. Thesequencef gA wasfor the
rst time reportedby SagesandWitkop [55] andis asfollows: formyl-L-Val*-D-Gly-L-Ala-D-
Leu-L-Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Trp-D-Leud-Trp-D-Leuw-L-Trpt>ethanolamine.
Thisstructurehasspeci ¢ combinatiorof alteringL- andD- hydrophobiaesidueghatis respon-
siblefor helicalconformatiorof gA. It is known thatgA easilyincorporatesnto thebilayerlipid
membrangBLM). Extensve studiesof gA in BLM revealedthatin lipid ernvironmentthis pep-
tide maintainssingle-stranded &2 conformation[56]. In alipid bilayertwo gA monomersare
orientedwith their N-terminals(formyl end)head-to-headiesultingin the formationof theion
channethatspanninghe membraneAccordingto NMR studiesthe lengthof gA in DMPC bi-
layersis 2.5nm[57]. Crosssectionalreaof gA in thesebilayerswasestimateds2.5nm? [58].
Innerdiameterof suchachannels  0:4 nm[59]. Thechannels permeabldor monovalent,but
notfor divalentcationg[60]. However, in solutionanddependingn surroundingsolventaswell
asin acrystallineform, several differentinterwinedhelical dimerswerereported.Thesedouble
helicaldimerswerefoundalsoin vesiclesof polyunsaturatedipids aswell asin planarbilayer
lipid membranest certainconditions(seeRef. [54] for review). Among varioussecondary
structuresthe double-strandnterwined %° helix is of specialinterest. It hassimilar length
(2.6-3.0nm) like gA channelin  ©3 conformation,andthusrepresenstructuralalternatve to
dimermodelof thegA channein amembrane.

Due to amphiphilic properties,gA forms stablemonolayersat an air-water interface. De-
tailed analysisof PM-IRRAS spectraat several x ed areaper moleculesin combinationwith
X-ray re ectivity resultsshoved,thatatrelatively largemolecularareaggA is in disorderedsec-
ondarystructure,however at smallermolecularareasit adopts %€ helical conformationwith
30 orientationwith respectto the direction perpendiculato a monolayer[61]. Application
of PM-IRRAS methodsto gA in a lipid monolayergevealed thatgA couldbein &2 confor
mation[62]. However, nal conformationof gA dependsn gA/phospholipidratio. The 63
conformationis preferredatlow gramicidincontentin alipid bilayer[53].

Thepropertieof mixedgA —phospholipidnonolayersarerathercomple. It hasbeenfound
thatgA aggreyatesin the dipalmitoyl phosphatidylcholindDPPC)monolayersn a gel stateat
very low concentrationg8 10 4 mol%). The aggreationwasaccompaniedy formationof
at sulunitswith “doughnut”shapgupto  150nm in diameter).Thermodynamictudiesof
sucha systenrevealedmaximumof miscibility of bothDPPCandgA at 28 mol% of gA [63].
In thiswork it wascon rmed, thatsmallestaggreyationunit of gA is hexamer surroundedby 16
lipid molecules.

Importantpeculiarityof gA is connectedvith existenceof dipolemomentcausedy presence
of tryptophanresiduesand their indole dipoles. Thesedipolesinteractwith dipolesof polar
groupsof phospholipidsandwatermoleculesat a bilayerwaterinterface[64,65]. Reorientation
of the gA andlipid moleculesoccurredduring compressiorof monolayersesultedin changes
of dipole potential,which canbe monitoredby meansof Kelvin probe[66-68]. In Section3.1.3.
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Fig. 18. a) The plot of surfacepressureb) dipole potential(curve 1) and dipole moment(cure 2) asa
functionof meanmolecularareafor monolayerof puregA. T = 18 C[52].

we shortly introducedthe contactlessnethodfor studythe physicalpropertiesof monolayers
— the techniquebasedon measurementlaxwell's displacementurrents(MDCs). MDCs are
generatedluring compressiorof the monolayer This methodis suitableto studyreorientation
of the moleculesin the lipid monolayers.Although MDC techniqueis relatively widespread,
only recentlyit hasbeenappliedfor studythereorientatiorof peptidesn lipid monolayerg52].

It is expectedthat formation of secondarystructureof gA in a monolayershouldbe ac-
companiedy change®f dipole momentsof moleculesandthusshouldbe monitoredby MDC
technique.

3.1.5.1 Pressue-areaisothermsof gA monolayers

Aswementionedhbove,gA formsstablemonolayerstthewatersubphaselt is seeronFig. 18a,
wherethe plot of pressurevs. areaper moleculeis presentedor gA monolayerat T = 18 C.
Pressure-areimothermhastypical shapeandis in agreementvith previously publishedresults
(seee.g. Ref. [61]). It is seenthatgaseouphase(G) at relatively low pressureat which the
areapermoleculeis > 7 nm? is transferredo a liquid expandedohase(L-E). Furthercompres
sion of the monolayeris accompaniedby characteristishoulderwith clearly visible plateauat
surfacepressure 14 mN m !. Detailedanalysisof the dataobtainedby PM-IRRAS and
X-ray re ectivity studieg61] allowedto conneciphysicalpropertiesof the gA monolayerswith
change®f secondanstructureof gA molecules.The rst increaseof surfacepressuréetween
0to 10mN m ! wasattributedto formationof interwined -helix from disorderedsecondary
structure At theplateauregionbetweerl0—20mNm ! only densityof gA monolayetincreases,
but moleculesare orientedparallelto the monolayer Sharpincreaseof surfacepressureabove
20 mN m ! wasattributed to tilting of the -helix. The collapseof the gA monolayertook
placeatapprox.46 mN m !, which suggestery goodmonolayerstability. Extrapolationof the
partof theisothermcorrespondingo the solid state(at surfacepressureabose 30 MmN m 1) to
the zerosurfacepressurallows to estimatemolecularareaper gA molecule,which is approx.
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2 nm? molecule ®. Thisvalueis in goodagreementvith the resultsobtainedby the otherau-
thors[63]. Thepressure-areizothermsvererecordedalsoat highertemperatur@8 C andhad
similar shapeandpropertiedike thatfor 18 C (resultsarenotshawn). It is interestinghatsim-

ilar shapeof the area-pressurisothermwasobsenedalsofor othershort -helical peptidel 24

[69]. It is likely, thatthetransitionfrom disorderedo orderedsecondanstructurefor peptides
of comparabldengthtook placeat similar surfacepressures.

3.1.5.2 Dipole potential of gA monolayers

The plot of dipole potentialvs. areaper molecule(curve 1) is presentecbn Fig. 18h It is
seenthat dipole potentialmonotonouslyincreasewith decreasinghe areaper moleculeuntil
A 1.7 nn?, whensharperincreaseof the dipole potentialstarts. The startof this increase
correspondo transitionof monolayerinto a well orderedIm. In thisregion gA moleculesare
very closeto eachotheranddueto theexistenceof dipolesof tryptopharatethanolaminend,the
gA moleculesnteractmorestrongly Thereforethe nal valueof thedipolepotentialre ects not
only thechange®f theorientation put alsointeractionsdetweergA molecules Usingthedipole
potentialit is possibleto estimatedipolemoment, ,, of gA (seeEq.(9)). In assumptiorthatthe
relative dielectricconstanf the medium(air) is 1, the Eq. (9) canbe transformedhccordingto
Gaineq70] into theform

V=12 ,=A; (14)

where V is dipole potentialin mV, A is the areaper moleculein A%/moleculeand |, is the
dipolemomentn milliDebye (mD) units. Theplot of dipolemomentof gA asafunctionof mean
molecularareais shovn on Fig. 18b (curve 2). The dipole momentat the areaper moleculeof
2.5 nm?, whengA hasalreadywell formed secondarystructureis around0.5 D. This value
is similar to dipole momentof phospholipidd36]. Small dipole momentsat the beginning of
compressiorare due to not establishedsecondarystructureof gA aswell as dueto random
orientationof gA molecules.Theregion of small growth of dipole momentcorrespondso the
shouldermt A isothermwhengA hasalreadyestablishedecondargtructure More detailed
informationonthekineticsof change®f dipole momentduringcompressioranbeobtainedby
meanof MDC method.

3.1.5.3 MDC of gA monolayers

The plots of MDC as a function of areaper moleculefor pure gA monolayerduring three
compressionsgansioncycles are presentedn Fig. 19. Only curves correspondingo com-
pressiorareshovedfor simplicity. The monolayemwascompressednly up to surfacepressure
35mN m ! at which the moleculesaretightly packed, but werestill in monolayerform. One
canseefrom Fig. 19thesharpincreasef the currentatbeginningof thecompressiohatcanbe
connectedvith the condensationf the gA, formationof orderedsecondanstructureaswell as
with certainreorientationof gA moleculesduring compressionThe increaseof the numberof
themoleculeaunderthe electrodecouldalsocontributeto this effect. Pleasenotethatin contrast
with the MDC, thereis no sharpincreaseof dipole potentialat the beginning of compression
(Fig. 18b). Thisis connectedvith thefactthatMDC is moresensitve to reorientatiorof dipole



716 Structureandphysicalpropertieof biomembrabeandmodelmembranes

Fig. 19. Maxwell displacementurrentversusmeanmolecularareafor puregA monolayerfor threesub-
sequentcompressionsip to 30 mN/m. The numberof compressioris shaved at correspondingune.
T =18 C[52].

momentsof moleculesin comparisorwith dipole potentialmeasurements-urtherincreaseof
the currentstartingfrom 6 nm? molecule * canbe connectedwith increaseof the numberof
moleculesunderthe electrode Thereasorof the“hairy” shapeof the rst compressiorcurve is
probablydueto not well-orderedmonolayer Subsequengxpansionfollowedby compressions,
resultecbetterorderingof gA monolayersBoth curvescorrespondingo thesecondandthethird
compressiondave higherandmorenarrav peakattheregion  7:2 nm? molecule . Thisis
probablydueto betterorientedmoleculesand hencebetterdistribution of gA, underthe elec-
trode,comparingto the rst compressionOnthe otherside,increaseof the currentat the lower
molecularareads notsodramaticin comparisorwith rst compressionhut slowly increasesip
to 4 nn? molecule !, whenthe currentreachesteadystatevalueof approx.20 10 5 A
(i.e. 20fA). TheMDC is ratherlow. However, thebackgroundturrentfor a purewatersubphase
withoutmonolayeiis around1-3fA, i.e. morethenoneorderof magnituddowerin comparison
with thosefor monolayer Detailedanalysisperformedearlier[71] shoved, that generatiorof
the MDC is not connectedvith suchphenomenasmotion of intrinsic ions or ionizationof the
monolayerandis attributedto reorientatiorof dipole momentsof the moleculesfrom whichthe
monolayelis composed.

More detailednsightinto thecurrent—arearelationcanbeseenn Fig. 20wherebothsurface
pressure@ndcurrentareplottedasafunctionof areafor thethird compressior-expansiorcycle.
The stability of themonolayerandthe procesof thereversibility areprovedby almostthe same
shapeof the isothermscorrespondindo both compressiorand expansion. The sameholdsfor
the behaior of the MDC, while the shapeof the current— areacurve at the expansionis the
mirror pictureof the curve atthe compression.

The currentstartsto grow immediatelyfrom the beginningof the compressionalthoughthe
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Fig. 20. Surfacepressuré¢dashedine) andMaxwell displacemencurrent(full line) versusmeanmolecular
areaof pure gA monolayersfor compressiorand expansioncycles. The direction of compressiorand
expansionis shavedby arrovs. T = 18 C|[52].

surfacepressuras still zero. As it wasalreadymentionedabove, current— areaplot canbe di-
videdontwo parts— rst oneatthehigherareaccomesrom theformationof orderedsecondary
structureand possiblechangeof orientationof the gA moleculesaswell asdueto increased
numberof the moleculesunderthe electrode Secondoneat the lower areass dueto changeof
thenumberof the moleculesundertheelectrodelt is lik ely, thatbiphasicchange®f thecurrent
at the beginning of the compressiortould be connectedvith formation of secondarystructure
of gA, namelyinterwined %8 helix. The currentstartsto be constantat 4 nm?/molecule at
theareathatis characterizetby the appearinghe plateauon the isotherm.We should,however
note,thatexacttypeof secondargtructurecanbedeterminedy spectroscopidyut notby MDC
method. Accordingto Ref. [61], at this region the secondarystructureof gA is alreadyestab-
lishedandthemoleculesareuniformly orderedn parallelto amonolayer Thesharpincreaseof
the currentafter 2 nm?/moleculecanbe connectedvith change®f orientationof gA. Thisis in
goodagreementvith theresultsobtainedby PM-IRRAS andX-ray re ectivity studieq61].

3.1.5.4 Dipole momentof gA

Theobtainedvaluesof MDC allowing to estimatedipole momentof gA moleculesThevertical
componenbf themolecularelectricdipole momentis proportionakto thechangesn theinduced
chageontheelectrodel (Fig. 13) andcanbe expressedsfollows
Zt
G
M, = N I (t)dt; (15)
0

whereG is geometricfactor (in ideal caseit is equalto distancefrom electrodel to the sub-
phasg71]) andN is thenumberof themoleculesundertheelectrodel (seeFig. 13). Generally
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Fig. 21. Dipole momentversusmeanmolecularareafor gA monolayeffor threesubsequermtompressions
calculatedrom MDC presentean Fig. 19. Thenumberof compressiolis shavedat correspondingunve.
T =18 C[52].

geometridactorhascomplicatedorm anddepend®n the shapeof theelectrodedistribution of
thechages,shieldingetc. Therefore determinatiorof the dipole momentrequiresexactknowl-
edgeonthe geometridactor In orderto avoid problemswith geometridactorwe expressedhe
valuesof dipole momentsdn arbitraryunits(a.u.).

Figure21 shaws the plot of dipole momentvs. areafor gA monolayercalculatedusingthe
datapresentedn Fig. 19. We canseethat the curve 1 correspondingo rst compressions
ratherdifferentfrom that correspondingo secondand third compressions.The shapeof the
cunve 1 re ects complicatedprocessof the formation of 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
resohedat areass and4.7 nn? molecule 1. Thedipole momentreachesnaximumat the area
of 3 nm? molecule ®. Theshapeof the curvesof the subsequentompressions differentfrom
thatcorrespondingo the rst compressionlt canbe expectedthatafter rst compression- ex-
pansioncycle certainpart of the moleculess not orientedparallelto the surfacebut molecules
aretilted undersomeanglefrom the position normalto the surface. It is also possible,that
moleculedorm smallaggreyateghatarestableafter compressionOn the otherside,becauset
nishing of the rst compressioifnotexceedinghecollapseressurejvell orderednonolayeiis
formed,consecutie expansionspreadinghe moleculesmoreuniformly, i.e. they arein similar
distancerom eachother Therefore furthercompressionarecharacterizethy morecontinuous
increaseof the numberof moleculesunderthe electrode aswell asmore uniform uprising of
the molecules.Better stability of the monolayercanbe seenfrom the shapeof the curvescor
respondingo the seconcandthe third compressionThe reorientatiorof the moleculess more
uent.
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From comparisorof the plot of both the surfacepressureand dipole momentversusmean
molecularareaof gA monolayer(Figs.20and21)it canbeseethatthedipolemomentncreases
with decreasing@f meanmolecularareauntil 7 nm?/moleculewhenthesurfacepressurestarts
to increase Thedipolemomentprojectionremainsconstanbetweerb,2— 7 nm?/moleculewhen
themonolayeiis in theliquid expandedL — E) state.In line with abosediscussiorit is likely that
orderedsecondanstructureof gA is formedat the meanmolecularareaof 7 nm? molecule .
At theregion 5.2—7nn? molecule ! theinterwined %° helix is alreadyestablishecindcom-
pressiorof the monolayeresultedonly in moretightly packed moleculesput doesnot change
of gA secondanstructure.Phaseéransitionfrom L — E to liquid- condensedtate(L — C) state
causedurtherincreaseof the moleculepacking,howeverincreaseof dipole momentin this re-
gionrevealedonly changesn gA orientation.Thedipolemomenteachesnaximumatthesame
area3.6 nn? molecule !, wherethein e xed point of the plateauis situated.Next phaseransi-
tion form L — C to solid (S) phasecauseddramaticdecreasef the dipole moment.We assume
thatthis decreasés not causedy the collapseof the monolayer(monolayerwas compressed
upto 30 mN m 1, i.e. far below from the critical pressure 45 mN m 1), but by another
reorientatiorof the molecule.

3.2 Bilayer lipid membranes(BLM)
3.2.1 Formation and electrical propertiesof BLM

The stablebilayer lipid membrane{BLM) have beenreportedin 1962 by Mueller and co-
workers[29]. Due to amphiphilic natureof phospholipidsthey spontaneouslyorm the lipid
bilayersin awaterphaseln experimentsdy Muelleretal. theBLM hasbeenformedfrom crude
fraction of phospholipidsin a circular holesof a relatively small diameter(0.8—2.5mm) in a
Te on cupimmersedn largerglasscompartmentled by electrolyte(Fig. 22).

Smallamountof the phospholipiddissoled in hydrocarborsolvent (e.g. n-heptaneor n-
decanekanbe placedto the hole usingsimplebrushor Pasteumipette. Immersionof the drop
of phospholipidto a hole resultedformation of relatively thick lipid Im with a thickness>
100nm. The behaior of thisthick Im is determinedy differencesn hydrostaticpressuresn
its peripheralpart (Plateau-Gibb&order)andin a centralpartthatis relatively at. According
to Laplacelaw the differencesn the hydrodynamigressuréetweennner andouterphasess
determinedy equation

1 1

P= R YR, (16)
whereR; andR» areinnerandouterradiusof the surfacecurvatureand is surfacetension.In

acentralpartof themembrangheradiusof curvatureis closetothein nity ,i.e.R; = R, ! 1.
Thereforethe pressurdifferencess closeto thezero: p = 0. However, the pressureat the
centralpartof Plateau- Gibbsborderis lowerthenthatin awaterphasej.e. p < 0. Therefore
the solvent will move from thin- at part of the BLM to the Plateau-Gibbdorder This will

causefurther thinning of the membrangFig. 22). This processcanbe obsened alsovisually
in re ected light. Thick Ims arecolored,like oil Ims on a water surface. As soonasthe
Ims becomethinnerthe black spotsstartto appear From obsenation of thin Ims formation

follows that the black spotsforms non uniformly and not symmetrically As soonasthe Ims
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Fig. 22. a) The schemeof measurementurrentacrossBLM using currentto voltagecorverterandthe
schemeof formationof BLM. b) electricalschemeof the systemBLM-electrolyte-electrodefR m —mem-
braneresistanceCn —membran&apacitanceRe — resistancef electrodesandelectrolyte.

becamehinneralsothe vander Waal's forcesstartto play considerableole in Im formation.
TheresultedBLM is characterizedy bilayerpartsurroundedy Plateau-Gibbborder(Fig. 22).
Theformationof BLM canbeeasilydetectedby measuremerglectricalpropertieof the Im —
conductancandcapacitance.

BLM conductivity can be easily measuredy currentto voltage corverter (Fig. 22). The
dc voltage(of arelatively smallamplitudeV ,=50-100mV) is appliedto the BLM throughe.g.
Ag/AgCI electrodegusuallyimmersednto a saltagarbridges). Oneelectrodes connectedo
thehighresistancénput(usually> 10'? ) of theoperationahmpli er (e.g.AnalogDevicesAD
548J).Thecurrenti o wingthroughfeedbackresistorR; is transformednto the outputvoltage
V accordingto the equation:i = VR, ! Thus,measuringhe outputvoltageby e.g. milivolt-
meter chartrecorderor connectinghe outputof the ampli er into the A/D corverterandthen
to acomputerit is possibleto determinethe currenti andits changeswith time. Knowing the
amplitudeof appliedvoltageVy, it is thenpossibleto determinemembranepeci ¢ conductance
g = i=VoA = V=\LRjA (A is theareaof BLM thatcanbe determinedby microscope).(The
principlesof operatiornthe ampli ers with negative feedbackaredescribedn [72]). The experi-
mentson the studyof membraneonductvity couldbe performedby simpleapparatubasedn
operationabmpli er with ratherlow cost. Thecareshouldbeon propershieldingof themeasw
ing chambemueto rathersmall currentthatare o wing throughBLM (typically of the orderof
pA). It is, however possibleto usecommerciainstrumentge.g. Keithley 6512(USA) thatcanbe
connectedanline with PCthroughKPC-488.2A" Hi SpeedEEE-Interfaceboard.BLM is char
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acterizedby ratherlow speci ¢ conductvity whichis in therange10 10 1©  1cm 2, but
thetypical valueis about10 8 'cm 2 [18]. This phenomenois connectedvith low dielectric
permittivity of the inner, hydrophobicpartof the membraneTherelative dielectricpermittivity
of this partis similarto thatcharacteristi¢ro n-alkanes2.1. Themechanismsf conductvity of
BLM will bediscussedbelown (seepart10).

BLM electricalcapacitancas importantvaluethatcharacterizethedilectricandgeometric
propertieof themembraneUsuallyit is speci ¢ capacitancé¢hatis usedfor characterizatioof
theBLM

C_""o.

Cs = N a7
whereA is the areaof bilayer part of BLM, d is the thicknessof hydrophobicpart of BLM,
" 2:1isrelative dielectricpermittivity and"o = 8:85 10 2 Fm 1! is permittity of free
space(vacuum). The simple electricalmodel of the membranecan be representedby capaci-
tor connectedn parallelwith resistance The consideratiorof the resistancef electrolyteand
measurecklectrodean be taking into accountas a resistanceconnectedn series(Fig. 22b).
Themembraneapacitanceanbe measuredby analternatingcurrentbridge[73]. However, the
mostprecisemeasuremenf conductancend capacitance&an be performedby measurement
of the complex impedanceof the BLM [73,74]. The theory of the impedanceas describedn
detailin mary textbooks,monograph®r reviews, seee.g. [73,74]). Herewe restrictoursehes
by consideratiorof basicphenomena.

Impedanceneasurementare madeby applyingan alternating(a.c.) currentof known cir-
cularfrequeng ! andasmallamplitudei, to a systemandmeasuringhe amplitudeV, andthe
phasedifference of the electricalpotential. Theimpedances usuallyrepresentetdy absolute
valueof theimpedancendthephase

iZj= \i/_o and 6Z =" (18)
0
In cartesiarcoordinatesimpedancdecomes complex number
Z=R+jX; where j=p_1: (19)

Therealandimaginarypartof Z describeheresistanc¢R) andreactancgX ) respectiely and
canberepresentetly appropriateslectricalcircuit elementsin thecaseof unmodi ed BLM, i.e.
whenthe membraneesistancés considerablyhigherthenthe absolutevalue of reactancethe
equivalentelectricalcircuit canbesimpli ed andreducedy resistancén serieswith capacitance
(Fig. 23c). For this circuit the complex impedance

- I .

Z=R Tc (20)
Theabsolutevalueof impedanceés Z = P RZ+ (I C) 2 andthephase = arctan(! RC) L
The value of Z and' are usually presentedas a function of frequeng, i.e. so-calledBode
plot. In this plot Z shoulddecreasevith increasingthe frequeny andapproachingR at high
frequenciegFig. 23a). At lower frequencieghe phasée is equal90 asfor purecapacitoybut
at higherfrequenciest decreaselramaticallyapproaching) asfor pureresistanceFig. 23b).
Thetypical bodeplot for unmodi ed BLM from diphytang/! phosphatidylcholin¢Avanti Polar
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Fig. 23. Impedancespectraof the BLM formedfrom diphytang! phosphatidylcholingn n-decanen a
10mmoll ! KCI. Bodeplot of theabsolutevalueof (a) impedance(b) phase Thepointsareexperimental
valueandline representt accordingto equivalentelectricalcircuit (c).

Lipids, Inc, USA) (lipid was dissoled in n-decang(Fluka) in a concentratior80 mg ml 1)
is presentedn Fig. 23a. The pointsare the experimentalvaluesmeasuredy electrochemical
analyzerAutolabPGSTAT 12 equippedvith FRA 2 module(EcoChemie, TheNetherlandsand
theline representshe t accordingto theequivalentcircuit (Fig. 23c). The BLM wasformedin
acircularhole of adiameterapprox.0.8 mmin 10mmoll ! KCI. Thetypical valuesfor R (i.e.
resistancef electrolyteandelectrodespndC (i.e. the membranecapacitancejvere15k and
1.67nF, respectiely. If the BLM is modi ed by compoundse.g. channelformersor carriers,
that increaseits conductvity, the equivalent electrical circuit is more complex [74,75]. The
applicationof impedancepectroscopallowing to obtainnotonly thebasicelectricalparameters
of the BLM, but alsoallowing to analyzethe mechanism®f ionic transport(seee.g. [75] and
referenceherein). Currently thereexist several producersof sophisticatecelectrochemicabr
impedanceanalyzersthatcanbesuccessfullyusedfor thestudytheimpedancef BLM. Among
others,alreadymentionedAutolab PGSTAT 12 with FRA 2 moduleis universalhigh quality
instrumentallowing not only measurementf the impedancespectrawith high sensitvity in
a wide rangeof frequencieq1 mHz to 1 MHz) but also completeelectrochemicaparameters
of the system. Solartron(UK), BAS-Zahner(USA) and CH Instrumentdnc. (USA) produce
electrochemicaindimpedancenalyzersthatcanalsobe usedfor the studyof BLM electrical
properties.

Thespeci ¢ capacitancandthethicknessof BLM depencdon the contentof organicsolvent
(e.g.n-heptaner n-hexane).In addition,usingthe solventwith largerhydrocarborchains.e.g.
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n-hexadecaner squalend76,77], it is possibleto obtainthinnermembrane.This is because
dueto stericalrestrictionsthe larger moleculesof solvent are squeezedut of the bilayer to
its borderpart. Therewere developedvariousmethodshow to make membranghinnerandto
approacthts propertieso thebilayerof the biomembranewhich obviously doesnot containthe
solvent (except minor contentof fatty acidsthat appeardue to action of phospholipases)In
Ref. [76] thesemethodsaredescribedn details. In additionto approachconnectedvith using
thehydrocarborsolventwith largerlengthof hydrocarborchainsit is alsopossibleto freezeout
of the solvent,i.e. n-hexadecaneThis solventis characterizedy phaseransitiontemperature
from liquid to solid statebelow approx.15.5 C. Thereforaf thesurroundingelectrolytewill be
slowly cooledi,it is possibleto crystallizethe solvent, thatis movedfrom bilayerto the Plateau-
Gibbsborderof the membrang77,78]. The methodof “drying” the membranedevelopedby
Rovin [79] is basedn usingtwo typesof solventfor formationof BLM — dioxaneandn-octane
in differentratios. Dioxaneis solventwhich is dissohed both in waterandin the n-alkanes.
Thereforeif the BLM will be formedfrom the mixture of lipids anda mixture of the solvents,
oneof whichwill bedioxane thedioxanewill beleavedoutfrom thebilayerto the surrounding
electrolyteandmembranespeci ¢ capacitancevill increase.

In 1972Montal andMueller [80] proposedhe methodof formationthe BLM from mono-
layers. Accordingto this methodthe Te on cup divided by the wall with circular hole of a
diameterapprox.0.3mmis led by electrolytejust belov thelower holeori ce. Thenthesmall
amountof lipid dissoledin chloroformis addedat water surfaceat both compartmenof the
Te on cup. After the chloroformis evaporatedafter approx. 10 min) the level of the water
phases increasedy slow additionof electrolyteusingthe syringes.As soonasthelevel of the
electrolytesurpasghe upperori ce of the holethe BLM is formed. It is necessaryo notethat
the membranés not exactly without the solvent,becausdor membranestability it is necessary
that Plateau-Gibb$orderis present.This is reacheddy additionof smallamountof thelipids
dissohedin n-hexadecan®ntheholeori ce.

Other methodof formation the BLM and that containedproteinshas beenproposedby
Schindlef81]. This methodis certainmodi cation of thatproposedy MontalandMueller [80]
andconsistingn differentformationof themonolayersFor this purposeheliposomesor prote-
oliposomesareaddedo bothcompartmenbf Te on cup. Thelipid monolayersareformeddue
to thefactthattheliposomeswhencontactedvith hydrophobic- air interfaceof alow surface
pressurarebrokenandthe lipids form monolayerat the air-waterinterface. Thenthe process
of formationBLM is analogicalto that by Montal and Mueller. Using the variousmethodof
formationBLM it is possibleconsiderablehangethethicknessandthe speci ¢ capacitancef
BLM asit is revealedfrom Table4. With increasinghe lengthof the hydrocarborsolventthe
thicknessof the membranalecreaséindependentlyon thelipid compositionor cholesterokon-
tent. Thelipid compositionaffectsonly theinterval of the change®f thethicknesawith changes
thenumberof carbonof n-alkaneg18]. Thus,by meansf variationof thehydrocarborsolvent
andthekind of phospholipidst is possibleto obtainBLM with desiredthickness.

The electricalandotherphysicalpropertiesof BLM formedfrom naturalphospholipidsare
similar to that of biomembraneg¢Table5). Unmodi ed BLM arecharacterizedby low conduc-
tivity. They do not revealany metabolicactiity andarenot selectve for transportof ionssuch
arebiomembranesHowever, BLM canbe modi ed by channelformers,carriersor receptors,
thatallowing to provide sensitvity andselectvity of ionic transportor ligand-receptointerac-
tions,i.e. like for biomembranesAlso at presencef variousmodi cators the conductvity of
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Tah 4. The speci ¢ capacitanceand the thicknessof BLM formed from diolegylphosphatidylcholine
(DOPC)usingthe methodof Mueller etal. [29] andn-alkaneof variouslengthaswell asthatfor solvent-
freeBLM preparedaccordingto methodof MontalandMueller [80].

Numberof carbon| Speci c capacitance| Thicknessnm | Reference
atomsin n-alkane 10 3Fm ?

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]

Tah 5. Comparisorof the propertiesof BLM andbiomembranes.

| Properties | Biomembrane§ ~ BLM |

Thicknessnm 6.0-10.0 2.5-8.0
SurfacetensionmN.m ! 0.03-3.0 0.2-6.0
Conductvity, Tcm 2 102-10°> | 10°%-10 1
Speci c electricalcapacityl0 *Fm 2 5-13 2-10
Breakdavn voltage mV 100 150-300
Refractive index 1.6 1.56-1.66
Permeabilityfor watey ms * 0.5-400 31.7
Enegy of activationfor waterpermeabilitykJ mol ! 40.3 53.3
lonic selectvity Px + /Py a+ 1-25 5.4-9.0

BLM usuallyincreasesTheseeffectstogethemwith seseralsimilar parametersvidencethatthe
propertiesof lipid bilayersare closeto that of biomembranesThereforethe studyof physical
propertief BLM hasimportantsigni cant for understandinghe propertiesof biomembranes.

3.2.2 Stability of BLM. Electrical breakdown and electroporation

Themainproblemin applicationof BLM in electrochemicadtudieds theirrelatively low stabil-
ity. Evenin the caseof relatively low potentialdifferenceacrosgshe BLM comparablevith that
occurredn biomembraned,e. V = 0:1V, anddueto smallthicknesgd 10 8 m), rather
large electrical eld existsacrosshemembraneE = V=h 10’V m !. Thus,evensmall
decreasén the membraneghicknesse.g. dueto the thermal uctuations, resultedin increase
of electrical eld, thatcaninducethe electricalbreakdevn of the membrane Thetheoryof the
electricalbreakdavn of BLM hasbeendevelopedmostly dueto work by Chizmadzhe andco-
workers[84]. They have foundthatthe meanlife time of theBLM in anelectric eld decreases
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with increasinghevoltagedifferenceacros8LM. Themembrandreakdaevn is connectedvith
appearancef theconductve poresin alipid bilayerdueto membraneslectrostrictionj.e. com-
pressie forceF = ", "oV 2=(2d?), thatoriginateddueto the appliedvoltage,V [85]. Let us
considerthe change®f theenegy of themembranéf theamphiphilicporeof cylindrical shape
with radiusr appearsThe change®f the enegy of the porecanbedescribedy equation

E=2r,d r? CcVv?=2; (21)

whered is the membraneghickness,r is the radiusof the pore, | is the coefcient of linear
tensionof the pore, is the surfacetensionof themembrane, C arethe changeof electrical
capacitancandV is the potentialdifferenceacrossthe membrane.Firsttermin Eq. (21)is
connectedvith the change®f the enegy of the membranalueto appearancef the surfaceof
thecylinder betweerthemembranandthepore.Secondermmeanghedecreasef the surface
enegy dueto decreas®f the membranesurface,thatis equalto the areaof the crosssection
of the cylinder. The third termis connectedvith change®f the enegy of capacitordueto the
changeof dielectricpermittivity of the membranenterior (the dielectricpartwith a dielectric
permittivity ",  2:1is replacedoy waterwith dielectricpermittivity of waterphase',,  80).
Thechange®f electricalcapacitanceanbeexpressedhs C = r2Cs("w="m 1), whereCs
is the speci c capacitancef the membranei.e. the capacitancgerunit area.The Eq. (21) can
bethereforetransformedo

E=2r,d r? +CV3=2); (22)

whereC = Cs("w="m 1). As soonasthe poreradiusincreasegts enegy shouldchangenon
monotonoushandcanbedescribedy a curve with amaximumasit is displayedon aFig. 24a.
It is clearfrom the gure thatthe membranealefectof a smallradiushave tendeng to diminish.
However the poreswith radiuslargerthencertaincritical valuer . will increasdrreversiblyand
causethe membranedreakdeovn. The value of critical radiuscanbe nd by derivation of the
enegy dE=dr = 0 andis describedy equation86]

re= d( + CV?2=2): (23)

Thevalueof r. areof theorderof themembranehicknessi.e. severalnm. After substitutionof
Eq.(23)into Eq.(22) we canobtaindependencef enegy of theporeonthemembrangotential

E = (1d)’=( + CV?=2): (24)

Thus, applicationof the potentialto the membranewill resultdecreasef the potentialbar
rier andthe probability of the membranebreakdaevn will increase(Fig. 24a). Above we con-
sideredsimpli ed situation,whenthe breakdavn of the membraneés connectedvith formation
of amphiphilicpore. As a matterof fact, owing to thermal uctuations of lipid moleculesthe
hydrophobigoresareformedprior the hydrophilicone(Fig. 24c). Whenhydrophobigoreex-
ceedthis critical radius,a reorientatiorof thelipids corvertsthe poresinto the hydrophilicones
(Fig. 24c)[87]. Thedependencef theenegy of poreformationasa functionof theradiusis in
this casemorecomplicatedFig. 24b).

Thestudyof theBLM breakdavn hasgreatsigni cancefor understandingheprocessesuch
aremembrandusion, lysis andapoptosiof cellsthatmayinvolve anopeningof alipid poreto
join the volumesinitially separatednembranes.Experimentalstudiesrevealedtwo types of
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Fig. 24. Thedependencef theenepy of theporein amembranenits radiusin the caseof (a) hydrophilic
pore,(b) hydrophobicporeis formed rst andthentransformednto the hydrophiliconeat certaincritical
radius. (c) the schematiaepresentationf the transformationof hydrophobicporeinto hydrophilic one
(Adoptedfrom [93] by permission).

BLM behaior underthe electricalstressreversibleandirreversibleelectricalbreakdavn. Irre-
versiblebreakdavn wasobseredfor membranesf ary lipid composition It is accompaniethy
rapid increaseof membraneconductancendresultedin mechanicabreakdavn of BLM [88].
However, for BLM of a speci ¢ lipid composition,e.g. oxidized cholesterol,or at the phase
transitionof phospholipid489] a reversibleporeswere obsened whenthe membranevas ex-
posedto a shortpulseof high electric eld. In this caseevenafter ve to six orderof increase
the conductanceit thendropsto theinitial level uponvoltagedecreas¢87,90]. It hasbeenas-
sumedthatin the caseof irreversiblebreakdavn few poresareformedbeforethe rst of them
reachesa critical radiusand startsirreversibleexpansionleadingto membraneupture. In the
caseof reversiblebreakdaevn a large populationof poresaccumulatesinderhigh voltagebefore
the BLM rupture. Recentlyit hasbeenobsenedthatapplicationof the voltage(150-500mV)
to aBLM resultedn fasttransitionbetweendifferentconductancéevelsre ecting openingand
closing of metastablepores[91]. The meanlife time of the porewas3 msatV = 250mV,
however the poreswith longerlife time, up to 1 s were obsened aswell. Basedon the con-
ductancevalue andits dependencef the ion size, the radiusof the averageporeof a 0.5 nS
conductancevas estimatedas 1 nm. This pore mightinvolve only 100 lipid molecules,
which correspondso lessthen10 8 % of all lipids in the BLMs of 1 mm? area.The metastable
lipidic poresidenti ed in this studymostprobablycorrespondo thesmallmetastabléipid pores
whoseexistencewasassumeaarlierto explain the accumulatiorof very large numberof pores
duringreversibleelectroporatiorf BLM modi ed by uranyl ions[87]. Thephysicalstructureof
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non conductingpre-poregemainsunknonn. Openingandexpansionof conductve hydrophilic

pores,i.e. poreswith the edgesformedby polar headgroupsof phospholipidsjs assumedo

be precededy formationof very smallandshort-timehydrophobigoreswith the edgeformed
by hydrocarborchainsof the lipids. Evolution of a hydrophobicporesinto a hydrophilic pore
involvesreorientationof the polarheadsof the lipids from the surfaceof bilayerto the edgeof

the pore (Fig. 24). Melikov et al [91] assumedthatthe pre-porescorrespondo small clusters
of lipids with their polar headstrappedinside the hydrophobicinterior of the membraneupon
closingof thehydrophilicor partially hydrophilicpore.Interactionbetweerthelipid polarheads
in the sameclustercanincreasehelifetime of the clusterandthus, stabilizethe pre-porestate.
Alternatively the pre-porestatecancorrespondo a clusterof watermoleculesrappedinsidea

hydrophobicinterior. Suchclustersof lipid polar heador watermoleculeswill thentransform
backinto a smallhydrophilicpore.

Change®f conductancef themembrandollowing applicationof externalvoltage,i.e. elec-
tropermeability hasgreatpracticalsigni cance. By meansof applicationof external eld it is
possibleto incorporateDNA or drugsinto the cells. This so-calledelectroporatiorhasbeen
known for severaldecadesindhasbeenreviewedin several papergseee.g.[92,93]). This pro-
cesshasbeenstudiedin mostdetailusingBLM [93]. It hasbeenshowvn thatthe chagedions
or small moleculescanbe driventhroughBLM by electromigration. The mechanisnof elec-
troporationof larger molecules)ik e proteinsis however not clearyet. The peculiaritiesof the
electropermeabilityf tissuese.g. humanskin underapplicationof electrical eld revealedsimi-
lar behavior likethatof BLM. However, thetheoryof electroporatiomf thesecomplex structures
remainsstill incomplete(seee.g. [94]). For deeplook into the problemof electroporatioron a
moleculadevel we recommendo readettheextensvereview by Weaver andChizmadzhe [93].

Theelectroporations of greatpracticalsigni cancefor examplein genetherapy. Genether
apy is basedon incorporationof DNA into the cell for the purposeof inducing synthesisof
requiredproteinor in orderto stopexpressiorof notdesiredgene.Thelater caseis known asan
antisenseheragy andis basedon incorporationof shortDNA sequencesomplementaryo the
partof not desiredgeneor to mRNA (see[95] andreferencenherein).Becausaucleicacidsare
negatively chaged,therearedif culties of their transferthroughplasmaticmembrane.There-
fore speci ¢ vectorsare necessaryo facilitate this translocation. So far mostly two typesof
vectorswereused.Virus vectorshave beenfound asmosteffective. However, dueto problems
with their possibleinfectivity or evencancerogeneit{96], their practicalapplicationis limited.
Liposomes,especiallycomposedf cationiclipids or cationic polymersbelongto the second
type of the vectors[95,97]. They allowing to encapsulatéesiredgeneor to bind it atthe lipo-
someor polymersurfaceandthentransportinto the cell cytoplasmfusion or cell endogtosis.
DNA moleculesin thesecomplexesare protectedagainstdegradationby endonucleasesRe-
centlya new type of the vectorhasbeenstudiedin detail by variousbiophysicalmethods.This
vectoris basedon chemicallymodi ed cationicderivative of antibioticamphotericirB (AmB):
3-dimethylaminopropl amide(AMA). Similarly like AmB, AMA consistf arigid elongated
skeletoncontaininga polyenepartwhich is hydrophobicandresponsibldor incorporationinto
the hydrophobicpart of the membrane.This part favorably interactswith sterols(cholesterol
or ergosterol)andthus AMA complexescreateporesin a lipid bilayer with similar properties
like AmB [98]. Polarpartof AMA containstwo positive chages,which facilitatethe formation
of complexesbetweenAMA with oligonucleotideODN). Both AmB and AMA form ionic
channelsn bilayerlipid membrane¢BLM). In contrastwith AMA, AmB is neutralmolecule.
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However, earlierit hasbeenshowvn thatpresencef AmB enhancethetransferof DNA into the
aucarioticcellsof animals.However, suchatransferhasnotbeencon rmed for humancellsand
it hasnot beenprove theformationof complexesbetweenrAmB andDNA [99,100].

In contrast, AMA interactswith plazmid DNA aswell aswith oligonucleotidesby means
of electrostatidnteractions. The studiesof interactionof AMA with plazmidDNA were per
formedwith of 4356 kb plazmid DNA that containedgreen uorescenceprotein (GFP) gene.
By meansof uorescencemicroscopy it hasbeenshowvn, thatAMA allowing expressiorof this
genein NIH/3T3 cells. For this transferthe chageratio ODN/AMA was0.33. l.e. the complex
waspositively chaiged[101]. Biological effectivity of AMA asavectorfor anti-complementary
oligonucleotidesthatshouldblock the translationof mMRNA wasapproredusing20-merODN.
This ODN wascomplementaryo the sequencef mRNA, thatcodedhumanMDR1 (multidrug
resistanc@henotype)The ODN wasmarkedby uorescenceprobeandits increaseaoncentra-
tion wasshowedin cells. It hasbeenalsoobsenedconsiderablelecreasef theexpressiorof the
proteinPgp,whichis codedby MDR1 genein G815-MDR-3T3cells. Theoptimal chageratio
of the ODN/AMA complexeswasin this case2, which meanghatthe complex wasnegatively
chaged. Thus,evennegatively chagedcomplex could betranslocatednto the cell. Thisis ad-
vantageoushecausdéower AMA concentratiorcanbe used.Detailedstudyof the formationof
the ODN/AMA complexeshasbeenperformedby opticalspectroscopandelectronmicroscoly
methodsusing 27-mersingle strandedoligonucleotide. It hasbeenshawn, that at low AMA
concentration{< 1 M) the condensationf thesemoleculeson the ODN took place.At higher
concentratior(> 100 M) andfor ODN/AMA negative chageratio > 1 thecirculardichroism
(CD) spectraevealedonreomanizatiorof freeself-associateAMA complexesinto smallerone
decoratinghe ODN molecule.Electronmicroscoly studyevidenceghatthe sizeof ODN/AMA
compleesis ratherlargewith dimensiorup to 650nmanddifferentshapgroundshapedr rod-
like structure)dependingon the chaige ratio ODN/AMA [102]. AMA aswell asODN/AMA
compleesinteractwith lipid monolayersandwith unilamellarvesicleq103]. Theadsorptiorof
thecomplexesto thelipid monolayeror bilayerdecreasedith increasinghe negative chage of
thecomplexes.

It is, however not clearyet, whetherthe ODN/AMA complecescould translocatehrough
lipid bilayer and how this translocationdependson the chage ratio of ODN/AMA. If sucha
translocatiorexists, it is notclearwhatarethemechanisms;onsiderindarge sizeof ODN/AMA
complexes. We thereforeusedBLMs and studiedtheir conductanceat presenceof AMA or
ODN/AMA compleesin a differentchageratios[104]. The conductvity givescertaininfor-
mationabouttranslocatiorof the complexes. As ODN we used20 mersinglestrandedDNA of
following sequences' - TGT ATA GCTAAA GTA GGCGC-3' obtainedrom GeneriBiotech
(CzechRepublic).

The BLMs were formedaccordingto the methodof Mueller et al. [16] on a circular hole
(diameter0.8 mm) in awall of Te on cell, thatdividedthe cell into two identicalcompartments
with a volume of approx. 1.5 ml each. The cell was led with buffer composedf 100 mM
NaCl+ 10 mM Tris-HCIl + 1 mM EDTA (pH 7.6). The BLM wereformedfrom alipid solution
composedf 1,2-diphytangl-sn-glycere3-phosphatidylcholine (DPhPC)(Avanti Polar Lipids
Inc, USA) and cholestero(4:1 w/w) dissohedin n-decangconcentratio20 mgml ). The
conductvity wasmeasuredisingcomputeicontrolledelectrometeKeithley 6512(USA). Thedc
voltageof theamplitudeof 50 mV wasappliedfrom dc sourceto amembranaghroughAg/AgCl
electrodeplacedin a saltagarbridge.
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Fig. 25. Relatve changesof BLM conductance g=g as a function of concentrationof AMA or
ODN/AMA compleesatdifferentchageratio (seeinset)( g= g 0o, Wherego istheBLM conduc-
tanceprior andg after additionof AMA or ODN/AMA complees)andfollowing additionof Mg?* ions
into thebothmembranesidesin a nal concentratiorof 5 mM.

The relative changesf the BLM conductancesa function of the concentratiorof AMA
and/orODN/AMA complexesin variouschaige ratiosare shavn on Fig. 25. We canseethat
practically no changesf conductanceake placewith increasedconcentratiorof pure AMA.
However atthe chageratio = 0:1 for ODN/AMA comple, i.e. the complex waspositively
chaged,aconsiderabléncreasef conductvity took place.For lesspositively chagedcomplex
of ODN/AMA ( = 0:44) the change®f conductanceverelessexpressed However, evenfor
negatively chagedcomplex ( = 4) anincreasef theBLM conductvity takesplace.Additional
increaseof conductvity wasobsenredfollowing additionof Mg?* ionsin a nal concentration
of 5 mM to the both side of BLM. It is seenfrom Fig. 25, that in this casethe increaseof
conductvity wasslightly higherfor negatively chaged complex of ODN/AMA. The obtained
resultsmay evidenceon translocationof ODN/AMA complexes acrossBLM. However, one
cannot be excluded,thatthesecomplexesinduceonly perturbanceof BLM structureandthus
increasef permeabilityof BLM for ions.

3.3 Supportedbilayer lipid membranes

As we alreadymentionedn a sectiondevotedto the lipid monolayersusingLangmuirBlodget
techniqueijt is possibleto obtainsupportedipid membranes The simplemethodof formation
of lipid Im on a metal supporthasbeenproposedby Tien and Salamon[105]. The silver
wire of a diameterapprox. 0.3 mm coatedby Te on wasimmersedinto the lipid solutionin
n-decaneThenthetip of thewire wascuttedby sharpknife andimmediatelyimmersednto the
electrolyte,wherethe formationof thin Im occurredspontaneouslyThe disadwantageof this
methodconsistin the factthatthe Im formedon ratherroughmetalsurfaceis inhomogeneous
andis composedf monolayerspilayersor even multilayers[106]. Application of dc voltage
during Im formationresultedmprovemenbfthe Im characteristicandthemembrandecame
more homogeneouf§l07]. However, mosthomogeneoudms can be obtainedusing smooth
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Fig. 26. Schematiaepresentationf sBLM andtBLM: (a) sBLM formedby chemisorptiorof alkylthiols
onagold.tBLM arecharacterizethy hydrophilicspacebetweergold andlipid bilayer, thatcanbeformed
by speciallysynthesizedipids with hydrophilic spacer(b), or by lipopetidelayer (c) and/orby polymer
layer(d).

gold surfacewith chemisorbedlkanethiols.Accordingto this method,the surfaceof the gold
is accuratelycleanedand thenimmersedin a solution of alkanethiol,e.g. hexadecanehiol.
Thiols provide almostcovalentbinding of the alkanethiolto a gold andthe hydrophobicchains
of hexadecanéhiolswill createdenselypaclkedhydrophobicsuriace(Fig. 26a). Thetilting of the
chainsaway from the surfacenormaloccursbecaus¢he spacingof thethree-foldhollow siteson
the Au (111)surface,into which the—SHheadgroupst, is slightly largerthanthe optimalvan
derWaalsdistancebetweeradjacenhydrocarborchains:by tilting atanangleof 20—25degrees,
thechainsadjusttheirspacingo optimizethevanderWaalsinteraction[108]. In opencircuitthe
procesf formationalkanethiol Im lastsabout12 hours. However, applicationof dc voltage
with amplitude0.6 mV (positive terminalon a gold) resultedfast (few minutes)formation of
homogeneoualkanethiolmonolaye{109]. Secondnonolayeicanbeformede.g. by Langmuir
Blodgettechniquejmmersionof the gold electroddnto thelipid solutionor by liposomefusion
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[110]. The supportedipid membranegsBLM) are considerablynore stablethenBLM [111-
113]. While breakdaevn voltageof BLM is lessthen 300 mV, that for sSBLM canreachmore
then1V [110]. Thedisadwantageof SBLMs consistin the factthatthe alkanethiolmonolayetis
closelyadjacento agold. Thereforat is impossibleto incorporatee.glargeintegral proteinsinto
thesemembraneandalsoimpossibleto usethesemembrane$or studythe mechanisnof ionic
transportdueto lack of water phasebetweenthe bilayersandgold. This drawback hasbeen
solved by developmentof so calledtetheredmembranegtBLM). tBLM are similar to sBLM,
however, insteadof alkanethiols,speciallysynthesizednoleculeswith hydrophilic spacerare
usedfor the formationof the monolayertetheredo a gold support(Fig. 26b). The hydrophilic
spacebetweengold and BLM can be provided also by lipopetide layer (Fig. 26¢) and/orby
polymerlayer (Fig. 26d). [113,114]. The sBLM andtBLM, dueto their high stability anddue
to the unique propertiesthat mimics the real biomembranecan be usedin nanotechnologies,
especiallyin developmenbf sensitve biosensorgseepart11).

3.4 Liposomes

Liposomegqvesicles)arewidely usedmodelsof lipid bilayerof biomembranesThe formation
of liposomeshasbeen rstly reportedby Bangham[30]. They areformedfrom waterdisper
sionsof the lipids by variousmethods.Dependingon the methodof formationone canobtain
multilamellaror unilamellarliposomesof a differentsize. Application of liposomesasa model
of biomembranekasbeendiscussedh large numberof review andmonographsseee.g.[115].
Themethod=f liposomepreparatiorareconsideredn Ref. [116]. Multilamellarliposomesare
the simpleststructuresn respecbf the preparation Typically the desiredamountof thelipid is
dissohedin chloroformor in a mixture chloroform-methanolThis mixtureis allowedto evapo-
rateunderthe streanof nitrogenin aglassvolumeof a sphericakhape For this purposeausually
rotary evaporatoris usedin orderto make thin Im of thelipids on a large surfaceof the glass.
After thethin Im is formed,it is thenhydratedby additionof desiredvolume of the wateror
buffer. The dispersiorof lipid in awateris thenvigorouslyvortexing during several minutesat
temperaturdigherthanthe temperaturef phaseransitionof phospholipidsThe concentration
of lipids variedfrom methodto method,but typically it is few mg.ml 1. For exampleprecise
DSC calorimetryrequiresconcentratiorof lipids about0.5mgml 1, but densitometryequires
largerconcentratior- around> mgml 1. Themultilamellarliposomesareratherlargeandtheir
diameteris several m. The advantageof theseliposomess thatthey consistof large number
of bilayersandarecharacterizety high degreeof cooperatiity in comparisorwith unilamellar
liposomes.This cooperatiity is expressedor exampleby morenarron interval of phaseransi-
tion temperatureDisadwantageof multilamellarliposomesconsistsn their sizeinhomogeneity
aswell asin relatively fastsaturationThey arethereforenot suitablein experimentaketup, that
doesnotallow stirring of the solution.

Unilamellarliposomescan be preparedby variousmethods. The simplestone consistsin
sonicationof themultilamellarliposomesby ultrasound117] in anultrasonichath. This method
resultedin formationof relatively smallliposomesof a diameterapprox.20 nm. The disadwan-
tageof this methodis not uniform diameterof liposomesaswell aspossiblecontentof certain
amountof multilamellarliposomesin addition,applicationof ultrasounctouldresultin damage
of thelipids. As aresultalsothefreefatty acidscould appeaiin a solution. Othermethodsare
basedon fastinjection of ethanolsolution of lipids into the buffer [118] or by dialysis of the



732 Structureandphysicalpropertieof biomembrabeandmodelmembranes

waterdispersion®f micellescomposeaf thelipids anddetegentg119]. Ratherusefulmethod
hasbeenproposedy McDonaldet al [120] that consistin formation of vesiclesby extrusion
of multilamellarvesiclesthroughpolycarbonatelms. Dependingon the size of the poresin

a Im theliposomescanbe preparedof desireddiameter usually from 50 nm to several m.

Commerciakits for preparatiorunilamellarliposomesarecurrentlyavailable,e.g. Avestininc.

(Canada).The liposomespreparedby extrusion methodsare ratherhomogeneou the size.
Liposomescanbe modi ed by variouscompoundse.g. peripheralor integral proteins. In the
caseof integral proteinstheliposomesarepreparedrom awaterdispersiorof lipids thatcontain
desiredconcentratiorof proteins(seee.g.[121,122]).

4 Ordering, conformation and molecular dynamicsof lipid bilayers

Thelipid bilayersrepresentiquid crystalsof a smectictype. They arecharacterizedby relative
fastlateraldiffusionof lipids andabout600timesslower diffusionof proteins(thetypical diffu-
sioncoefcients for lipids andproteinsare:D; p = 6 10 ¥ m?s 1, Dprot = 10 ¥ m?s 1,
respectiely). In directionperpendiculato themembranglane thelipid bilayeris characterized
by certainorderingthatdependsn conformationof hydrocarborchainsof phospholipidsThis
conformationdepend®n temperaturandlipid bilayerundegousthroughphaseransitions.

4.1 Structural parametersof lipid bilayers measuredby X-ray diffraction

The basic structural parameterof the membranesan be determinedby X-ray or neutron
diffraction methods X-rays are electromagneticadiationwith typical photonenegiesin the
rangel00 eV — 100 keV. For diffraction applications,only shortwavelengthX-rays (hard X-
rays)in therangeof afew angstromdgo 0.1 A (intensitiesvary betweenl keV to 120keV) are
used.Becausdhe wavelengthof X-raysis comparabldo the sizeof atomsandmoleculesthey
areideally suitedfor probingthe structuralarrangementsf atomsandmoleculesn wide range
of materials. TheenegeticX-rayscanpenetrateeepinto thematerialsandprovide information
aboutthe bulk structure[123]. X-rays are producedgenerallyby either X-ray tubesor syn-
chrotronradiation. In recentyearssynchrotrorfacilities have becomewidely usedaspreferred
sourcedor X-ray diffractionmeasurements$Synchrotrorsourcesarethousandso million times
moreintensethanlaboratoryX-ray tubes.

X-rays primarily interactwith electronsand atoms. Diffractedwavesfrom differentatoms
caninterferewith eachotherandtheresultanintensitydistributionis stronglymodulatedoy this
interaction. If the atomsarearrangedn a periodicfashion,asin crystals,the diffractedwaves
will consistof sharpinterferencemaxima(peakswith the samesymmetryasin the distribution
of atoms. Measuringthe diffraction patternthereforeallows oneto deducethe distribution of
atomsin a material. The peaksin a X-ray diffraction patternaredirectly relatedto the atomic
distances. Let us consideran incident X-ray beaminteractingwith the atomsarrangedin a
periodicmannermsshovnin Fig. 27. Theatomsarelocatedperiodicallyin parallelplanes.For a
givensetof lattice planewith andinter-planedistanceof d, the conditionfor a diffraction(peak)
to occurcanbe simply written as

2dsin =n (25)
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Fig. 27. Schematiaepresentationf diffraction X-ray beamson a two plains of two dimensionalatomic
lattice.

whichis known asthe Bragg's law afterW.L. Bragg,who rst proposedt. In theEq.(25), is
thewavelengthof theX-ray, thescatteringangle,andn is anintegerrepresentinghe orderof
diffractionpeaks.TheBragg'slaw is oneof mostimportantlaws usedfor interpretingX-ray and
neutrondiffractiondata.

In contrastwith X-rays,the neutronshave onegreatadvantagepecausealeuteratiordramat-
ically changeghe scatteringof neutrons.Speci ¢ deuteratiorof componenpartsof the lipid,
suchas selectedmethylene thereforeprovides a localized contrastagentthat leaves the sys-
tem physicallyand chemicallynearlyequivalent[124]. The disadwantageof neutrongto X-ray
diffractionis thatneutronbeamsaremuchwealer andtherearefewer sourcef neutrons.

In analogywith classicalX-ray analysisjt is assumedhatdeterminatiorof bilayerstructure
meangoing crystallographylt is, howeverimportantto note,thatfully hydratedbilayers,even
in a gel conditionarefar from crystallinestate. The contrastis moreremarkabldor uid, L
phasewherethe hydrocarborchainsare conformationallydisordered.The differencedbetween
crystallinestructuresand hydratedbilayersare particularlydueto high contentof water which
allows for increaseductuations. Therefore,dueto uctuations, it is impossibleto determine
structureof biomembranest atomiclevel. However, bilayersin multilamellarvesicles(MLV),
that are mostoften usein diffraction studies,are isotropically orientedin spaceandtherefore
give socalledpowderpatternsTheterm“powder” really meanghatthe crystallinedomainsare
randomlyorientedn thesample . Thereforevhenthe2-D diffractionpatternis recordedit shavs
concentriaingsof scatteringpeakscorrespondingo the variousd spacingn the crystallattice.
The MLVs arecharacterizedf a variety of sizes.Eachbilayeris in uenced by its neighbors It
is assumedthat MLVs are“onion like”, consistingof closedconcentricspheres Becausdipid
exchangéetweerbilayersandsolventis slow, it is lik ely thatthenumberof lipids in eachbilayer
remainsconstantbver fairly long time [6]. The advantageof MLVs is thatthey do not have to
be especiallyorientedin an X-ray beam(asa materof fact,they cannotbe oriented).However,
only small fraction of thelipid 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 therelative positionsof unit
cell [125] (Fig. 28),the electrondensitypro les obtainedby X-ray diffractionarebroad.

Thetypical electrondensitypro le obtainecon MLV composeaf DPPCis shavn onFig. 29
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Fig. 28. Schematiaepresentationf long range uctuationsin a MLV (Accordingto [6] reproducecdby
permission).

Fig. 29. Representatioof structureof DPPCin theL uid phase.(a) Probabilitydistribution functions
for differentcomponengroupsfrom MD simulations[126] andthe downward pointing arravs shav the
peaklocationsdeterminedy neutrondiffraction with 25 % water[124]. (b) electrondensitypro le from
X-ray studies(c) The schematiaepresentationf the headgroupandthe hydrophobicregion of the bilay-
ers. The versionon the left monolayeris a simplethreecompartmentepresentationThe versionon the
right monolayeris a morerealisticrepresentationf the interfacial headgroupregion. D¢ is the experi-
mentallydeterminedsibbsdividing surfacefor the hydrocarborregion. (Accordingto [6] reproducedy
permission).
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togetherwith schematiaepresentationf bilayer regionscorrespondetb headgroupsandhy-
drocarborchains.Thefull thicknessof thelayeris composedf thethicknessof bilayerregion
Dg andthethicknessf waterregionDy : D = Dg + Dy Dgpg isde nedasDg = 2V =A,
whereV, is thevolumeof lipid andA isitsarea.Dw = 2nw Vi =A, whereVyy is volumeof
watermoleculeandny is the numberof watermolecules/lipid. The volumeV, of thelipid is
dividedinto headgroupsD y andhydrocarborchainsregionD¢: Dg = 2(Dy + D¢). The
D¢ includesthe hydrocarborchaincarbonsexceptfor the carboryl carbonwhich hassubstan-
tial hydrophiliccharacter For DPPCthe hydrophobiccorethereforeconsistsof 14 methylenes
andoneterminalmethyl on eachof two chains. The determinatiorof the D¢ valueis impor-
tantfor analysisof the mechanisnof protein-lipid interactionswherethe interactionsbetween
hydrophobigartsof proteinandthelipids playsconsiderableole. The headgroupof phospho-
lipid consistof remainingpartof thelipid. Electrondensitypro le providesgoodmeasurdor
thelocationof the phosphategroups.Informationaboutz-coordinate®f othergroupshasbeen
obtainedusing neutrondiffraction. Becausehe thermal uctuations, the positionof the atoms
in the lipid moleculecanbe describedby a broadstatisticaldistribution functions,that canbe
obtainedby moleculardynamicssimulationsYMD) (Fig. 29) [126].

MD becomegatherattractve, becausallowing to obtainmuchgreaterdetailsthancanbe
obtainedexperimentally Thesedetailscanbe even guidefor interpretationof experimentalre-
sults. The lateststructuralparametergor fully hydratedlipid bilayersof mostfrequentlyused
compositionareshovedin Tah 6.

4.2 Interaction betweenbilayers

We mentionedabove thatlong-range uctuations of bilayerscausedessprecisionin determina-
tion the structureof bilayersby X-ray diffraction method. These uctuations causenteraction
betweerbilayers. However, two bilayerscloseto eachother uctuate lessthenthatat a short
distance.Whenbilayersareon a closedistance thensuppressiomf uctuation take placeand
resultedto decreas@f the entroy. This causesncreaseof the free enegy of the system.Ac-
cordingto Helfrich [127], the free enegy of uctuations increasesith decreasingeparation
distanceD o anddepend®n bendingelasticitymodulusK . of bilayers

(kT)? |

F¢) = OZ42KCD\2N.

(26)

The mechanism®f interbilayerinteractionscan be studiedby X-ray diffraction [6] or by
surfaceforce method[128]. X-ray diffractionstudiesarebasedn measuremerdf the changes
in bilayer structuralparametergollowing applicationof osmoticpressure.lt is expected,that
removal of the waterfrom interbilayerspaceas a result of increasedsmotic pressureshould
squeezenembranesogetherandin additionshouldresultin decreas®f the areaper molecule
(or increasehe membranehickness)129]. The changesn the thicknessare,however, rather
small  0:12nmwhenosmoticpressurés increasedrom0to5:6 10° Nm 2 [6]. Theanalysis
shaved,thathydrationandundulationforcesaswell asvanderWaalsattractive forcescontribute
to the total interbilayerpressure.The hydrationpressuras dominantfor interbilayerdistances
0.5-1.3nm, theundulationpressurés majoratlargerdistancesndvanderWaalsforcesatlower
spacing.
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Tah 6. Structuralparameterf fully hydratedlipid bilayers(accordingto [6]). V. — lipid molecular
volume,D —lamellarrepeatspacing(seeFig. 29), A —averageinterfacialarea/lipid,Vc —sumof volumes
of chainmethylenesandmethyls,Vc 1 3 — volumeof methyl,D ¢ — thicknesof hydrocarborcore(Dc =

Vc=A), Dun —headgrouppeak-pealdistanceDg — Gibbs-Luzzatibilayerthicknes§Dg = 2V =A),

Dw - Gibbs-LuzattiwaterthicknessDw = D Dg), Dyo — stericheadgroup thickness(Dyo =

(Dgo=2) Dc), Dgo — stericlayerthickness(Dgo = 2(Dc + Dyo), Dyo — stericwaterthickness
(Dwo = D Dgo), nw —numberof watermolecules/lipid(nw = AD w =2V ), nyw o — numberof
watersbetweerDc andDgo=2(nwo= ADn  Vhu)=Wy ).

Lipid DPPC| DPPC| DMPC | DOPC| EPC | DLPE | DLPE
Temperature 20C|50C |3 C|j33cC|j3pC|20Cc |3 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 (A?) 47.9 64 59.6 72.5 69.4 | 41.0 51.2
Ve (A3/region) 825 913 782 984 942 611 655
Vchz (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
Duu (A) 44.2 38.3 36.0 36.9 36.9 | 39.8 35.6
Dg (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
Dho (A) 9.0 9.0 9.0 9.0 9.0 8.5 8.5
Dgo (A) 524 | 465 44.2 45.1 451 | 47.0 42.8
Dwo (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
Ny o 3.7 8.6 7.2 11.1 10.2 2.0 4.7

Interbilayerinteractionsdepend®n thekind of phospholipidsFor chagedlipids in low salt
concentration®neshouldconsideralsoelectrostatianteractions.Glycolipid bilayersarechar
acterizedby morecomple interactionsandincludealsostrongadhesie forcesdueto saccharide
headgroups[129].

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

Electronparamagneticesonanc€EPR),nuclearmagneticresonanc€NMR) andoptical spec-
troscopy methodsallowing to obtaininformationaboutlipid chaincon guration anddynamics
andto studythe mechanism®f protein-lipidinteractions.The theoryof thesemethodss well
describedn literature(seee.g.[130]).

The radio spectroscopienethods(EPR, NMR) are basedon interactionof electronspins
(EPR)or protonspins(NMR) with magneticeld. If thespinsarenotpairedthespinof electrons
oroverallspinof chagednucleugyeneratea magnetidipolealongthespinaxis. Themagnitudes
of thesedipolesareof fundamentapropertieof electronsandnucleiandarecalledelectron( ¢)
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@) (b)

Fig. 30. (a) Structuralformulasandlocationof the spinlabelsl 1.14 andl 12.3 in amembraneand(b) their
EPRspectra.

andnuclear( \ ) magnetionomentsrespectiely. If singleelectronor singleprotonsareplaced
in a staticmagneticeld H, the enepgy of the spinswill be splittedon two enegy levels. The
enegiesoftheselevelsare-%g H and%g H , respectiely. Sothedifferencebetweerupperand
lower enepgy levelsis W = g H. whereg is magnetogyriaatio anddependn the nature
of paramagnetiparticle. For electrong 2. = 0:977 10 23J=T is Bohr'smagnetonThe
numberof electronsthatwill occupy thelower enegy level is N1 andthatfor upperlevel N .
TheratioN;=N, = e W=*T = g9 B=kT > 1 Thus,thenumberof electronsatthelower enegy
level will be higherthenin upperone.If now alternatingelectromagneticeld with afrequeng

will bedirectedperpendiculato the magneticeld H, the electronsdrom lower level will be
movedto theupperenengy level, i.e. the systemwill adsorkthe enegy. The maximumof enegy
absorptionwill take placeat resonanceonditions.In the caseof EPR,thisresonancérequeng
is

Re = g H=h; (27)

whereh is Plancks constant.lt is more convenientto keepfrequeng constantandchangethe
magneticeld intensity H . In this casetheresonancenegy absorptiorwill take placeat

Hre = h =g : (28)

The EPR spectrarepresenthe dependencef the intensity of absorptionon the magnetic
eld strength. Becausehe phospholipidmoleculesare diamagneticthey mustbe labeledby
spinlabels. Alternatively, spin probescanbe usedfor incorporationinto the lipid membranes
in orderto measureEPR signal. Figure 30 shavs the structuralformulasof two typical spin
probeswith differentlocationof nitroxyl radical. It is alsoshavn thelocationof the probesin
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the membraneandthe spectraof the probes. The EPR spectrumof quickly rotating!1.14 (1-
doxylstearatyepresents triplet involving narrov componentsAny slowing down of the label
rotation or ary movementanisotroy is associatedvith visible changein the nitroxyl radical
spectrumlt is typicalfor spinlabell 1,5 (12-doxylstearathenitroxyl radicalof whichis located
closelyto the polarheadgroupregion, which is moreorderedthanregion of innerhydrophobic
region of themembrane.

The EPRspectrumandits componentsire dependenbn the anisotroy of the ervironment
aswell ason the ordering,micro viscosity surfacechage, etc. Thus,increasecervironmental
anisotroy broadensspectralines which becomemoredistantfrom eachother ParameteA
, distancebetweeroutermaxima(Fig. 30) is sometimeemployedasit dependn the labelro-
tationspeedandon the degreeof the label orientationin respecto membranesurface.Also the
relationshipof amplitudesof the individual spectruncomponentss changed Changesn ervi-
ronmentaknisotropy arefollowedby changesn rotationaldiffusionof thelabel. Quantitatvely,
rotationaldiffusionis characterizetby therotationalcorrelationtime g

R o2 (Azz  Axx)=h; (29)

where(A,, Ay ) is the maximumanisotroly of the 1*N-hyper ne splitting of the nitroxyl
radical[131]. The characteristiaotationaltimes for lipids in uid stateare around10 ° s.
Characteristi¢cime for lipids restrictedby interactionswith proteinsareinregion g 1 5
10 ®s[132].

The orderingparametelS is an informative characteristiof EPR spectra. This parameter
characterizethe dggreeof orderingof the bilayer. The parametes is determinedy [133]

AII A? Axx + Ayy + Azz_
2A (Axx + Ayy):2 An=2+ A, '

whereA,x = Ayy = 0:58mT, A;; = 3:1 mT. The orderparametedependsn the structural
stateandcompositionof the bilayer. In generalthe parameteS decreasetoward the centerof
bilayer, whichis consistentvith increasednobility of thehydrocarborchainstowardthemethyl
groups(Fig. 31)[134].

Despiteanumberof advantage®f EPRmethodof spinprobesthe questiormayariseabout
possibledisturbancef themembrandy spinprobe.This problemdoesnot exist for NMR. This
is dueto thefactthatmary nucleushave their own magnetiomomentwhichis sensitve to their
surroundingi.e. they allow to measurédNMR spectraTheresonanceonditionfor NMR is given
by relation

Hrv = h=ov N (31)

wheregy is thenucleusnagnetogyricatioand y is nuclearmagnetonThe magnetionoment
is typical for nuclei'H, °N, 1°F, 31P etc, but not for *He, 1#0O, 12C. In biological objectsthere
aremary protons,which give possibility to apply this methodfor investigationof orderingand
dynamicsof biomembranesThe spectralines dependon the chemicalstructureof the atoms.
This is so-calledchemicalshift. Unfortunately large numberof chemicallydifferent protons
have similar value of chemicalshift. This problemcanbe solved by selectve deuterationof

the moleculesg.g. lipids usingisotopes’H or 13C. If hydrophobicchainsof phospholipidsare
predeuteratedheorderparametefs canbedeterminedThis parametedecreasetowardcenter
of thebilayersimilarly like in the caseof EPRmethod.
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Fig. 31. The plot of the orderingparametelS on the positionof hydrocarbonn, for fully hydratedmul-
tilayersof A — eggPCandB - eggPC+ cholesteromolar ratio 2:1) (Accordingto [134] reproduceddy
permission).

The study of structureand dynamicsof moleculeshasbeensuccessfullyperformedusing
31p NMR. The nuclei3!P areoften presentn variousbiological molecules. Thesespectraare
sensitve to the structureof lipid bilayer Thisis dueto thefactthatlipid phosphorugxhibits a
large chemicalshift anisotrop. In alargeliquid crystallinesystemssucharebiomembrandlin-
eardimensions> 200nm) therotationof thelipid moleculealongits long axisis only partially
averaged.Thereforeinsteadof narrov componenthe NMR spectrumis broadene@ndis com-
posedof alow eld shoulderandhigh eld peak(Fig. 32). This shapeof 3'P NMR spectras
typical for large multilayersystemse.g. MLVs. In contrastwith MLVs, in smallsonicatedinil-
amellarvesiclegULV) thefastdiffusionsof thelipid moleculegproducingine-narraving effect.
Thenarraov NMR spectraaretypical alsofor micelles,cubicor rhombiclipid phase$135,136].
However, whenlipids arein H,|; hexagonalphase(Fig. 32), additionalmotionalaveragingtake
placedueto lateraldiffusionaroundsmall (2 nmdiameteraqueougshannelsThiseffectresulted
in characteristic'P NMR line shapewith reverseasymmetrycomparedo the bilayer spectra
(Fig. 32) [136]. Thusthe 3P NMR spectracanbe usedfor studythe formationof nonlamellar
phasesn alipid systems.The nonlamellarsystems- hexagonal(H,,) phasesanappearn
initially lamellarphase®f lipid bilayerscomposeaf phosphatidylethanolamineshighertem-
peratures.Thetransportof ionscanalsoinducethe H,; | phas€g137]. Non lamellarphasesan
appeanlsoaroundproteinsin amembrang138].

The analysisof the NMR spectrarevealedthat at liquid crystallinestateof the bilayer fast
rotation,characterizedby relaxationtime g 10 7 s ! take place. At temperaturef phase
transitionof phospholipidfrom lessorderediquid crystallinephaseto moreorderedgel phase
at lower temperaturethe micro viscosity of the membranencreases.This is re ected by in-
creasinghetime of moleculerotation g > 10 °s. However, themobility of polarheadgroups
of phospholipidsarelesssensitie to the phasdransitionin comparisorwith hydrocarborchains
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Fig. 32. The schematicstructureof somephospholipidphasesndtheir 32 P NMR spectraReproducedyy
permissiorfrom Ref.[135]).

andthe relaxationtime of the rotationof the headgroupsis lessaffectedby temperature The
sensitvity of 3P NMR to a structuralstateof the membrananakesthis methodsensitve tool

for studythe phaseransitionsin lipid bilayers.For example,the half width 1= Of thesharp
peakof the 3L PNMR spectraof MLVs is in uenced by dipole-dipoleinteractionsbetweerphos-
pholipid headgroups. This interactionchangesduring phasetransitionof bilayer Therefore,
the phasetransitioncan be studiedby measurementf the dependencef the 1=2 on the
temperatur¢139].

Amongoptical spectroscop methodghe uorescent spectroscopys especiallysuitablefor
study the physicalpropertiesof lipid bilayers. The phospholipidsdo not reveal uorescence,
thereforethey shouldbe labeledby uorescencelabels,or uorescenceprobesshouldbe used
for monitorthemembrangropertieshecausé¢he probesaresensitve to their surrounding Cur-
rently thereexist alarge variety of uorescentprobesthatcanbeusedfor studyvariousaspects
of membrandiophysicsandbioelectrochemistryTheamphiphilicprobessensitve to themem-
braneanisotropy (e.g. 1,6 dipherylhexatriene(DPH)) or potentialsensitive styryl dyes(e.g. RH
421 or di-8-ANEPS)cansene asanexample.

The applicationof uorescentprobesto study orderingand dynamicsof the membrands
basedon measurementiorescenceintensities! ; andl» in two directionsof polarizationwith
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Fig. 33. The temperaturadependencef the uorescenceanisotrop, r, for uorescenceprobe DPH in
DPPCvesicIes( ) DPPCin comple with DNA (2) and DPPCin complex of dextranesulphate(4 ).
In lasttwo casesalso magnesiumnions were presentedn electrolyte. All compoundsverein equimolar
concentration®:5 10 4 moll ! andtheconcentratiorof the uorescenceprobewas?2 10 " mol !
(Reproducedvith permissiorfrom Ref.[141]).

respecto thedirectionof exciting beam respectiely. The uorescenceanisotrofy is character
izedby parameter

o 1

Thra, (32)

Thus,if the probeis in fully isotropicervironment,thenr = 0. The membranehowever
represenganisotropicdbody; thereforer 6 0 andtheir uorescenceanisotroyy will dependnthe
membranetructuraktate. Theanisotroy measureéh asteady-stateonditionscanbepresented
as

fo ri
r= ——+r;; 33
ot (33)
wherery andr; aretheinitial andlimiting valuesof time-resoledanisotropy, g is correlation
timeand s life time of uorescenceprobe.Theparametersy andr; areconnectedvith the
orderparametess [140]

S?= ry =ro: (34)

The uorescencespectroscopis usefulfor studytemperaturgohasetransitionsandfor the
mechanismsf interactionof variousspeciesvith lipid bilayer. As anexampleonFig. 33thereis
aplotof uorescenceanisotroy onthetemperaturebtainedvith DPHdyein vesiclescomposed
of DPPCandin complexesof DPPCwith DNA from salmonspermandwith dextran sulphate
in presencef magnesiumons. For pure DPPCvesiclesthe parameter sharplychangeswith
increasingthe temperatureat the region of pretransition(T 35 C) andat main transition
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Fig. 34. Fluorescencexcitation spectraof RH421in the aqueousolutionof 0.2 mg/ml DPPCvesiclesn
the control (full curve) andin the presenceof 0.5 M gramicidinA (dottedcurve) or 10 M phlorentin
(dashecturwe) (Reproducedby permissiorfrom Ref.[144]).

temperaturdT 41 C). For thecomplex DPPC+DMN\ +MgCl, only monotonouglecreasef

r wasobtained. It is possiblethatinteractionof DNA with the headgroupsof DPPCresulted
partialdenaturatiorof DNA andasa resultmore hydrophobichasednteractwith hydrophobic
partof thebilayer. Interactionof dextransulphatgDS)with DPPCis ratherstrongasit is evident
from Fig. 33. It is seenthat DS inducedsecondpbhasdransitionat temperaturdiigherthenmain

transitionof phospholipidsThis effect maybedueto the formationof hydrogenbondsbetween
hydroxyl groupsof DS andthe carboryl groupsof DPPC[141].

Potentiakensitve dyes like RH421or di-8-ANEPScanbeuseasasensitve tool for monitor
change®of membranepotential. They revealedso calledelectrochromieffect, i.e. the electric
eld causedshiftin their uorescencespectrg142].

The styryl days, like RH421, are amphiphilic with partition coefcient Ciipig =Cwater >
10° [143]. Dueto amphiphilicnatureof thedye, its polarpartis locatedat theregion of the polar
headgroupsof phospholipidsyhile the chromophoreandthe hydrophobidail of moleculeare
locatedat hydrophobigpartof themembraneThesensitvity of thedyeto thechange®f dipole
potentialof themembranas illustratedon Fig. 34, wherethe normalized uorescenceexcitation
spectreof RH 421in DPPCvesicleswith andwithout gramicidin(5 mol| 1) and/orphloretin
(10 mol | 1) arepresented.The shift of the spectraevidencesthat both specieschangeghe
dipole potentialof the DPPChilayer[144]. Quantitatie informationof the changesf dipole
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potentialcan be obtainedby determinationof the ratio of uorescenceintensitiesdetectedat
two excitationwavelengthon the blueandred edgesof the excitationspectrg144]. For RH421
dyeit isratio: R = |440=I540, Whereindexescorrespondo the wavelengthof excitationbeam.
For example,Shapwealov et al. [144] shoved, thatgramicidin A resultedpronouncediecrease
of the R valuewith increasingconcentratiorof this channelformer. It hasbeensupposedhat
gramicidinreduceghe existing positive dipole potentialof bilayersby inducingreorientatiorof
dipole-carryinggroups(cholinesor hydratedwaters).

Theion translocatiorcould changethe local electric eld in the membrand145], therefore
theelectrochromieffect of styryl dyescanbeusedfor studythe chage movementacrossnem-
braneswith incorporatedonic pumps[145].

If themembraneontaineduorescencedyesis shortlyilluminatedby intensive laserbeam,
the dyesat light exposedarealost of the uorescence.The uorescenceof this part, however,
startto increasewith time dueto diffusionof undamagedyesfrom surroundingnembranesur
face thatwasnotilluminatedby thelaser This method thatis calledphoto-bleachingallowing
to determinecoefcients of lateral diffusion of lipid bilayers(6 10 '2 m? s 1) or proteins
(10 * m? s 1). Largevariety of modernlaserspectroscopienethods suchare Ramanspec-
troscoyy, time resohed nano-and picosecondspectroscop arealsoof considerablénterestin
membranestudieg146].

5 Phasetransitions in lipid bilayers

The bilayer lipid membraneganexist in differentphasegependingon the watercontentand
temperatureTransitionbetweerphasesanbeinducedby varyingeitherthelipid concentration
(Iyotropic mechanism)er temperaturgthermotropicmechanism).For biomembraneshe par
ticular interestaretransitionsinvolving the lamellaror bilayerlipid phase.The phaseransition
processetypical for biomembraneareconnectedvith hydrocarborchain— meltingtransitions
andin transitiongto non-lamellaphasesThe chain-meltingransitionis basedn con guration
entropy of thehydrocarborchains.Thedriving forcefor transitionfrom lamellarto non-lamellar
phaseis thetendeng to spontaneousurvatureof the bilayer phase.This processhasgreatsig-
ni cant for cell or vesiclefusion[147].

The variousphaseshasbeenclassi ed by nomenclaturgroposedoy Luzatti [148]. Latin
letter characterizeshe type of long-rangeorder: L — one dimensionallamellar H — two di-
mensionalhexagonal,P — two dimensionaloblique, Q — three dimensionalcubic, C — three
dimensionakrystalline. A lower-caseGreeksubscriptcharacterizethe short-rangeconforma-
tion of the hydrocarborchains: — disordered uid), - ordereduntilted (gel), °— ordered
tilted (gel). Romannumeralsubscriptis usedto characterizéhe contentof structureelement:|
—parafn in water(normal),ll —waterin parafn (inverted).

5.1 Lyotropic and thermotr opic transitions

Lyotropic transitions. In general,lyotropic transition betweensingle phaseswill take place
via two co-existing phases.The lyotropic mesomorphisnfound in lipid-water systemcan be
schematicallyrepresentetby diagram(Fig. 35) [147,149]. At very low lipid concentrationbe-
low thecritical micelle concentratior{cmc), thelipid is in form of monomers At concentration
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Fig. 35. Schematidyotropic lipid-waterphasediagramfor phospholipidsThisis hightemperatureection
of thetemperature-compositioandis intendedprimarily to indicatephasetransitionsinducedby varying
water content. Hatchedareasindicatetwo-phasedomains. The left-handside of the diagram(from the
L phaseto higherwatercontent)is representate of single-chairphospholipidgV=Al < 1 —hereV is
volume,A is areaandl is the effective lengthof phospholipidmolecule)andtheright-handside(from L
phaseto lower watercontent)is representate of two chainphospholipidgV=Al > 1). (Reproducedy
permissiorfrom Ref.[147]).

higherthencmcthelipids form normalmicelles(M | ). With furtherincreasinghelipid concen-
trationthesystemis transformedrst to normalhexagonabhasgH ) (probablyviaintermediate
cubic phaseQ?). H, is thentransformedo the normalcubic phase(Q, ) andthento lamellar
phas€L ). Thissequencés typicalfor singlechainphospholipidsFor two chainphospholipids
attheirhigherconcentrationthelamellarphasés transformednto aninvertedcubicphasgQ; )
andthento andinvertedhexagonalphasgH ).

Thermotropictransitions Becausén excessof waterthecompositioris x edasinglephase
canexist overrangeof temperatureddowever, two phasegancoexist only at x edtemperature.
Therefore,sharpthermotropicphasetransitionoccursat certaintemperature.In general,the
sequencef thermotropictransitionsof hydratedphospholipidscanbe presentedy following
scheme

Tt

.
L e PP Pyt HY MMy (35)

With increasinghetemperatureat Ts the subtransitiorfrom crystallinephasgL ¢) to hydrated
lamellargel phase(L ) take place. Thelipid chainscanbetilted or not tilted with respecto
the bilayer normal. Then,at temperaturel,, the pretransitionfrom low temperaturgyel phase
to an intermediateripple phase(P o) take place. Thenthe main transitionfrom gel to uid
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lamellarphasgL ) occursatthetemperaturd;. ThephaselL is characterizedby disordered
lipid chains.With increasinghetemperaturéhe uid phaseundegofurthertransitions.Firstto

invertedcubicphasgQ) | ) andtheninto invertedhexagonalphaseH, ). The nal stageis the

transitioninto the invertedmicellarphase(M ). This phaseis characterizeasanimmiscible
oil in excesswvater Not all the phasesndtransitionsmentionedabove shouldappearor asingle
phospholipid147].

5.2 Thermodynamicsof phasetransition

At thephasdransitiontemperaturéhestructureandpropertief thelipid bilayerchangesharply
within narrov temperaturénterval — usuallylessthen0.1 C. The change®f orderingof lipid
bilayerareconnectedvith change®f entrogy of the system.In additiontherearesharpchanges
of thevolumeof phospholipidsThisis typical featureof the rst ordertransition.Thechangeof
Gibbsenepgy atthetransitiontemperaturéT,) is zero,ie. G= H; T; S = 0andthus
thechange®f entropy of the systemat phaseransitiontemperatur@areconnectedvith changes
of thesystementhalpy

St = H{=T;: (36)

For a rst ordertransition,the changein transitiontemperaturavith pressureP, shouldbe
directly relatedto thechangen volume, Vi, atthetransition,via Clausius-Clapgron equation
dT:
— = Na V= S; 37
P A S (37)
where S is the transitionentropy and N is Avogadros number This relationis valid for
phospholipidbilayers[150]. Similarly, the changein transitiontemperatureén responseo an
isotropicmembrandension , isrelatedto thechangedn bilayerarea A; atthephasdransition

% =2Na A= S (38)
wherethefactorof 2 allows for thetwo halvesof thebilayer. This equationhasbeenveri ed in
Ref.[151].

Variouseffects, particularly connectedvith the compositionof aqueougphase,e.g. ionic
strengthcaninducethe shiftin phasdransitiontemperaturésee[147]). For chagedlipids, shift
in transitiontemperaturarisefrom differencein surfacechaigedensityin thetwo phasesThis
shift canbe estimatedisingelectrostaticoublelayertheory(seebelow)

r !
"KT ? 2 A
TS = — - Na 1+ — 1 —t

c 5 (39)

where = P 8 N €2l =1000k T, isthereciprocaDebyescreenindengthandc = kT"= 2 e.
Theelectrostatishiftis determinednostlyby thechaigedensity |, theionic strength) , andby
the changein the area/molecule, A;. The experimentaldeterminatiorof the phasetransition
temperaturelueto the electriceffectshasbeenperformedoy Traubleetal. [152].
Experimentallythe phasetransitioncanbe determinedby measuringhe transitionenthalyy
by scanningcalorimetry Thecalorimetricpropertiescanbe presente@dsa speci ¢ heatcapacity
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Fig. 36. Calorimetricandspeci ¢ volumepropertiesasa functionof temperaturéor multilamellarvesicles
of DPPC.(a) - speci ¢ partialheatcapacity(the entireheatabsorptiorpeak,reducedl00-fold,is shavn at

the bottom), (b) - Speci ¢ partialenthalyy, (c) - speci ¢ partialvolume. Thetemperaturelependenciesf

undisturbedstatesareextrapolatediy dashedstraightlines. (Reproducedby permissiorfrom Ref.[154]).

or changesheenthalyy asafunctionof temperatureAn exampleof the calorimetricproperties
of multilamellarvesiclesof DPPCis shawn in Fig. 36 togethemwith a plot of speci ¢ volumeas
afunction of temperatureThe speci c volume,V = [1  ( 0)=d= ¢ of phospholipidcan
be determinedn the baseof the precisemeasuremendf thedensity , usinge.g.vibratingtube
principle[153]. Here is thedensityof thelipid solution, ¢ is thedensityof the buffer andc is

theconcentratiorf lipids. Thelow temperaturg@peakof heatcapacityat T = 35 Cis connected
with pretransitionj.e. transitionfrom ripple gel phaseto lamellargel phase.The narrav peak
atT; = 412 Cis connectedvith maintransitionfrom gelto uid lamellarphase.Fromthe

change®f speci ¢ volumewe canseesharpchangest maintransitiontemperatureon rming

the rst orderof themaintransition.

5.3 Trans-gaucheisomerization

Microscopicallythe chainmeltingis connectedwith rotationaroundcarbonbondsof hydrocar
bonchainsof phospholipidsThelowestenegy holdsfor transandhighestfor cis conformation
of the chains. At gel statethe rotationis restrictedandthe saturatecthainsarein transconfor
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Fig. 37. The conformationof hydrocarborchainof phospholipid. A — transcon guration, B — gauche-
trans-gaucheonformation C — cis-trans-gaucheon guration.

mation. Whentemperaturepproachinghe phasetransitionregion the probability of rotation
increasesTherotationby 120 relatively to transconformationresultedn formationof gauche
(+) or gauche( ) conformation. Enegetically the gaucheconformationdoesnot differ sub-
stantially from transconformation(2—-3 kJ mol ), however thesetwo conformationsare sep-
aratedby relatively high enegeticalbarrier (12-17kJ mol 1. The appearancef gauche(+)
conformationcausedsterical dif culties in a bilayer However, subsequengjauche( ) rota-
tion resultedin diminish of stericalrepulsion. As a resultthe gauche(+) -gauche( ) rotation
the kink conformationof lipid chainappeargFig. 37). In this casethe spacecon guration of
the chainis presered, but the chainis shorterby 0.127 nm and the cross-sectionaareain-
creases.The phasetransitionin lipid bilayerfrom gel to liquid stateis thereforeaccompanied
by decreasindghe thicknessandincreasinghe areaper molecule. The volumeof phospholipid
changedn lesserextend. The presenceof unsaturategphospholipidscausedconsiderablén-
creasinghe probability of trans-gauch&somerizatiorandthereforethe phaseransitiontemper
aturedecreasedn orderto estimatethe effectivity of trans-gauchésomerizatioriet uscompare
the frequeng of torsionaloscillationsof C-C bonds( 7  10%? s 1) with the frequengy of
appearanceéhe gaucheconformationat the roomtemperaturg 300 K). Consideringthatthe
enegeticbarrierseparatinghe transandgaucheconformations E = 12kJmol ! we have:
= (kT=h)exp] E=RT)] 109 s ![86]. Thus,thegaucheconformationappearsith a
high frequeng dueto torsionaloscillations.In the uid statethe kink canmove alongthe chain
dueto synchronousotationby 120 of correspondingC-C bond. The shift to the neighboring
positionis of theorderof L = 0:13 nm. The shift of the king canbe considerecasonedi-
mensionabiffusionalongthe chain. This diffusioncanbe characterizety diffusioncoefcient
Dk = 05 ( L)2 10 ®cn? s ! (herewe assumedhatthe frequeng of the jump of the
kink is of theorderof 10'° s 1). This valuepracticallycoincideswith the diffusionof oxygen,
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wateror smallmoleculesof non electrolyteshroughlipid bilayer. Thusit canbe assumedhat
thetransportof somespecieghroughthelipid bilayercanbe dueto appearancef freevolume
in amembrandormedby kinks.

5.4 Order parameter

High mobility of hydrocarborchainsallowing to determineonly average mostprobableorien-
tation of the chains. Evenin a gel statethereexist conformationaimobility of the chainsthat
increasesowardthe centerof the bilayer. In orderto describethe shift of the orientationof the
chainfrom the directionnormalto the bilayer surfacethereis usuallyusedthe orderparameter
Sn

Sy = gC’O’SZ n %;
where |, is the anglebetweenthe normal of the bilayer andthe normalto the planeformed
by two vectorsof C-H bondsof the n-sggmentof the hydrocarborchain. Obviously for ideally
orderedchainS = 1 andthatfor disorderecohaseS = 0. The orderparametenf the bilayer
is almostconstanup to 8-9 methylsggment,but decreasesubstantiallyafterthis segment. This
hasbeenestablishedboth by NMR andEPRspectroscop[6,132]. It is possible thattheinitial
segmentsof the hydrocarborchainprovide cohesioninteractionbetweenthe chains,thatis, in
additionto hydrophobidnteractionnecessarfor preservinghebilayerintegrity. It is interesting
thatin mostof the naturalphospholipidghe doublebondsin anunsatutratedatty acidsoccure
after9 carbonatom,andthusdid not decreas¢he orderingof the denselypacled startingparts
of thechains.

(40)

5.5 Cooperativity of phasetransition

The chain-meltingtransitionof phospholipidswith saturatechydrocarborchainsis highly co-

operatve with transitionwidth that canbe lessthan0.1 C. Phenomenologicaheory of the
cooperatyity of the phaseransitionhasbeenformulatedon the basisof coexistenceof the clus-
tersof lipid molecules.The cooperatiity of the transitionis evaluatedasthe ratio betweerthe
Van't Hoff enthaljy to the calorimetricenttbalg/: Hyn= HcaL = 1= g, where g isthe
parametepf cooperatiity andthevaluel=" " is the sizeof cooperatiity unit( o = 1 corre-
spondto non cooperatie behaior, while value ¢ < 1 representooperatie behaior. Lesser
valueof the ¢ the highercooperatiity of the system).The Van't Hoff enthalfy canbeapprox-
imately estimatedfrom the half width of the transition T,-,. Hyy = 7T2= Ty, [86].

For example,the numberof lipid moleculesin a cooperatie units for DPPCwasestimatedas
70 10andthatfor DMPC 200 40. Dueto thermal uctuationstheliquid phasebornin a gel

phase At the phasdransitiontemperaturéothgel andliquid phasecoexist. With increasinghe
temperaturéhe numberof moleculesn a gel phasedramaticallydecreasesThe uctuationsin

clustersizetake placethroughouthetransition[155].

5.6 Theory of phasetransitions

The simplesttheory of phasetransitionin a lipid bilayershasbeenraisedby J. Nagle [156]
andis basedntheordering-disorderingransitionwith assumptiorof existenceof trans-gauche
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conformationsn eachhydrocarborchain(seeabove). Thetemperaturef phaseransitioncal-
culatedon the baseof this theorywas closeto that obtainedby calorimetry In the model by
Marelja[157] the enegy of the chainwith con gurationi in abilayeris determinedasfollows

Ei = Eiin + Ej‘iisp + pAi; (41)

whereE/, is the enegy of the chainconnectedwith trans-gauche-transitiorThe seconderm

g,is is connecteavith intermoleculadispersénteractionsandthethird term(pA') is connected
with existenceof the lateralpressuren a bilayer dueto stericrepulsions electrostatianterac-
tions and hydrophobiceffect. The modelof Mareljaallowing to calculatethe phasetransition
temperatur@ndthe enthalpy of the transitionaswell asthebasicgeometricaparametersf the
chainsin agoodagreementvith experiments.

The phasetransitionsin a bilayer can be describedin generalalso by phenomenological

theoryby Landay158]. Thistheoryallowing to calculatefreeenegy nearbythephaseransition
temperature

G =a + %az 2 %ag 3+ %a4 4; (42)
where is orderingparametgra; = p(Ar  Ag), pis thelateralpressureAs andAg arethe
areaperlipid moleculein liquid andin agel staterespectiely. Coefcients a,, az andas canbe
foundfrom thedependencef T; and onthelateralpressurdp). The parametersf the phase
transitioncanbe found from the minimaof the functionG (T; ). In thetheoryof Landauthe
orderingparameteis determinedhroughareapermoleculein atransitiontemperature

Ar A
= A A, (43)
whereA is therealareapermoleculein abilayer. UsingthelLandautheoryit hasbeenpossibleo
estimatethein uence of cholesterolndproteinson a phaseransitiontemperatureThe results
of theseworksarein agreementith thetheorydevelopedby Marelja.

The microscopicPink lattice model[159] is basedon descriptionof conformationalproper
tiesof agyl chainby asmallnumberof conformationattates Theconformationathainvariables
arecoupledby hydrophobicanisotropicvander Waalsinteractions Theinteractionbetweerthe
hydrophilic moietiesis modeledby a Coulomb-typeforce or simply by an effective intrinsic
lateralpressure.

Detaileddescriptionof the phasetransitionsin lipid bilayersis givenin book by Cevc and
Marsh[3].

6 Mechanical propertiesof lipid bilayers

6.1 Anisotropy of mechanicalpropertiesof lipid bilayer

Viscoelasticpropertieshave a signi cant role in allowing biomembraneso perform different
functions. Togethemwith cytoskeleton,viscoelasticitydetermineshe cell shapeandthetransfer
of mechanicableformationfrom mechanoreceptots sensitve centers.Moreower during con-
formationalchange®f the proteinsalsothe physicalpropertiesof the membraneould change.
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Fig. 38. Schematiaepresentationf the membranedeformation. Arrows indicatethe applicationof me-
chanicalstress For explanation seethetext.

Thesechangesould be describedy meansof macroscopi@pproactusingthe theoryof elas-
ticity of solid bodiesand liquid crystals. The structureof lipid bilayer is simplerthanthose
of biomembranesHowever even the structureof BLM hasclearly expressedanisotrogy. This
leadsto stronganisotroly of membraneiscoelasti@ropertiesandrequiresdescriptiorof bilayer
propertiedyy severalelasticitymodules.Thedif culties of describingof membranelasticityare
still notexhaustedy this phenomenonThebehaior of deformablesolid bodiesis describedy
thetheoryof elasticity The principal differencesf biomembranefrom the classicalobjectsof
thistheoryareasfollows. Themembranehicknesss very smallandis betweer20—-200atomic
size. Thereforethe in uence of microheterogeneitpf eachatomiclayer on membraneprop-
ertiescanbe substantial.In this casethe macroscopigparametersf the membranewhich are
theresultof the averagingof their propertieover the ervironment,canconsiderablydiffer from
thecorrespondingarametersf the membranet the level of somedistinguishedayers.Onthe
otherhand20-50atomiclayersis too largea valueto enabletheir descriptiorby equation®f the
theoryof elasticityfor eachlayer. Thereforethereexist a numberof modelsof biomembranes
as elasticbodies,which averagethe propertiesof biomembrane®y certainnumbersof such
layers[160-164]. However, for subsequerdinalysisit is necessaryo introducea macroscopic
descriptiorof membranasanelasticbhodyandgeneralizét to accounfor its viscousproperties.
This analysishasbeenperformedin monograpH76]. It hasbeenshavn thatunderstandingf
themembranesa viscoelastidody requiresanalysisof membranaleformationin differentdi-
rections(Fig. 38): (1) volumecompressibility;(2) areacompressibility;(3) unilateralextension
along membraneplane; (4) transwersalcompression.The mechanicaparametershat charac-
terizemembranedeformabilitylisted above are volumecompressibilitymodulusK andYoung
moduli of elasticityE, | , E1o andE- , respectiely. Theseparameterarede ned asfollows

K= px V=V), Ei = x5 A=A)=2 = C=0),
ElO = X:lJXXI E? = p:lJzz = 2p:( C:C),

where  is the mechanicalstressalongthe membraneplane, p is the pressurecompressing
the membraneU,, and Uy, are relative membranedeformationin transersaldirection and

(44)
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alongthe membraneplane, V/\, A/A, C/C arethe relatve changesf the volume, area
andelectricalcapacitancerespectrely. Owing to small dimensionsof the membranespecial
methodaveredevelopedfor measuremerthe elasticitymodules.Below we brie y describehe
basicmethodsof measuremerthe elasticitymoduli of lipid bilayerandwill shav their typical
propertiesMechanicabropertiesof lipid bilayershave beendescribedn detailelsevhere[76].
Transwersal elasticitymodulusE, . Trans\ersaldeformation,i.e. parametet),, = d=d
(d is the membranehickness)annot be measuredlirectly dueto smallthicknessof the mem-
braneandextremely small change®f the thicknessupondeformation. Thereforethe trans\er-
sal deformationis determinedmostly from the measurementf the changesof the membrane
electricalcapacitanceIn the caseof isovoluminousdeformation,i.e. whenthe volume com-
pressibility K , is muchhigherthenE, (this hasbeencertainly shaved experimentally[76]):
d=d = C=2C (i.e. decrease®f thicknessresultedin increaseof membranecapacitance).
In transwersaldirection, the membranecan not be deformedby mechanicalpressure. How-
ever, becausehe membraneébehaeselectricallyasa capacitoy whenvoltageis appliedto the

BLM, it will compresghe membranewith an electrostrictionpressurep = 052(\1/2 (Cs is the
speci ¢ capacitancef the membraneCs = C=A andV is the appliedvoltage). Therefore
E, = pH d=d = 2pH C=C). For measurementf the change®f capacitanca special
methodis requiredaswell. Thisis connectedvith inhomogeneityof the membranendwith the
presencef thick Plateau-Gibbs&order For example,if the dc voltagewill be appliedto BLM
andthe capacitancewill be measured.g. by capacitanceneter thenthe measurecchanges

C=C will benotonly dueto thechange®f thethicknessOtherfactorssucharerehuilding of
new bilayerpartsfrom the Plateau-Gibbsorderwill alsocontributetothe C value.As aresult
the determinedelasticity moduluswill be underestimateth comparisorwith their real value.
This particularly explainsthe underestimategaluesof transwersalelasticitymodulusin earlier
works (see[76] for review). Therefore specialelectrostrictionmethodbasedon measurement
of the amplitudeof highercurrentharmonicshasbeendeveloped[165]. This methodaswell
asits applicationto variousBLM systemshasbeendescribedn detailin Ref. [76]. Briey, if
analternatingvoltageof amplitudeV is appliedto the BLM throughelectrodege.g. Ag/AgCI
electrodes)dueto the nonlineardependencef capacitancen thevoltage(C = Co(1+ V 2),
whereCy is thecapacitancatV = Oand istheelectrostrictiorcoefcient), thehighercurrent
harmonicswith frequencie®f, 3f, etc. amplitudel ,, | 3, etc. respectiely, will be generatedn
additionto thebasic rst currentharmonic(frequeng f) of anamplitudel ;. Themeasurements
of theseamplitudesallowed us to determinevariousparametersparticularlythe absolutevalue
of elasticitymodulus

E> = E, = 3CsUZI1=(4dl3); (45)

whereCs is the speci ¢ capacitancef the membrane If in additionto the amplitudealsothe
phaseshift,' , betweenrst andthird currentharmonicis measuredthencoefcient of dynamic
viscosity , canbedetermined

= E» sin'= (2 f) (46)

(se€[76] for detaileddescriptiorof the methodandexperimentaketup). Theelasticitymodulus
E» is a comple value, which re ects the viscoelasticnatureof BLM deformation. Due to
viscoelasticitytheelasticmodulusshoulddependnthefrequeng of deformation.Thishasbeen
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Fig.39. Frequenyg dependencef (a)theelasticitymodulus E- , and(b) phaseshift," , foraBLM of eggPC
in varioushydrocarborsolvents: (1) n-heptane(2) n-decane(3) n-hexadecane(4) — eggPC+cholesterol
(1:1w/w) in n-hexadecane.

approved by the currentharmonicmethod[76]. The exampleof the plot of elasticity modulus
andphaseshift asafunctionof frequeng of deformationis presentean Fig. 39for BLM of egg
phosphatidylcholingdegg PC) containedvarioussolvent (n-heptanen-decaneo n-hexadecane)
aswell asfor thosecontainingcholesterol.We canseethatfor BLM containedn-hexadecane
(curve 3) the value of E, is muchhigherin comparisonwith those containedn-heptaneor
n-decaneThisis connectedvith theamountof the solventin lipid bilayer, whichis lower for n-
hexadecaneWe canseethatpresencef cholesterotausedurtherincreasef elasticitymodulus
andsubstantiallyminimizedthe dispersiorof this valueat lower frequeng of deformation.For
comparisonthe approximatevaluesof elasticity moduli for rubberandbondare 10* and 10°
Pa, respectiely. Interestingly the elasticitymodulusof BLM composedf eggPC+ cholesterol
without solventis closeto thosefor bond[76].

The frequeny dependencef elasticity moduluscan be explainedby simple rheological
schemgFig. 40c). This schemeconsistsof two elasticelementsvith moduli Eq andE; , and
oneviscosityelementwith the coefcient viscosity . TheelasticitymodulusE characterizes
themechanicapropertienf BLM atlowerfrequencieswhile E; representtheelasticitymod-
ulus at higher frequeng. At highestfrequeng of deformationthe viscouselementdoesnot
follow the changef membranehickness. Thereforethe elasticity of BLM is determinecdby
thevalueof E; . As soonasthe frequeny decreasethe elasticity elementstartto contritute
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Fig. 40. Comparisorof theoreticaland experimentallyobtainedfrequeng dependencef the (a) dynamic
modulusE, andthe (b) angleof losses , calculatedfor onerelaxationtime accordingto the schemgc).
Experiment- experimentallyobtaineddependencéor BLM of eggPCin n-hexadecandseealsoFig. 39,
cune 3); theoreticakcurveswith modelparameteEo=E; : 1-0;2-0.05;3-0.1.

into the membranaleformationandthe elasticitymodulusdecreasesAt verylow frequeng the
viscousfrictions is rathersmallandthe elasticityis determinednostly by thevalueof E .

In the caseE; E, the dependencef elasticitymodulusE, on frequeng canbe de-
scribedby equationwith onerelaxationtime g

E, Eo+il rE1 =(1+il R); (47)

where g =E; . Theexperimentaldependencef elasticitymodulus,E - , andthe angleof
losses, (Fig. 39, curves3) wasusedto estimateparameter&,; E; and r, usingrelation-
ship(47). AtE; E; theshapeof the curvesis determinedby the parameteE=E; only.
The curvesare shiftedalongaxes 2f. Fig. 40 shows thatthe theoreticalcurves (1-3) satishc-
torily approximatehe experimentallyobtaineddependencexceptfor the high frequeng part.
Theapproximatiorof theangleof losses is lesssatishctory If elasticitycharacterizedby the
modulusof elasticityEq is absentthenthe dependence (2f) (Fig. 40b, curve 1) decreaseat
high frequencieslik e the experimentallyobsened dependenceHowever, curve' (2f) lacksa
maximum. If Eg 6 0, a maximumoccurswithin aninterval of 40-320Hz. With the increas-
ing ratio Ep=E; , the maximumbecomedower andshifts towardshigherfrequenciesAt high
frequencieschangedsn the angleof losesat variousratiosEg=E; arerelatively small. The
existenceof amaximumon curve' (2f) is explainedby the factthatBLM elasticityat low and
high frequenciuess determinedby elasticelementgEq or E; ), andthus' (2f) 0. In the



754 Structureandphysicalpropertieof biomembrabeandmodelmembranes

Fig. 41. Frequeng dependenciesf animaginarypartof anelasticitymodulusimE>, . 1 —theoreticakurve
calculatedfor onerelaxationtime usingequation(47). 2 — ImE» for eggPCin n-heptane3 — ImE> for
eggPCin n-hexadecane.

interval betweerlow andhigh frequenciesit is theviscosityelement3 which alsocontributeto
thedeterminatiorof BLM viscosity Consequentlythe valuesof theangle' within thisinterval
rangebetweerD and90 .
Parameter€ | 10° PaandE, 0:1E; canbeeasilyobtainedrom Fig.40a.Parameter

r canbe evaluatedat the frequeny (2f),-, : at this frequengy E, decrease$o one half as
comparedo E; . Forcunel, r  0:576=2 (2f)1= 0:57 ms. Hence this simplemodel
enableausto qualitatively explain the experimentalresults(Fig. 39), namelythe stronginitial
growth of parameteE, with theincreasingrequeng anda gradualretardatiorof this growth
at higherfrequencies.This modelalsoexplainsthe decreas@®f the angleof lossesat low and
high frequenciesandallows usto evaluateparameter&g, E; and g for BLM composedf
eggPCandn-hexadecaneTheabove model,however, failsto explainthegradual althoughslow,
growth of E, with increasingfrequeng within the interval of small dispersion,andthe very
smalldecreasef' within thisinterval. Moreover, acomparisorof Figs.40aand40bshowvsthat
abetterquantitatve coincidenceof calculationswith oneof the experimentallyobtainedcurves,
e.g. E» (2f) resultsin a wealer coincidencewith one of the experimentallyobtainedcurves,
' (2f). It is entirely unclearhow to expressexperimentallyobsened dependenciek » (2f) for

membranesontainedsolventwithin the above simplemodelwith onerelaxationtime.

This factis bestdocumentedy showving the theoreticalcurve for ImE, togetherwith ex-
perimentalcurves2 and3 (Fig. 41) for ImE, (BLM of eggPCin n-decaneor n-hexadecane,
respectiely, seeFig. 39). Curne 1 (ImE> ) constructedy relationship(47) for onerelaxation
time hasa maximumat2 (2f);-, g = 1, andis muchmorenarravedthanthe experimentally
obtainedrelationship.The experimentarelationshipcanbe obtainedby superpositiorof several
curvesof the sametype as1, shiftedalongthe frequeng axis. The standardyeneralizatiorof
thetheoryin this case asacceptedy rheology consistan afurtherimprovementof the model
(theadditionof otherelasticandviscosityelementsyith anintroductionof a spectrunof relax-
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Fig. 42. Inhomogeneousnechanicalmodelsof BLM and the natureof membranedeformationupon
trans\ersalcompression.The dashedine shavs the positionof membrangartsfollowing compression.
(a) schemeof a three-layerBLM structureon cross-section(b) sandwichwith entirely adheringlayers;
(c) sandwichwith free gliding of layers;(d) sandwichwith microinhomogeneitieandadheringlayers. A
— bilayer, B — microinhomogeneityith diameterr,; (e) and (f) schemef planarandroughedBLM,
respectiely. (Reproducedby permissiorfrom Ref.[76]).

ationtimes[166]. Fig. 41 shows thatthata spectrumof relaxationtimesbetweenl—0.01msis
characteristidor BLMs of variouscomposition.This factaddsa qualitative natureto a viscosity
evaluation. In spite of this, in evaluatingthe initial directivesof the frequeny dependencef
E,,withE, ! | effectivevaluesof 10® Pas canbeobtainedor eggPCin n-decanend
10° Pasfor eggPCin n-hexadecane.

For thethreelayermodelof lipid bilayer(Fig. 42), thereologicalschemeof BLM (Fig. 40c)
may have a simplestructuralinterpretation The elasticelementwith alargevalueof E, = E;
consistsof two elementddescribingthe elasticity of outerlayers,andlimiting elasticity of the
innerlayerat higherfrequenciesElementwith smallvalueof elasticity i.e. Eo, correspond$o
theinnerlayer Uponcompressionhydrocarborchainsgetreomganizedn this elementwhichis
naturallyassociateavith the overcomingof the potentialbarriersof moving chains,.e. with vis-
cosityforces.Viscosityforcesareallowedfor by elementwith viscosity . Monotonousggronth
of E» in parallelwith frequeng is dueto the factthatwithin the low frequeng interval chain
rebuilding may be completedwithin the pressurechangeperiod. However, at higherfrequen-
cies, this rekuilding durationis longerthanthe pressurechangeperiod. Consequentlyidentical
pressurevaluesresultsin wealer deformationat higherfrequenciesandthusis associatedvith
largervaluesfor moduli of elasticity

The questionarises what are the causesinderlyingthe considerablaifferencesn E, for
BLMs of variousthickness.In thinnermembranege.g. BLM in n-hexadecane)hydrocarbon
chainsof lipid moleculestouch eachotherin the inner membrandayer, and are sufciently
closelyordered.In thickermembranege.g.BLM in n-heptaner n-decanejvith largeamounts
of solventin the membranethis orderingis lesscompact. Qualitatvely, the dependencef
E-» on membranehicknessmay be associatedvith both, the closenes®f chain orderingin
contactareaandtheir ability to bendandrotate. With densechain ordering,pressureapplied
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to the membranen the direction perpendiculato the surface,is able to induceonly a weak
compressionf thebilayer With alooserorderingthe chainsmaychangeheirconformatiorand
orientationdueto pressureanda considerablelecreasef bilayerthicknessmayresult. Hence,
thicker BLMs shouldhave lower E, thanthinnermembranesObviously, the orderingdensity
alsodetermineghe rangeof relaxationtimes: with looserchainorderingin BLMs, processes
maytake a relatively shorttime to be completed.lt is therefore not surprisingthatthe rangeof
relaxationtimesfor aBLM with n-decanes in theregion of shortertimesthanin the caseof the
BLM with n-hexadecane.

The elasticity moduluskE, is extremely sensitve to the lipid compositionand contentof
cholesterobr othersterols. For example,E, valueincreasesvith increasinghelengthof hy-
drocarbonchainsof phospholipidsthat evidenceon higher order of hydrophobicpart of the
membranalueto moreextensie hydrophobidnteractionbetweerthe phosholipidschaing[76].
On the otherhandE» decreasesvith increasingof the degreeof unsaturatiorof fatty acids,
thatevidenceon decreas¢he membraneordering[167]. This elasticity moduluschangeson-
siderablyupon interactionwith BLM of low molecularcompoundsg.g. local anestheticor
macromoleculess.g. integral or peripheralproteins[76]. The methodof measuremeri, has
beenappliedalsoto the supportedipid membranesindgave possibility to studythe af nity in-
teractiong168] or theinteractionwith BLM of nucleicacidsandtheir complexeswith cationic
surfactant169].

The areaexpansionmodulus,E, | , canbedeterminedy the methodof micropipetpressur
ization of giantbilayer vesicles[151], or by determinatiorof the changeof electricalcapaci-
tanceduring periodicaldeformationof sphericaBLM [160]. Thevalueof E,;, canbemeasured
only in a limited rangeof frequencieg5-10Hz). The typical valuesof E,; of BLM with the
hydrocarborsolventwerein therange10’—10° Pa, which is morethen10 time higherthenthe
valuesof E, for similarBLM compositioratlowestfrequeng of deformation(20Hz). Thearea
expansiormodulusis lesssensitve to thelipid compositioranddoesnotsigni cantly depencdbn
thelengthof hydrocarborchainsof phospholipidsanddegreeof their unsaturatiorf170].

The elasticitymodulus E;o hasbeenmeasurediponlongitudinal distensionof cylindrical
BLM formedbetweentwo circles,with oneof themoscillatingandthe otheronebeingattached
to anergometer ValuesE1y  10° Pahave beenobtainedfor membranesf variouscomposi-
tion. They wereindependentf frequeng overaninterval of 30—200Hz, i.e. they aredetermined
by bilayerelasticityratherthenviscosity[171].

Modulus of volume compressibilityK hasbeenmeasuredy determinationof soundve-
locity in suspensiomf small unilamellarliposomes.Valuesof K = (1:70 0:17) 10° Pa
have beendetermineddy this methodfor liposomescomposedf egg phosphatidylcholineThe
valuesof a similar orderhave beenobtainedalsoon large unilamellarliposomescomposedf
polyunsaturatedatty acids[167]. Using the measurementhe elasticity modulusK , the me-
chanicandthermodynamigropertiesof liposomesof variouscomposition,andthat contained
cholestero[172] or modi ed by proteing[173] canbestudied.

Theexperimentondeterminatiorvariouselasticitymodulirevealedthatthesevaluescanbe
estimatednly in alimited rangeof frequenciesg ||, —5-10Hz, E o —2—-300Hz,E, —20Hz-
15kHz andK — 7 MHz [76]. However thesevaluescan be approximatedo the frequeng
range10-200Hz [76]. It hasbeenshawn, that following inequalitieshold for theseelasticity
modules:E 19, E-» E K. Thusthe BLM representnisotropicviscoelastidbody. The
correspondingnodelof BLM deformationshouldful Il theabove unequalities.
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6.2 The modelof elasticbilayer

It hasbeenshown [76], thatthe mechanicapropertiesof BLM cannotbedescribedy isotropic
mechanicamodelsproposedoy Wobshall[160] or by Evansand Skalak[174]. Recentlydis-
cussedrushmodelof themembranenechaniceomposeaf two isotropiclayerswell describe
the behavior of areaexpansionandbendingelasticitymodules[170]. However the modeldoes
not provide information aboutdistribution of chainacrossbilayer andthus, doesnot consider
anisotroy of mechanicapropertiesn transwersaldirection. The threelayermodelof deforma-
tion hasbeenassumedor descriptionof BLM anisotroly by Passechnif164]. Thetwo outer
layers(thicknessh;) have amodulusof elasticityE (), andtheinnerlayer (thicknessh,) hasa
modulusof elasticityE @ << EW | like asandwich(Fig. 42).

Mechanicalstressin membraneplane (measuremendf E; ;) deformingthe layerswith a
large elasticmodulus(E @) andthe stresgperpendiculato the membraneplane(measurement
of E-» ) deformingthe “soft” layermodulus(E ? ). Thereforeonecanexpect,thatE, El.
Deformationof the “sandwich”depend®on the degreeof adheringof layers. Fromthe analysis
performedn [76] follows, thatthethreelayermodelwith differentdegreeof layeradherencé.e.
sandwichwith fully adheredayers,Fig. 42b, andsandwichwith free gliding layers,Fig. 42c)
candescribeonly the propertiesof the small partsof a BLM. To describethe deformationof
all BLMs thesepartsmustbe separatedby the regionsinto which a “super uous” matterof bi-
layer, whichis squeezedutwith thetrans\ersalcompressiomf the BLM, will beadsorbedFor
this purposemicroinhomogeneitiewith thicknessot surpassinghatof BLM wereincludedin
the model[164]. As in modelsa-c (Fig. 42), the modelwith inhomogeneitiexonsistsof an
inner layer, the elasticity of which is considerablylessthanthat of externalones. Obviously,
the microinhomogeneitiesepresenmetastabldormationsoriginating at the momentof mem-
braneformationdueto the factthatthe solventis unableto leave the BLM volumequickly and
mustbe locatedsomeavhere. The crosssectionsize of microinhomogeneitiemustbe compara-
ble with membraneghicknessd. In this casethe microinhomogeneitiedo not contritute to the
electricalcapacitancef theBLM: C  d 1!, i.e. aswithout microinhomogeneitieésee[76]).
Thehypothesisaboutthe existenceof microinhomogeneitieallow usto explainwhy trans\ersal
compressiommf aBLM by anelectrical eld leadsto changesn membranecapacitanceln this
casemainly theinner “soft” layeris deformed.Moreover, deformationis isovoluminous[160].
And this leadsto a bulging of the matterof the inner layer from the planarpartsA to the mi-
croinhomogeneitie® (dashedine in a Fig. 42), in thatit become‘invisible” (thesepartsdo
not contritute to the capacitance)For the planarbilayer (Fig. 42c) the increaseof capacitance
in oneplaceis compensatedly its decreasén anotherplace. Thus,the mechanicaproperties
of aBLM canbe qualitatively describedy a three-layerlasticmodelcomposedf anisotroy
elementsvith defects.More detailedanalysisof thethree-layemodelof BLM elasticityis given
in Ref.[76].

6.3 Mechanical propertiesof lipid bilayersand protein-lipid interactions

Protein-lipidinteractiongplay an essentiafole in the functioningof biomembrane§l 75]. The
speci city of theseinteractionsis, however, underdiscussion. Most probablythe exact lipid

compositionis not soessentialFor examplechange®f thefatty acid chaincompositioncaused
by diet hasno injurious effect on cell function. However, dietaryinducedchangesn lipid com-
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positionarelimited: somefeaturesof the fatty acyl chaincompositionaremaintainedconstant,
like chainlengthin therangebetweentypically C16 and C20,with abouthalf the chainsbeing
saturatedndhalf unsaturatedThis meanghatoverallfeaturesof thelipid compositionsuchare
lengthandsaturatiorof fatty acid arelikely to be importantfor the membrangropertieq176].
Thelengthandsaturatiorof fatty acidareresponsibldor thecreationof certainthicknessof the
membraneandits physicalstate whichareimportantfactorshatdetermininghe proteinlipid in-
teractiong175,176].In certaincasealsothe structureof the polarpartof the phospholipidplay
rolein protein-lipidinteractions.Thereis, however, evidencethatsmallnumberof speciallipids
is importantfor functionof the protein. For examplefor C&2* ATPaseit is phosphatidylinositol
4-phosphateThebindingof thislipid resultedn increasingheactvity of the calciumpumpby
twice [176]. Speci c actvity to cardiolipinhasbeenobsenedfor cytochromec oxidaseg132].

Thefunctioningof membrangroteinswhich is accompaniedby changesn their conforma-
tion, couldin uence the structureandphysicalpropertiesof the surroundindipid ervironment.
Theinteractionof proteinswith membraness provided both by electrostatidorces(mainly pe-
ripheralproteins)andby hydrophobidnteractiongintegral proteins).

The structureanddynamicaspecof protein-lipidinteractionsanbeinvestigatedirectly by
variousphysicalmethods. The EPR spectrareveal a reductionin mobility of the spin-labeled
lipid chainson the binding of peripheralproteinsto negatively chagedlipid bilayers. Integral
proteinsinducea moredirect motionalrestrictionof the spin-labeledipid chains,allowing the
stochiometryandspeci city of theinteraction,andthe lipid exchangerateat the proteininter-
face,to be determinedby EPR spectra. In this way a populationof very slowly exchanging
cardiolipinassociateavith themitochondrialADP-ATP carrierhasbeenidenti ed (see[177] for
review). Fluorescencepectroscopis alsoeffective for the studyof protein-lipid interactions.
In particularRehoreket al. [178] shavedthatasa resultof conformationathange®f the inte-
gral protein,bacteriorhodopsirthe orderingof thelipid bilayerincreasesnda transmissiorof
conformationaknegy occursover the distancemorethen4.5 nm. Mechanicalpropertiesof the
membranearealsovery sensitie to the conformationathangesn lipid bilayers.Thein uence
of bacteriorhodopsinnthestructuralstateof spaciousegionsof planarbilayerlipid membranes
(BLMs) wasshavn by meansof measuremenf elasticitymodulusg, [179]. It wasshown,
thatthe areaof alipid bilayerwith analteredstructureperoneclusterconsistingof threebacte-
riorhodopsinmoleculessurpasse2800nm?. Moreover, asa resultof the illumination of BLM
modi ed by bacteriorhodopsia considerabléncreaseof E, occurredmorethen5 times)with
a further saturationon a stablelevel. This conditionwas preseredfor several hoursafterthe
illumination wasswitchedoff. This shavsthe possibilityof mechanicaknegy accumulatiorin
membrane.

For the analysisof the mechanisnof proteinlipid interactionthe thermodynamicandme-
chanicspropertiesof lipid bilayersand proteoliposomesireimportant. Owing to the possible
differentgeometryof the hydrophobicmoiety of proteinsandthat of lipids, aswell asto the
action of electrostaticand elasticforces,regionsof alteredstructuremay arisearoundprotein
moleculeg76,180]. The formationof similar regionsmay represenbne of the reasorfor the
occurrenceof long-distancenteractionsin membranes.Very likely, hydrophobicinteractions
play the key role in the establishmenof links betweenintegral proteinsandlipids. The rigid
hydrophobigartsof membrane-spanningoteinscausea deformationof the hydrophobidipid
chainsdueto lengthmatching. This leadsto the stretchingor compressiorof the hydrocarbon
lipid chainsdependingon the relationof the hydrophobicpart of proteinsandthe surrounding
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Fig. 43. Schematiaepresentatiomnf lipid-mediatedprotein-proteininteractionsinducedby hydrophobic
mismatch. (a) A matchedmembrane.(b,c) Hydrophobicmismatchof the samesenseresultedin lipid-

mediatedattractie forces. (d) A caseof hydrophobicmismatchof oppositesenseresultedin repulsive
forcesbetweerproteins(Reproducedby permissiorfrom Ref.[182]).

lipids [181]. Distortion of the membranédy proteinsmay causdipid-mediatedattractie or re-
pulsiveforcesbetweemroteins.Thepossiblesituationsarepresentedh Fig. 43. Dueto changes
of the orderingof the lipid bilayerthe increaseor decreas®f phasetransitiontemperatureas
well aschange®f membranenechanicapropertiegake place.

Dueto considerabl@roblemawith theisolationandpuri cation of integral proteinsandwith
the determinatiorof their structure only a few proteinswereanalyzedsofarin respecbf their
in uence onthethermodynami@ndmechanicapropertiesof lipid bilayers.Usingthe mattress
modelof MouritsenandBloom [181] aswell asLandau-degGennegheoryof elasticityof liquid
crystalsit waspossibleto explain satishctorily the changesn the temperaturef phasetransi-
tion of proteoliposomesontainingmembranéoundreactioncenterprotein (RC) andantenna
protein(LHCP)[183,184].Therole of elasticforceswas,however studiedonly in smallnumber
of worksandthe mechanisnof its actionis notclearyet. In thissectiorwewill brie y reportthe
resultsof analysisof themechanismsf protein-lipidinteractionbasedntheknowledgeof ther
modynamicandmechanicgpropertiesof thelipid bilayerswith incorporatedacteriorhodopsin.
Detailedconsideratiorof the theory of the mechanism®f protein-lipid interactionss givenin
Refs.[76,175].

As we mentionedabove, the incorporationof the proteininto the lipid bilayer leadsto a
distortedregion of the membrane.This leadsto changesn phasetransitiontemperature T
thatis function of proteinconcentratiorandaccordingto Ref.[183] canbe determinedby the
expression

T =82Q2ro= + 1[2(d"  dp)=(d" d9) 1lxp; (48)

where is characteristidecaylength,r is the radiusof bacteriorhodopsiBR) molecule df
andd?® arethelengthof hydrocarborchainsof phospholipidsn a uid or gel staterespectiely,
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Fig. 44. (a) Schematicross-sectionf anintegral proteinin aphospholipidnembraneais the half-bilayer
thicknessandr is theradiusof protein.(b) Component®f membranalistortionthatcontrituteto thefree
enepgy (Adaptedfrom Ref.[186], reproducedy permission).

d, is thelengthof the hydrophobicmoiety of BR andx, is molarratio of BR andphospholipid
(numberof BR molecules/numbenf phospholipidmolecules).Parameter (T) is not measur
ablein the experiment. To determineits quantityaswell asto determinethe enegy of elastic
membranaleformationaroundproteinwe have usedthe algorithmdescribedn Refs.[185,186]
for the numericalcalculationof the mechanicenepgy of the membraneroundthe ionic chan-
nel. Fig. 44 shovs a schematicross-sectionf integral proteinin a membraneThe freeenegy
changeunit perareain the cylindrical polarcoordinatess

F=2 rdr[E>u?za+ aKi(u%r+ u%2+ (u9?]: (49)

Here,E, , K; and arethe elasticity modulusof trans\ersalcompressionsplay and surface
tension,respectiely. To determinethe minimum enegy conformation,we minimize the free
enegy with respecto thevariationin u (x,y) andgetthelineardifferentialequation186]

Ko(usrd u%%r2+ 209%r + u'V)  ( =a)(u%r+ u% + (E;, =a%)u= 0: (50)

The equation(50) can be solved numericallyusing algorithm describedby Pergra [187].
Parameter canbe determinedrom the minima of the free enepgy of the systemwith the as-
sumptionof exponentialdecayof perturbation

U(r) = ugexpg (r ro)=1 (51)

In calculationgheelasticparameterandthethicknesof hydrophobigarttypicalfor DMPC
bilayersin gel (g) and uid (f) statehasbeenused: EJ = 7:28 10 9 dynA 2, E! =
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Tah 7. Theresultsof calculationof the minima of deformationenegy Fmin , decaylength and °and
correspondingadial rangeof the distortedregion (r  ro) (index e denotesfor exactsolutionof Eg. (50)
for the BR-DMPC system(seethetext).

| Phasestate| Fmin KT [ (r 10)e,A| A | Fmin KT|( T10),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 °dynA ? (frommeasurementsf solventfreeBLM [188]), 9= 15 10 &dynA 1,

f=3 10 8dynA ! (measurementnliposomeg189]),K; = 10 & dyn(atypicalvaluefor
smecticmesophaseld 90]). The parametershat characterizehe BR moleculeare: d, = 30 A
andro = 17:5 A [191]. Thethicknessof hydrophobicpartof lipid bilayerin a gel andliquid
crystallinestatewereasfollows: d = 342 A d = 22:8 A, respectiely (seeRef. [121] for
methodof calculations).

The resultsof calculationsof deformationenegy, characteristiclecaylengths and °(see
belon) andthe rangeof the distortionregionr  rg in the gel and uid stateof lipid bilayers
of DMPC containedof BR areshown in Table7. The dependencef u(r), thatrepresentshe
pro le of the distortedregion of the membranearoundthe proteinin the uid state,is shavn
in Fig. 45. The exponentialshapeof the deformation(curve A) obtainedusingEq. (51) andthe
value = 16:8 A (determinedrom theminimaof freeenegy of thesystemhave aconsiderably
larger rangethenthosedeterminedrom the exact solutionof Eq. (50) (curve B). Interestingly
thatthe 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 minimaF = F( ); B —u(r) from the exact solution of Eg. (50); C — backward
transformatiorof exactsolutionto theexponentialfunction(seethetext). (Reproducedby permissiorfrom
Ref.[76]).
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Fig. 46. Dependencef phasetransitiontemperaturél of proteoliposomesf DMPC containingBR on
molarratio of BRIDMPC (xp). 1 — DSC experiment. Theoreticalcalculations:2 - = 162 A, N = 1;
3- = 162A,N = 3;4- = 10:48A,N = 1;5- = 10:48 A, N = 3. (Reproducedy permissiorfrom
Ref.[76]).

backwardtransformatiorof the exactsolutionto the exponentialfunctionwe have obtainedthe
new valueof °= 9:6 A. Therangeof deformationis in this case(curve C) abouthalf aslarge
in comparisorwith exactsolution(curve B). Theremarkableegion in the Fig. 45is the section
whenall threecurvescrossed Onecanassumethatthis point determineghe minimal distance
from BR. Fromwhich differencedetweerexactsolutionof u = u(r) andassumedxponential
decayof perturbatiorstart. Theregion betweerthe BR surfaceto the point of differentiationcan
be consideredistheregion of theimmobilizedin uence of proteinonits lipid ervironment.

Parameter®f distortedregions(seeTable7) allows usto calculatethe changesn the phase
transitiontemperaturén dependencen the BR concentratiorx,, by meansof Eqg. (48). In
calculationwe useda similar methodasPeschk et al. [183], which considerghe aggreyationof
LHCP. Thenumberof BR monomersn purplemembranelusterss known from RTG analysis
(N = 3) [192]. Thereforewe have modi ed the equation(5.5) for all possiblecombinationof
parametergandcreateddependenciesf T, on x, (Fig. 46). In thecaseof @ = 10:48 A, and
assumingheaggreyationof BR to trimers,we have obtaineda surprisinglygoodagreementvith
theexperiment.Similar resultswereobtainedalsofor the gel stateof the membrane.

The obtainedvaluesevidences that at phasetransitionfrom gelto uid statethe increase
of deformationenepy of the systemBR-DMPC takesplace(seeTable 7). This meanghatthe
orderingof hydrocarborchainsof lipids aroundproteinin the uid stateincreasesi.e. protein
stabilizesphospholipidmoleculesin its environment. As a resultthe increaseof hydrocarbon
mismatchtake place. The comparisorof the meanthicknessof hydrophobicpart of the mem-
braned, = (d% + d)=2d, givesd, < dy. We can,thusexpecttheincreaseof phaseransition
temperaturel, in the BR-DMPC systemand this is in agreementvith the experimentalre-
sults[193]. ThusBR in uencesits lipid ervironmentat large distances atleast12—20nmin a
diameter For thegeometryandtherangeof deformationnotonly is the sizeof thehydrophobic
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mismatchmportant. Thedeterminatiorof the characteristiclecaylengthof theperturbatiorthat
depend®n elasticparametersf the membranés importantaswell.

In additionto native integral proteinsalso their model, e.g. -helical peptidesare used.
Using thesemodelsystemst hasbeencon rmed, thatthe mismatchbetweerthe hydrophobic
moiety of the proteinandlipid bilayer resultedin changef thermodynamigropertiesof the
lipid bilayer[121]. Experimentswith simplepeptidesncorporatednto thelipid membranesf
differenthydrophobidhicknesgevealed thatalong peptidecanincorporaténto eitherthick or a
thin bilayer, in thelatercaseby tilting. In contrasshortpeptidesannotincorporateénto toothick
membranendinsteadwill form aggreyateq176,194,195].The possibility of peptidetilting in
thin bilayershasbeendemonstratedlsoby moleculardynamicsimulationmethod[196,197].

While considerablattentionof experimentalndtheoreticalworkswasfocusedon the prob-
lem of the interactionof integral proteinswith lipids, smallertheoreticalworks are known for
the analysisof the lateral organizationof peripheralproteins. However, thereis considerable
amountof papersfocusedon the organizationof biopolymersandreceptorson lipid monolay-
ers[35,198]. This is particularlyconnectedvith developmentof biosensors Experimentalas-
pectsof theinteractionof peripheralproteinswith membranesurfacearereviewedalsoin paper
by Kinnunenet al. [199]. This topic is ratherattractive areaalsoin connectionwith adsorp-
tion of DNA to the membranesurfacethat canbe consideredasaninitial stepfor subsequent
translocatiorof this moleculeinto the cell, e.g. by meansof electroporation.In thesesystems
themembraneslasticityplaysimportantrole. It hasbeenshavn thatinteractionof DNA andits
complexeswith cationic surfactantsresultedin considerablehangesof BLM elasticity [169].
Change®f E, of supportedLM hasbeenobsenedalsoduringadsorptiorof model -helical
peptidego the membranesurface[69].

Theoreticalvorksfocusednanalysisof themechanismsf interactionof peripheraproteins
with membraneurfacehasbeenreviewedin papemy Gil etal. [175]. Variousapproachem this
analysisncludefor examplemoleculardynamicsimulationsof associatiorof peripheraproteins
with fully hydratedipid membranesThis methodhasbeenappliedto studythe interactionof
phospholipasé, (PA) with membranesurface[200]. Theauthorsobtaineddetailedinformation
on PA conformationandanalyzedalsothe enzymaticactiity of this protein. Anotherapproach
hasbeendevelopedby Heimhurg andMarsh[201] andis connectedvith expressiorof isotherms
for binding of adsorptionof chaigedproteins(e.g. cytochromeC (cytC)) to a chagedsurface
(e.g. diolegyl phosphatidyglycerdbilayers). It hasbeenfound thatthe cross-sectionadreaof
cytCis equivalentto 12 lipids in a uid bilayerandthatthe chageof the proteinin amembrane
is lowerin comparisorwith netchageof native proteinin a solution. Currentlyoneof the most
effective approachis connectedvith applicationof Monte Carlosimulationg202]. This method
wasappliedto the studyof aggreyationof cytC in a dimyristoyl phosphatidylglycerobilayers
andrevealedalsohigh potentialin analysisof protein-inducecghaseseparationn binary lipid
mixtureswhereproteinpreferlipids of certaincon guration.

The binding of proteinsto the membranesurfacemay resultchangesn surfacepotentialof
theBLM aswell aschange$n dynamicof reorientatiorof dipolemomentsonnectedavith head
groupof phospholipidsThefundamentalef the membrangotentialsanddipolerelaxationwill
beconsideredelow.
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7 Membrane potentials

7.1 Diffusion potential

Unmodi ed bilayerlipid membranesepresenaninsulatinglayerwith verylow permeabilityfor
ions or otherchagedmolecules.However, BLM canbe modi ed by ionic channelwor carriers
thatallows to transportchaigedspecieshy meansof diffusion eitherby meansof a gradientof
concentratioror by meansof a gradientof electric potentialor both (seepart 8). In the case
of potentialgradientit is so-calleddiffusion membranepotential, or Nernstpotential,that is
driving force of theionic transportacrosgshe membraneThe Nernstpotentialis determinechs
differencebetweerpotentialinsideandoutsidethecell (or innerandoutersideof themembrane)
. . RT Ci .

= = : 52
in out ZiF Cout ( )

whereR is thegasconstant,T is temperaturel- is Faradayconstantz is valenceof ioni, Ci,
andC,, aretheconcentratiorof ionsi atinnerandoutersideof the membranegespectiely.

For measurementf diffusion potentialon a BLM, the electrometersvith high input resis-
tanceshouldbe used. But even simple pH metercanbe apply for this purposesassuminghat
two referenceelectrodege.g. Ag/AgCl) shouldbeused.

7.2 Electrostatic potentials

In addition to the diffusion potentialthere exists membranepotential betweenthe polar part
of the membraneandthe bulk of electrolyte,so called border or electrostaticpotential The
electrostatipotentialatthe membrane-solutiomterfaceis composeaf two majorcomponents
stemmingfrom surfacechagesanddipoles,respectiely (seefor example[76, 203-207]). In
the caseof chagedlipid moleculesthereis a diffuse ionic doublelayer potential or surface
potentialoriginatingfrom x edchagelayerin combinatiorwith ionsfrom theadjacenaqueous
electrolytesolution. Its maximalvaluerelative to the bulk solutionlies just at the interfaceand
canbedescribedpproximatelyby eitherGouy-Chapmaiwr Sternmodels(seee.g.[47,203]).1n
this sectionwe will usethe Gouy-ChapmampotentialE s¢ . In the polarheadgroupregionthere
is a further potentialjump, E 4, resultingfrom the moleculardipolesof thelipids themselesor
from orientedwater molecules. This is so-calleddipole potential Furtherchage anddipole
contributionsmaycomefrom adsorbedpeciesThetotal surfacepotential, ,, is givenby sum
m = Esc + Eq4. ExperimentallyEgc andEy4 canbedistinguishedy dependencef Egc

onionic strength.Fig. 47 givesa schematiaepresentationf the electrostatiotentialacrossa
bilayer. The differencein the heightsof thetwo cornersat zeroappliedvoltage, , is equal
to thedifferenceof the surfacepotentialsof thetwo sideof thebilayer

m= Ecct+ Eqg: (53)

Therefore |, is measureof the asymmetryof the electrostatiqotentialsassociatedvith
the membrane Surfacepotentialsareeitherlocalizedstrictly within the surfaceregion (E4) or
extendat mostto a limited distancefrom it (Egc ). At equilibriumit is not possibleto make
a directmeasurementf thesepotentialswith electrodesn the bulk phaseexceptat zeroionic
strength.
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Fig. 47. Schematiagepresentationf electrostatipotentialsatthe membrane-solutiomterfaces.The x ed
chage surface potential (Gouy-Chapmarpotential Ecc ) and surface dipole potential, E4, are shavn.
Indexes 1 and 2 refer to the two sidesof the membrane.The total surfacepotentialon eachside of the
membrane, m isgivenby Ecc + Eq4. Thedifferenceof the surfacepotentialonthetwo sides, mn =

Ecc + Eg iscalledthetrans-membranpotentialor “internal” potential.U, is the externally applied
dcvoltage.(Reproducedy permissiorfrom Ref.[76]).

7.2.1 Gouy-Chapmanpotential and the determination of surface charge density

The electrostatigpotentialat a chagedsurfacein contactwith electrolytere ects boththe sur
facechage densityandthe redistrikution of ionsin the electrolytesolutionin the presencef
this potential. A descriptionof the systemis basedon the Boltzmannequationto describethe
concentratiorof eachionic speciesasa function of the electrostatigotential,andthe Poisson
equatiorto describehe Coulombinteractionbetweertheions(se€e[203]). Usingtheappropriate
boundaryconditionsto solve theintegral equationdeadsto the Gouy-Chapmarquation

s

X zFE

= 2"RT () exsp = 1, 54
oRT c(l) exp RT (54)
wherec; (! ) is the bulk concentratiorof speciesi” with chagez;. Othersymbolshave their
usualmeaning. For the generalcasewith multivalentions presenthereis no explicit solution
for Egc asafunctionof |, butif only univalentionsarepresenthe Gouy-Chapmaipotential,

adaptedo corvenientunitsandatT = 25 C,is givenby

h p i

Egc (mV)=508In s+ s2+1 ; (55)

wheres = 1:36 P cand isin elementarchagespernn? andc denotesoncentratiorof the
1:1electrolytein moll 1. It is evidentfrom thisequatiorthatthesurfacepotentialresultingfrom
a givenchage densitydependsn theionic strengthof the solution: higherionic strengthsare
saidto shieldthesurfacechage,resultingin alowersurfacepotential. Althoughit is notpossible
to measurdhe surfacechage densityof a membraneirectly, it is possibleto determine by
measuringhe changein the Gouy-Chapmamotentialupona changeof theionic strength.For
this purposehemembranés usuallyformedatrelatively low ionic strength(e.g.,10mmoll 1),
andthetransmembranpotentialis measuredSubsequentitheionic strengthon onesideof the
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Fig. 48. Relationshipbetweenthe Gouy-Chapmanx ed chage surfacepotentialandthe membranesur
facechage density (e nm 2, wheree is the elementarychage). For a given value of the membrane
chage density the Gouy-Chapmarnx ed chage surfacepotentialwill be reducedvhentheionic strength
is increasedquppercurve: 10mmol| !, lowercurve,110mmoll !). Concentrationseferto 1:1salt. The
dottedcurve representthedifferencebetweerthecurvesat10mmoll * and110mmoll ®. PointA corre-
spondgo theshieldingexperimentdescribedn Ref.[207]. ( Ucmn = 20:6mV, =8 10 2enm 2).
(Reproducedby permissiorfrom Ref.[76]).

membrands increasede.g. to 110mmol | !, by additionof a smallamountof concentrated
electrolyte andthetransmembranpotentialis againdeterminedThechangen transmembrane
potentialmeasuredn sucha shieldingexperimentis just Egc, asthe dipole potential E4
is insensitve to the ionic strength(see[208]). Curvesshaving Egc Vs. reciprocalsurface
chage densityfor two differentionic strengthsaswell a plot of the differencebetweerthese
curves,areshavn in Fig. 48. Giventhemeasured Egc for thegivenchageonionic strength,
the surface chage density can be readdirectly of sucha plot. If the Egc is known with
an accurag of aboutl mV thenthe minimal surface chage density that can be detectedn
10mmoll ! electrolyteisaboutl:4 10 3 elementarchagesnm 2 (seeFig.48,uppercune).
Thebiomembranearenegatively chageddueto presencef negatively chagedphospholipids
aswell asdueto the negative chage of proteins. Also mary adsorbedpolyelectrolyteshave
isoelectrigpointsbelow neutralpH [206]. Thesurfacechaigedensityof biomembraneis usually
between-0.17 e nm 2 (frog node)[209] to -2.3 e nm 2 (cray sh) [210] (e is elementaryor
electronchage: 1:602 10 '° C). This is differentwith the model membraneswherethe
chagedensitycanvary in large extendandcanbe both positive or negative dependingn lipid
used:2:5 2:5enm ?2[208].

A qualitative interpretatiorof E4 is generallygivenin termsof analogywith a condensera
polarizedmoleculewith aneffectivedipolemomentM = qd is similarto two conductingphases
separatedby distanced and enclosinga chage densityg. The dipole momentis expressedas
Debye(D). Thenthepotentialdifference Egq is givenby

Eq= 4 qgd=" (56)
where" is thedielectricconstantlf thereis anarrayof n dipolesperunit area,
Ed= 4 nM, =" (57)
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whereM, is thenormalcomponenbf the dipole momentto the surface.

Thereareseveralcontritutionsto  Eq4: (1) thechangdnducedby reorientatiorof thewater
dipolesin the presencef the monolayerforming molecules;(2) the dipolesof the monolayer
forming moleculesnamelythatof polarheadgroupsof phospholipidsandthatof thealkyl part,
which canbelocatedin differentdielectricconstanmedia,then

X
Ea=4  (NM,="): (58)

Thedipole potentialof monolayersij.e. boundarypotentialbetweerthe hydrocarborcenter
of themembranendthebulk aqueougphasds typically severalhundredof milli volts [36].

7.2.2 Surfacepotentials and diffusion potentials

It is worth emphasizinghe differencebetweenthe transmembran@otentialsand membrane
potentials(“dif fusion potentials”)resultingfrom selectve permeabilitymechanismgseesec-
tion 9.1). In contrastto surfacepotentials,diffusion potentialsare dueto a concentratiordif-
ferencebetweerthe aqueouphasesndarethusabulk propertythatcanbe measuredlirectly.
Surfacepotentialsand diffusion potentialsare completelyindependentonceptuallyand easily
distinguishedexperimentally An exampleof a non-zerotransmembranédifferenceof surface
potential( ) for which no potentialdifferencecanbe detectedbetweenthe bulk phasess
presentedn the paperby Schochet al. [211], wherea chaged membranemadepermeableo
monovalentcationsby nonactin,is asymmetricallyshieldedby calciumions. This resultsin
anon-zerotransmembranpotential  ,,, yet no bulk potentialdifference,asevidencedby a
current-wltagecurve thatpasseshroughthe origin. Theoppositesituation,with m = 0but
a non-zerodiffusion potential,would be found, for examplewith a membranemadeof neutral
lipids in presenceof nonactinand a gradientof monovalentcations. With no current o wing
in the externalcircuit a diffusion potentialwould establishitself acrossthe membranei.e. the
current-wltagecurve for this systemwould passthroughi = 0 at a voltageequalto the diffu-
sionpotential. A casewhichboth |, anddiffusion potentialarenon-zerais, of course also
possible.

7.3 Methods of surface potential measurements
7.3.1 Measurementson monolayersor vesicles

Thedipole potentialcanbe measuredby variousmethodssuchareionizing electrodemethodor
vibrating platemethod[36]. TREK Inc. (USA) [212] produceshigh sensitve electrostatio/olt-
meterse.g. model320Cthatin connectionwith electrodemodel3250canmeasurehe surface
potentialwith anaccurag of 1 mV. The sensitie electrodeis electromechanicallyibratedto
producecapacitve modulationbetweerthe electrodeandthetestsurface. If the voltageon the
testsurfaceis differentthanthe voltageon the referencesurface(probehousing),an AC signal
is induceduponthe electrodeby virtue of this modulationin the presenceof the electrostatic
eld. Theamplitudeandphaseof this AC signalarerelatedto the magnitudeandpolarity of the
differencein potentialbetweenthetestsurfaceandthe probehousing. The TREK electrostatic
voltmetercanbedirectly connectedo theelectronicunit of NIMA trough[48], sofully computer
controlledmeasuremertf surfacepotentialundercompressiomf monolayercanbe performed.
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For micellesandvesiclesothermethodsfor estimationof the variousmembrangotentials
usingnon-electrodegechniquesave beendeveloped(e.g. [145,205,213]). Thesemethodsare
basedon utilizing the molecularprobes.The propertiesof the probesaresensitie to the trans-
membrangotential(see[206] andreferencénhereinfor moredetails).

Ratherpopularmethodfor studythe electrostatianembranegpotentialis basedon measure-
mentof so-called -potential. In this casethe mobility of the chagedlipid vesiclesin external
electric eld is determinedThechagedvesicleglacedinto theexternalelectric eld E ¢« begin
to move dueto the electrostatidorce anddragpart of the diffusedoublelayer with them. The

-potentialis de ned asthe electrostatiqpotentialat the planeof shearbetweenthe membrane
associate@nd stationarypart of the doublelayer An analyticalexpressiorfor -potentialhas
beenfoundonly for particlesthatdo notinteractwith the solvent. Whene.g. membranevesicle
of aradiusr is placedin anelectric eld Ey, it will move with constanspeedv, becausef the
balancebetweerelectricalforceandtheresistanc®f the mediumwith viscosity . Thevalueof
the -potentialcanbethencalculatedaccordingio the Smoluchasky equation

. (59)
(see[206] for the theory). Usually m, however the differenceshetweenthe potentials

and , will decreasavith decreasingf potentialgradient(d =dx), i.e. this differences
shoulddecreasén diluted solutions. However, the uncertaintyassociateavith the thicknessof
doublelayerd atwhichthe potentialis determineds the maindravbackof the electrophoretic
potentialmeasurementslypically, avalued = 0:2 nmis assumedHowever, the valueof d
certainlydepend®n theinterfacialmembranestructureandhydration,owing to thefactthatthe
planeof sheadiesin theregion wherespeci c lipid-watereffectsdominate.Thus,it is probable
that the actualvalued changeswith the membraneor solvent composition,temperatureetc.
The experimentallyobsenedincreasef the membrandwydrationatthe maintemperatur@hase
transitionof thelipids offersthe explanationfor theobsenedincreaseof -potentialatthephase
transition(see[206] for moredetails).

7.3.2 Measurementson planar bilayers

Direct measurementf the surface potential of planarbilayersis not possible,as mentioned
above. It is however, possibleto measurehedifferenceof thesurfacepotential, . By vary-
ing theionic strengthon eachsideof themembranghe x edchage surfacepotentials andthus
thesurfacechagedensity canbe determinedor thetwo sidesindependentlyseesection7.2.1).
The rst determinationof the surface potentialsof BLMs were basedon the current-wltage
curvesmeasuredn the presencef anion carrier A methodbasedon the dependencef mem-
branecapacitancen the transmembranpotential(electrostriction) and thereforeindependent
of ary transportmechanismswasintroducedin the mid 1970's[211,214-216],The advantages
andlimitations of variousapproachewill now be consideredn detail.

1. Curr ent-voltagecharacteristics. A completedescriptionof thel  V curvesfor carrier
mediatedon transporinvolvesboththesurfacepotentialdepictedn Fig. 47 andtheBornenegy
of the chagedspeciesn the hydrophobidnterior of the bilayer[217]. Thetheoreticabasisfor
suchanalysiswasdescribedn 1970[218], and mary groupshave publishedwork in this eld
(e.g.[219-222]). All interpretations basedon amoreor lessappropriatenodelto describethe
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potentialenegy barrierto carriertransport.An exact t of themeasured V curvescanbe
a laboriousprocedure andthe detailedshapeof the curve caneasily be in uenced by further
factorssuchasbilayer compressibility{223]. Neverthelesghe surfacepotentialsdeterminedn
thisway have generallybeernfoundto beconsistentvith the predictionof Gouy-Chapmatheory
While the methodis experimentallyrelative simple,andcanyield informationon bothE ¢ and
Eg4, it harborsseveral disadwantagesn practice.1. A single,well-de ned transportmechanism
mustbe presentThis usuallymeanghata carriersubstancenustbeaddedwhich maylimit the
kind of experimentpossible. 2. The exact resultsdependon the modeland correctionfactors
applied.3. Eachdeterminatiomequiresameasuremertdfthel V characteristiandsubsequent
numericalanalysis.Thismakesit impracticalfor thecontinuousautomatianonitoringof surface
potentialsat frequentintervals[207].

2. Techniquesbasedon electrostriction. Thetechniquesliscussedh this sectionarebased
onthecompressiomf BLMs by atransmembranelectric eld. The maximalbilayerthickness,
correspondingo minimal capacitanceis found whenthe potential differenceacrossthe core
of the bilayeris zero. (This “core” correspondso the hydrophobicregion of the BLM: given
thelow dielecticconstantandrelative thicknessof this layer, it will provide the main contribu-
tion to the overall membranecapacitance)As this coreor “internal” potentialdependn both
theintrinsic surfacepotentialsof the bilayeritself ( x ed chage anddipole potentials)andthe
externally appliedpotential,a chagein the surfacepotentialscanbe compensately an equal
but oppositelydirectedexternal eld. The externallyappliedvoltageneededo achieze minimal
capacitancbasbeendesignatedhe “capacitanceminimizationpotential” (Uc min , [214]) andis
givendirectly by

Ucmin = ( Eec + Ea): (60)

Theaccurag with whichUc min  canbedeterminediependon the amplitudeof the membrane
compressibilitycoefcient: thebiggerthis parametethe easiethe measuremertiecomes.

The rst reportontheuseof electrostrictiorfor thedeterminatiorof BLM surfacepotentials
wasgivenin 1976[214] anddescribedn detailin Refs.[211,216]. Experimentallya smallac
signal(e.g. 1 kHz, amplitude10-25mV) wassuperimpose@n an adjustablebiasvoltage. A
continuousmeasuremerf BLM capacitancevas provided by a recti cation of the 90° com-
ponentof theac BLM current,therebyallowing operationeven at relatively large background
conductancesThe biasvoltageis variedsymmetricallyin small steps(e.g., U = 25mV)
arounda holding potential,Uy, which is thenadjustecdto give equalmeasuredC(U) valuesat
Un U. This correspond$o a discretesamplingof the C(U) curveto determinethe applied
voltageatwhich the bilayercapacitancéasits minimumvalue. Automaticmonitoringof
hasbeenachievzedwith eitheranalogfeedbaclkcircuitry or amicrocomputer. The noiselevel of
Ucmin wasfoundto be1-2mV ptp for solventfree BLMs (apparatusime constan3 sec,see
e.g.[224)).

In 1978AlvarezandLatorre[215] reportedthe measuremendf BLM surfacepotentialsof
solventfree BLMs. Membranecapacitancevas measuredy recordingthe transientchaging
currentfollowing a smallstepchangen appliedpotential. To enhancéaheresolution the chag-
ing currentof amatchedR-C modelcircuit wassubtractedrom theBLM chaging currentusing
analogcircuitry. Signal-to-noisevasimproved by digital signalaveragingtechniques.With a
voltagestepof 10 mV theauthorswvereeasilyableto detectchangegof 0.01%) in BLM capaci-
tancefor bilayershaving a coefcient of electrostrictiorof 0.02V 2. As reportedoy theauthors
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the measurementmay take up to 25 secper point (512 repetitionsat 20 repetitionsper sec).
With large voltagejump the time per point could be reducedconsiderablybut this may not be
desirablén mary situations.

The methodbasedon determinatiormembranepotentialusing currentharmonicswas de-
scribedin 1980[216] andis basedon the generationof currentharmonicswhen a sinusoidal
voltageis appliedto themembrang76]. WhenmembrangotentialU; is presentandacvoltage
with anamplitudeU, andfrequeng f is appliedto the BLM, thenin additionto thethird current
harmonicawvith amplitudel 3 andfrequengy 3f alsothe seconccurrentharmonicsvith amplitude
|, andfrequeng 2f is generatedThe surfacepotentialcanbethendeterminedrom equation

m = Up+ Upl2=(4l3): (61)

The membrangotentialcanbe determineckitherby compensationf the amplitudeof sec-
ondcurrentharmonicby externalvoltage[216] or by measuremerdf amplitudesf bothsecond
andthird currentharmonicq76]. For measurementsingsecondcurrentharmonicmethodan
acfrequeng of 1 kHz hasgenerallybeenused[216,225]. The optimalamplitudeis determined
by the BLM compressibility but lies in the range10-50mV, As a rule, with a machinetime
constantl sec,thenoiselevel correspondo about 1 mV for membranesaving a coefcient
of electrostrictiordown to 10 3V 2 atfrequeng 1 kHz. The compressibilityof mostBLMs is
considerablyhigherthanthis. Caremustbe takenwhenBLMs have a voltage-dependerton-
ductvity, i.e.,anon-linearcurrent-wltagecharacteristicsasthis canalsoleadto the generation
of secondcurrentharmonics.In this casethe useof a phasesensitve detectoratherthanjust a
tunedampli er couldincreaseherangeof applicationof thetechnique.

8 Dielectric relaxation

The dielectricrelaxationmethodis basedon analysisof the time courseof changesdn the ca-
pacitancdollowing suddenchangesn the voltageappliedacrosshe bilayer[226]. Using this
method,one canobtaininformationabout,e.g., reorientationof moleculardipolesand cluster
formation.A symmetricvoltage-jump(-V to +V) acrossabilayercanorientnaturallyoccurring
dipoles. The magnitudeandtime courseof theseeffectswill dependon the structureof the bi-
layerandbulk phase.Sucheffectswill alsobere ected by changesn membraneapacitance.
The capacitancef the bilayer dependon dielectricconstant' of bilayer material, membrane
area(A) andthicknessof the membraneal (seesection3.2). An electric eld could affect all
theseparametersgachmustbe consideredeparatelyThis hasbeendoneby Sagent[226] and
Hianik andPassechnif76]. As it hasbeenshavn by Sagent[226], no correlationwasfound
betweenthe normalizeddielectricrelaxationparameterand membranearea,shaving thatthe
effectswereindeedrelatedto the bilayerratherthanto the borderregion.

8.1 The basicprinciples of the measurementof dielectric relaxation

Thedielectricrelaxationis determinedy measuringhetime courseof thedisplacementurrent
following a stepchangen potential. A detaileddescriptionof the constructiorand operationof
the apparatuss givenelsavhere[226]. Brie y a positive voltageis appliedto the electrodesat
timet = 0. This causeda large chaging current(l¢) to o w, which decayswith a time con-
stantof RsCr,, (Rs = solution+electrodeesistanceC,, = membraneapacitance)ln addition,
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Tah 8. Relaxationtimesof the reorientationof dipole momentsof BLM preparedrom soya beanphos-
phatidylcholing(SBPC)andsBLM preparedrom SBPCon atip of Te on coatedstainlessteelwire or on
asmoothgold surfacecoveredby alkylthiol [110].

| Membranesystem | 11 s | 2 s | 338 | 45 | 55| &S |
BLM in n-decane 6.9 1.9 18 6
sBLM in n-decane 59 04| 136 20| 276 3.6 | 51.7 42|85 9| 120 12
(stainlesssteelwire)
sBLM with alkylthiol | 40 4.0 | 290 100 | 1903 760
(thin goldlayer)

theremay be relaxationcurrentscausedy voltageor time-dependenthangesn C,, andadc
componenthroughRp,. At timet = 0 a negative voltageis appliedto an R-C analogcircuit
which modelsthe parametersf the experimentakystem.In this way a currentis generatedhat
is equalin magnitudebut oppositein sign sothatgeneratedy the membranehaging current
andthe dc componentThe currentsfrom bothcircuitsarecombinedyesultingin a cancelingof
thechaging peaksanddc currents.

Any capacitve relaxationis assumedo have anexponentialtime courses

()= Ile &1 (62)
[
The amplitudesare only meaningfulwhennormalizedin somemanner:asaninitial trial, the
valueswere expressedper unit area,of which the simplestmeasurés the membranecapacity
at zerovoltageC(0) = CQ. Thusit is corvenientto presentrelaxationamplitude(l) asa
fractionalor percentchangesn capacitanceor whichthe completeexpressioris

I Ci=C% = 1} i=(VoCQ): (63)

This is relatedto the “dielectric increment”throughthe dielectric constant. The latter is,
however, not known for all the conditionsmet. Thereforethe phenomenologicalrelaxation
amplitude”wasusedfor analysig226]. Theresolutionof the apparatusllows the detectionof

C; of aboutl pF with time constant > 1 s. All relaxationphenomenaeportedhereare
considerablyslowverthanthis, sothatnoinaccurag is introducedrom this source.

8.2 Application of the method of dielectric relaxationto BLM and sBLM

The methodof dielectricrelaxationallows oneto studydynamicpropertiesof BLM andsBLM
andbindingthe macromoleculesn the membranesurface. The methodof dielectricrelaxation
allows usto determinghecharacteristi¢cime of thereorientatiorof dipolemomentsof phospho-
lipid headgroups.Dueto the domainstructureof lipid bilayersanddifferentsizeof the clusters,
we can expect different collectve movementof the reorienteddipole momentsfollowing the
applicationof symmetricalvoltagejumpsto themembrane.

The resultsof determinationof relaxationtimes for variousBLM and sBLM systemsare
presentedn Table8. We canseeconsiderablelifferenceof relaxationtimesbetweenrdifferent



772 Structureandphysicalpropertieof biomembrabeandmodelmembranes

Tah 9. Capacitanceelaxationcomponent®f BLM of differentcompositionsandfollowing theabsorption
of avidin-GOX complex from both sidesof the membraneat the nal concentratiorof 30 mmol | *: 1.

BLM from crudeox brain extract (COB); 2. B-BLM: BLM from biotinylated COB 3. B-BLM+A-GOX:

BLM from biotinylatedCOB modi ed by avidin-GOX comple [229].

| System | 1.s | 25 | 3 s ]
BLM 53 1.0 - -
B-BLM 50 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 are characterizedy two relaxationtimes,the
dynamicsof sBLMs formed on the tip of stainlesssteelwire canbe characterizedy up to 6
relaxationtimes. Thereasorfor theincreasef thenumberof relaxationcomponentganbedue
to physicalandchemicakldsorptiorof phospholipidonthemetalsupport. Thisadsorptiorcould
resultin the differentdegreeof the immobilizationof lipid moleculesandthuscanleadto the
appearancef differentandmorerelaxationtimes. A similar resultis alsoseenfor membranes
formedon thin gold layerswith alkylthiols. In this case the numberof relaxationcomponentss
lower. However, a furtherincreaseof the durationof relaxationtimestakesplace.This provides
evidenceaboutthestrongrestrictionof movementof dipolemomentsTheresultis in agreement
with theincreasedaluesof elasticitymodulusof thelattermembraneystemn comparisorwith
thatof sBLMsformedonwires.

The physicalorigins for differentrelaxationtimesfor BLMs have beenanalyzedby Sar
gent[226]. It wassuggestedhat the fastestrelaxationtimes (several sto tensof s) could
correspondo small amplitudereorientationsof individual dipolesaboutan axis lying in the
planeof the membranewhile the timesof abouthundred s re ect a rotationalreorientation
of individual molecules.Slow relaxationcomponentgseseralhundred sto ms)probablyindi-
catethereorientatiormovementsof domainsor clustersof dipolesin the membraneplane. For
comparisonan NMR studyby Davis [227] gave dipole correlationtimesof 1-5 s for lecithin
vesicles,which is consistenwith the resultsobtainedfrom conventionalBLMs asusedin our
experiments.The relaxationtimesin s andmsrangeobtainedby varioustechniquen phos-
pholipid bilayerswererecentlyreportedby LaggnerandKriechbaum228].

Dielectricrelaxationexperimentsallowedusto studythebindingof enzymaticcomplexeson
the membranesurfaceand con rmed the strongbinding of the avidin-GOX complex to the bi-
otinylatedmembranesTheseexperimentsvereperformedon afree-standind3LM. We checled
in astepwisenannehow dipolerelaxationtimesof phospholipicheadgroupschangediponthe
modi cation of lipids andmembranesTheresultsobtainedaresummarizedn Table9.

In this experimentcurrentrelaxationcurveswereaveragedandthe standarddeviation taken
asthe experimentaluncertainty Native BLMs formedfrom crudeox brainextractexhibitedone
relaxationtimeof (5 1) s.Additionalrelaxationcomponent$§(115 27) sand(26 1) s]
appearedn BLMs modi ed by biotin. Addition of the avidin-GOX complex to the electrolyte
(nal concentratior80 nM) on bothsidesof the biotinylatedBLM resultedin the appearancef
aslow component505 16) s. Theappearancef thisslow componenpresumablyepresents
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a collective motionof coupleddipole momentsandre ects clusteringin the membraneinduced
by binding of the A-GOX complex [229].

Considerablehange®f relaxatiorntimeshave beenobsenedalsowhenshortoligonuclotides
modi ed by palmitic acid were incorporatedinto the BLM and sBLM as well asduring hy-
bridizationwith complementargligonucleotidechainatthe membranesurface[230]. Dielectric
relaxationmethodscanbe very usefulalsofor study of binding of variousmacromoleculesn
themembranesurface,suchareshortpeptideg231] andlocal anesthetic§232].

9 Transport throughthe membranes

Theimportantfunction of biomembranesonsistsn regulationof the transportof ions or other
molecules,e.g. nutrientsinto the cell or wasteproductsandtoxic substancesut of the cell.
Thanksto the membranesall cells maintain concentrationgradientsof various metabolites
acrossplasmamembranegnd membrane®f cell organelles. Transportof the speciesacross
the membranecan be performedby passie diffusion or by facilitateddiffusion. In later case
the compound=itherdiffusesthrougha channeforming proteinor arecarriedby a carrierpro-
teins[233].

9.1 Passve diffusion

Passve diffusionis simplesttransportprocess.The driving force of this procesds gradientof
concentratiorof speciesacrosgshe membraner a gradientof membrangotentialsor both. |.e.
speciesaretransportedby passve diffusion from region of higherconcentrationso the lower
oneor from region of higherpotentialto lower potential. The equilibrium conditionis reached
whenconcentrationsr potentialsareequalat bothmembranesides.

Let us considerthe transportof chagedmoleculese.g. ions throughthe semipermeable
membraneThe consideratiortanbe performedon the baseof electrochemicapotential~. For
dilutedsolutions(typically C; < 0:1moll 1)

~= o+ RTInG; + zF" (64)

where ¢ is standardchemicalpotential(i.e. chemicalpotentialof 1 mole species)C; is the
concentratiof moleculerions,' isthepotential otherparameterhavetheirusualmeanings.
The ux j; of theionsacrosthe membraneanbe determinedrom Teorrellequation

. d~

i = Ci—; 65

Ji u X (65)
whereu is the mobility of theionsexpressedn m?s 'V 1. SubstitutingEq. (64) into Eq. (65)
we obtain
dc d
—_— CiziF —; 66
ax UMTET G (66)
whichis the Nernst-Planclequation.If electricallyunchagedparticlesaretransportedhrough
themembraner if d'=dx = 0, then

dG

ji = uRTa: Dr Ci; (67)

ji = UuRT
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Fig. 49. Schematiagepresentatioof theion ux acrosghemembrane.

whereD = uRT is diffusioncoefcient expressedn m?s ! andEq. (67) representhe expres-
sionof rst Fick law for diffusion. If concentrationsf speciesat two membranesidesare C)
andCY' , respectiely (Fig. 49)

¢l o,

d 1
whered is the membranehickness Becausat is dif cult to determineconcentration€} and
CM, for practicalpurposeshefollowing equationis used

ji= D (68)

ji= Pi(C Ci); (69)

whereP; is the permeabilitycoefcient (usually expressedn cm's ). P; is a constantthat
describeshow easilythe moleculedeavesthe water solvent and crossthe hydrophobicbarrier
presentedy the membranes.P; dependon propertiesof the membraneand on transported
specieslf we considerthe concentrationgf speciesn amembrangroportionalto the concen-
trationsat membranesurface then

Cl = kC]_ and C2 = kCz, (70)

wherek is partitioncoefcient. Substitutingeg. (70)to Eq. (68) we obtain
. Dk
Ji = T(CZ C1): (71)

Thus,P; depend®nthreequantities:(a) partitioncoefcient k, whichis theratio of thesol-
ubility of themoleculein amembrando the solubility in water, (b) thediffusioncoefcient, D,
which describegherateof diffusionof the moleculein the membranend(c) onthemembrane
thicknessd. Thus,the ux of the moleculesthroughthe membranencreasesith increasing
the solubility of the moleculesn amembranewith increasinghe diffusioncoefcient andwith
decreasinghemembranehickness.The permeabilitycoefcients for polarspeciesareshovnin
Tablel0.

9.2 Facilitated diffusion of chargedspeciesacrossmembranes

Thelipid bilayershasvery low permeabilityfor chaigedparticles,e.g.ions(seepart3.2.1). This
is dueto low dielectricpermittivity of the hydrophobiccoreof the membrandg” = 2) whichis
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Tah 10. Permeabilitycoefcients for polar solutesacrosshilayersand biomembranes.Adoptedfrom
[4,233].

Permeabilitycoefcient, cm.s !

Membrane Na* K* | Cl | H,O Glucose
Phosphatidylcholine< 1:2 10 4 — <55 10 *|<44 10°%|25 10 %
(egg)

Phosphatidylsering|< 1:2 10 ®|{ <9 10 ® |[< 15 10 1! — 4 107
Phosphatidylserinef <5 10 ¥ | <5 10 * [< 37 10 %2 — 1.7 104

cholesterol(1:1)
Humanerythrogtes| <1 10 *®* |[< 24 10 ¥ <14 10“4| <5 10° | 2 10°
Frogerythroytes | < 1.4 10 ' [< 16 10 ' |<95 108 — —
Dog erythrogtes — — — <5 10° —

notfavor for incorporatiornf chagedparticles.Thepartitioncoefcient of theparticlesbetween
lipid andwaterphasecanbe estimatedaccordingto following equation

k=exp( W=RT); (72)

where W is enegy connectedvith transferof the onemole of the chagedspeciesfrom the
waterto themembraneAccordingto the Borntheory

@F) 1 1 (73)

W =
2r W

wherer is theradiusof chagedpatrticle,e.g. ions,z is ion valence,", "\, aredielectricpermit-
tivities of hydrophobicpartof the membraneandwater, respectiely. For practicalcalculations
(ZZFr)Z = 68:2z%=r and W is expressedn kJ/molandion radiusis in nm. The changeof
enegy for transferof Na* (r = 0:.095nm) from water (", = 81) to the membrang" = 2)
is 350 kJ/mol. This meanghatthereexists substantiaknegetic barrierfor transferof ion from
waterinto the membrane.However, enegy of ion in a membranedecreasedueto at least4
effects[234]: 1. membrandias nite thickness2. ionscanform pairs. 3. Thepores(channels)
of high dielectric permittivity canbe incorporatedn a membrane.4. lons canbe transported
by carriers,thatincreaseeffective radiusof the ion. Theseeffectsareschematicallyshoved at
Fig. 50. Let us considertheseeffectsstepwisely. Dueto nite thicknessof the membraneand
dueto imageforces(i.e. polarization)the electrostatienegy of ion in a membranalecreases
(Fig. 50a). Dueto this effect the enegy of ion in membranedecreaseby avalue r=d, i.e.
by few per cent. The heightof enegy barrieris, however, still of at leastsereral hundredsof
kJ.mol . Theformationof ionic pairs(Fig. 50b)couldresultin maximumtwo fold decreasef
the enegy. The poresof high dielectricpermittivity could considerablydecreas¢he enegy of
ion in a membrangFig. 50c). Finally, several compoundse.g. valinomycin,sene ascarriers
of ions (Fig. 50d)[235,236]. The enepgy of the complex of ions of a radiusr with a carrierof a
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Fig. 50. Schematigepresentationf theion in amembrane(a) effect of theimageforces;(b) formationof
ionic pairsfrom cations(l * ) andanions(l ), (c) channeland(d) carrierin amembrane.

radiusb canbe calculatedaccordingto the Bohr's equation

_(@F)? 1 b r |
w= 2 b rby (74)

where"y, is effective dielectric permittivity of inner part of the complex. If the"y, " and
b r,then W = (zF)?=(2b"). For example theenepgy of the complex of carrier+ ionin a
membranavith " 2 will be34kJ mol *, whichis about10 fold lessthenfree enegy of ion
with aradius0.1 nmin amembranevithout carrier

Passve andfacilitateddiffusion of ions by carriersare characterizedy differentshapeof
dependencef the ux ontheconcentratiorof diffusedmolecules.In the caseof passve diffu-
sion,the ux increase$inearlywith concentratiorof ions,while saturatiorof the ux takeplace
at higherconcentratiorof ionsin the caseof carriermediatedransport.Let us considersome
peculiaritiesof channel-formingnoleculesandcarriers.

9.2.1 lonic channels

Amongchannel-formingonophoreghe gramicidinA (GRA) is mostwell known andhasbeen
studiedin detailssincel971[237,238].Gramicidinhasbeenisolatedfrom Bacillusbrevis. GRA
is a small peptidecomposedf 15 alternatingL- andD- aminoacidsresiduesa formyl group
at N-terminus(HEAD) andan ethanolaminet the C-terminus(END). It formsionic channels
with high speci city to monovalentcations.On the basisof the analysisof the resultsobtained
by NMR technique jt hasbeenproposedhat structureof GRA channelis dimmercomposed
of two -helicesmonomerconnectedy they head-to-head,e. by their formyl groups[239].
Furtherit hasbeenestablishedby NMR techniquethathelicesareright handed240]. Thehelix
is unusualwith 6.3 residuegperturn anda centralhole approximately0.4 nm in diameter A
certaincontroversy still remainsbecausédhereis an alternative structurethat could provide a
porelargeenoughto transportions— theright-handedloublestrandedhelicaldimmerstructure.
This structure however predominate anorganicsolvent. It hasbeenalsoobsenedthat GRA
form stablemonolayerin an air-waterinterphasejn which it is in double helical form [241]
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Fig. 51. (a) Schematigicture of gramicidinchannelin a membrane.(b) current uctuations in a BLM
containedyramicidinchannels.

(seepart 3.1.5). However, in a lipid bilayersGRA channelsare mostprobablyin a dimmer
form [238]. This hasbeencon rmed alsoby moleculardynamicssimulations thatshavedthat
GRA dimmeris connectedvith 16 lipid moleculeg242,243].

The conductanceand kinetics of associatiorand dissociationof gramicidin channelsin a
BLM hasheenrextensiely studied237]. It is possibleo obsenediscretgumpsof BLM conduc-
tivity 40pSin0.1moll ! KCI atratherlow concentrationsf gramicidin(< 10 2 moll 1).
The current uctuations canbe connectedvith associatiorof two monomerdiffusing laterally
in BLM monolayersand/orwith dissociationof thesedimmers(Fig. 51). The uctuation of
the current,however with a muchlargertime of the conductancetate,hasbeenobseredalso
for dimmerscomposef covalently connectednonomersf the gramicidinA. In this casethe
uctuationsof conductvity areconnectedvith the uctuation of thethicknesof themembrane.
Early studiesof ionic channeldormedby GRA have alreadyestablishedhatthe current-wltage
characteristic$lVC) of GRA modi ed BLM arenon-linear Thenon-linearitydepend®on elec-
trolyte concentratiormandcompositior{237]. Thequantitatve methodof determinatiorof degree
of non-linearityof GRA channelshasbeendevelopedby Flerov et al. [244]. The methodcon-
sistsin the measurementsf the higher currentharmonicsgeneratedn membranesnodi ed
by GRA [76]. It hasbeenfound thatthe measurementf IVC non linearity usingthis method
enableghe investigationof the mutualinteractionof ionic channelschangef the kinetics of
membranegoropertiesduring the formationof the membranein uence of lipid ervironmenton
thechannelpropertied245]. This methodoffersa possibilityto verify thetheoreticamodelsof
ion transporthroughgramicidinchannelg76].

In contrastwith gramicidin,alamethicinmoleculesform channelsof differentdiameterde-
pendingon the numberof alamethicinmoleculesnvolved. It hasbeenestablishedthatalame-
thicin channelcan have up to 7 conductingstates[246]. Amphotericinis anotherchannel-
forming compound. It haslower conductvity then GRA channelsandis formedin presence
of cholesterothatstabilizesthe channeltructure247].

Recentlya variety of additionalnaturalpeptideshave beenidenti ed and shoved channel
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Fig. 52. Thechemicalstructureof the valinomycin.

properties.Amongthesepeptidesaree.g. mellitin — a beevenomtoxin peptideof 26 residues
andcecropins- inducedin Hyalophom cecopia. Thesepeptidesform -helicalaggreyatesin
membranes;reatinganion channein the centerof theaggreyate. Thecommonfeatureof these
peptideds theiramphiphiliccharacterwith polarresidueslusteredon onefaceof the helix and
nonpolarresiduesontactedvith hydrophobigartof a membrang233].

9.2.2 lonic carriers

The mostdetailedstudiedionic carrieris valinomycin(VAL) isolatedfrom Streptomycesulvis-

simus VAL hascyclic structurecontaining12 units madefrom 4 differentresidues.Two are
aminoacids(L-valine and D-valine), two otherresidues]-lactateand D- hydroxyisovalerate,
contritute esterlinkages(Fig. 52). The polargroupsof the VAL structurearepositionecdtoward
the centerof thering, whereaghe nonpolargroupsaredirectedoutward from thering. Thehy-

drophobicexterior of VAL interactfavorablywith hydrophobiccoreof the membranewhile the
centralcarboryl groupssurroundthe K* ion, shieldingit from contactwith non polar solvent.
K* - VAL comple freely diffusesacrossiologicalmembraneandcausepassie K* transport
(upto 10000K* /sec).For comparisonthe GRA channeltransportsiroundl0’ ionspersecond,
haweverit is lessselectve to K* ionsthenVAL [233]. VAL selectvity bindsthe K* andRb*

cations but hasaboutthousandold loweraf nity to Na* andLi* ions. It is connectedvith the
fact, that considerablymore enegy is requiredto desohate smallerions thenlargerions. For

example,the hydrationenegy for Na* is 300kJmol 1, while 230kJmol ! for K* ions.
Othermobile carrierionophoresnclude monensinand nonactin. The unifying featureof their
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structureis similarto VAL — polarinnerpartandhydrophobicouterpart.

9.3 Mechanismsof ionic transport

Therearetwo basicapproache$or consideratiorthe mechanism®f ionic transportacrossthe
membranel. diffusionand2. discretemechanism.

1. Diffusion mechanismis basedon applicationNernst-Planclequation..This approachis
basedn assumptiomf constanteld acrosgthemembranei.e. d'=dx = const. Thiscondition
is ful lled for thin membranesndfor thick diffusion doubleelectriclayer In this casethe
Nernst-Planclequation(67) hasform of lineardifferentialequation

dc

— + AC = B; 75

ix (75)
whereA = zF'= (RTd), B = j;(URT). Thesolutionof Eq. (75) representslependencef ion
ux on membrangotentialandtheion concentrationsit bothmembranesidesC; andC, (see
Fig. 49)

~_ zFP' C; CpexplziF'= (RT)]
= "RT 71 expizF= (RT)]

(76)

whereP = uRkT=dis coefcient of permeability(seepart9.1). Thus,the Eq. (76) derived
by Goldman(seeRef. [248]) allowing to estimatepassie ionic transportin the caseof known
concentratiorof ionsatbothmembranesideandfor known valueof permeabilitycoefcient, P.

TheGoldmansequatiorassumeson-lineadependencef transmembranen ux onmem-
branepotential. Nonlinearity increaseswith increasingthe ion gradient. This dependencés
linear only whenC; = C, and at very high valuesof membranepotential. At equilibrium
condition,i.e. whenj; = 0, we obtain from Eq. (76) the known Nernstequation: ' =
(RT=(ziF)) In(C1=C;). The nonlinearity of IVC is connectedwith in uence of the electric

eld onthedistribution of ionsinsidethemembrane.

The constanteld approacthasbeenusedfor explanationof nonlinearity of IVC of GRA
channelqse€[76] for moredetails).

2. Discretedescription of ionic transport. Thisapproachakesinto accounthemembrane
inhomogeneityandion-ioninteractionsn achannel(Notethatin diffusionapproachmembrane
is considerecashomogeneouandtheions do not interactinsidethe membrane) The analysis
of theion transportis basedon Eyring theory of the kinetics of chemicalreactions. Herewe
considersimplecaseof thetransportof ionsthroughionic channethatis characterizeby three
enegeticbarriers. Two barriersarelocatedat the membranéorderandthe barrierresponsible
for ion selectvity is locatedin the centralpart of the membrangFig. 53). If theion transferis
limited by centralbarrier, thenunidirectionalion ux esaredeterminedasfollows

Ti=Ci Aexp[ zF'= (2RT)] 77)
ji= Cy AexplziF'= (2RT)]

whereA isconstanand = exp[ E=(RT)]isfrequeng of ion transferacrossenepgeticbarrier
with aheightE . Resultingcurrentacrosgshe membranewill be

li=2zF(j; Ti)=zF [Caexp(zi =2) Ciexp( z =2)]; (78)
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Fig. 53. (a) Threebarriermodelof ionic channeland(b) the shapeof current-wltagecharacteristicsion
transports determiningby A. centralandB. sidebarriers.

where = F'= (RT). For symmetricalon concentration€; = C, = C, thelVC will be

li = zF Clexp(zi =2) exp( z =2)]= zF Csinh(zy =2): (79)

Thus, if the currentis determinedby the ion transferacrossthe centralbarrier, the IVC
hasshapeof hyperbolicsinus. The conductvity will increasewith increasingthe membrane
potentials.The shapeof IVC allowing to determinewhich barriersarecrucialfor ion transport.
This is illustratedon Fig. 53. We cansee,thatif transportis determineddy centralbarrier, the
IVC is supetlinear, but it is sublinearwhensidebarriersaredetermining(se€[86,234]for more
details).

9.4 Activetransport systems

Passve and facilitated diffusion transportsare driven by concentratioror potential gradients
acrossthe membrane.However, othertransportprocesse biological membranesredriven
in an enegeticsense.They transportspeciesfrom low to high concentratiorregions,andthus
maintainthe non-equilibriumconditionsthat are crucial for living systems. Theseprocesses
areenegy consumableThe mostcommonenegy input for active transportis ATP hydrolysis,
tightly coupledto the transportevent. Light enegy is other sourcefor active transport,e.g.
proton ux in Halobacteriumsalinarum(previously Halobacteriumhalobium) or in thylacoidor
mitochondriamembranesThe hydrolysisof one ATP moleculecausedransportof four protons
from the exoplasmicto the cytoplasmicside of thylacoid membrane.In Ca-ATPasethe ATP
hydrolysisis coupledwith transporiof two Ca* ions. In thecaseof Na* , K* -ATPasetwo ions
of K* aretransportednsideandthreeNa" ionsoutsidethecell following hydrolysisof oneATP
molecule.

Most of theseATPases,i.e ionic pumpstransferdifferentions in oppositedirection such
asNa* vs K*, H* vs. K* or C&* vs H*. This processhasbeencalled Ping-Pong[249].
Each“half-cycle” consistof an orderedsequenc®f experimentallyidenti ed steps:ion bind-
ing, ion occlusion(togetherwith ATPasephosphorylatiorand dephosphorylation)transition
betweerboth principal conformation€E; ! E, andvice versa,ion deocclusiorandreleaseo
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Fig. 54. Schematiaepresentationf H" -ATPasein athlylacoid membraneThe sukunit F; is responsible
for ATP hydrolysis,while sulunit Fo formsprotonchannel.

theaqueouphasentheothersideof themembraneReceninvestigatiorrevealedthatachage
movementoccurredmainly during the ion binding andreleasesteps. Thosereactionstepsare
called“electrogenic”(se€[143] andreferencehereinfor details).

The study of the mechanism®f active transportis rathercomplicated. It is also dueto
thefact, thatthe structureof ATPaseds notknown yetin sufcient details,althoughsubstantial
progreshasbeenachievedin thestudyof thestructureandconformatiorof Ca?* -ATPas€250].
The ATPasebehaeslike a molecularmotor. Hydrolysisof ATP resultedalsoin rotationof the
F1 sulunit (i.e. the sulunit whereactive sidefor hydrolysisof ATP arelocated)(Fig. 54) [251].
The actvity of Na*, K* -ATPase[252] andalso C&* -ATPase[176,195]can be regulatedby
phospholipidsThemechanismsf functioningof ATPasesarestudiedusuallyby meansof their
reconstitutiorinto thelipid vesicleqd143], BLM [76,253]or supportedipid bilayers[254]. In the
rst casausuallythepotentialsensitve uorescenceprobesareusedwhilein latercasesheelec-
trostrictionandimpedancespectroscop methodsarecorvenient.Recently usingthe ultrasonic
velocimetryanddensitometrymethod we shavedthatincorporationof Na* , K* - ATPaseinto
thelipid vesiclesof DOPCdecreasetheir compressibility Furtherdecreas®f compressibility
hasbeenobsenedafter additionof ATP in a concentratiomangel-5mmol.I ! This evidences
aboutconsiderablén uence of ATPaseon physicalpropertiesof thelipid membrang255].

10 Membrane receptorsand cell signaling

The interactionof organismswith surroundingervironmentis realizedby receptors.For each
type of the physicalor chemicalsignalthereexist specialreceptordocalizedin a plasmamem-
braneor receptorproteinsinside the cells. Light receptorsprovide visual orientationof the
organismsthermalreceptorsare sensitve to the temperaturehangesmechano-andbarro-re-
ceptorsareresponsibldor sensingmechanicatensionandthe pressureMechanoreceptorsare
responsiblalsofor tactile sensitvity thatallows to distinguishshapestexturesandmovements.
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The principlesbasedon mechano-electricalansductiorareresponsiblelsofor registrationof
sound.Chemoreceptorareresponsibldor distinguishingastesandsmells.

All receptorsystemshave commonfeatures.Receptorsareincorporatednto the cell mem-
branesin all caseghereceptorgranslatehestimulusinto anelectrochemicgbotentialchanges,
whichin turnresultin generatiorof actionpotentialin adjacenheurons.Theintensityof a stim-
ulusis determinedy thenumberandfrequeng of actionpotentialgoroducedy sensorysystem.
Specialtype of receptors— hormonalreceptors— areresponsibldor transductiorof the signal
into thecell.

In the caseof physicalreceptionit is necessaryo analyzethe mechanismsf interactionof
physicalsignalwith receptor This interactionis usuallyaccompaniethy changeof conforma-
tion of thereceptorthatshouldaffect the physicalpropertieof themembraneg.g. permeability
and/orcompressibility Thereforefor understandinghe moleculamechanismsf receptionit is
necessaryo studyphysicalpropertiesof the membranesFor chemicalreceptorghe important
stepghatshouldbeanalyzedconsistingn diffusionof theligandmoleculeto thereceptoybind-
ing of ligand with receptorand nally transductiorof the signalfrom the binding eventinside
the cell througha complex signalpathways.

Let usconsiderrst thebasicfeaturesof physicalreception.

10.1 Physicalreception

The commonfeatureof physicalreceptiong.g. visual, mechano-barro-andthermo-is thatthe
externalsignalresultednally in openingof ionic channelsn amembraneThemoleculamech-
anismsof visualreceptionwasdescribedn Refs.[233,236]. The basictransducingnoleculein
visual receptionis rhodopsin. Using the model system— bacteriorhodopsiincorporatednto
BLM - it hasbeenshown, thatillumination of this light-sensitve membraneesultedin con-
siderableincreaseof the elasticitymodulusin direction perpendiculato the membraneplane,
E- . This effect hasbeenconnectedvith the in uence of the conformationakchangesf bac-
teriorhodopsiron large regionsof lipid bilayers. Theseresultsevidenceon existencethe links
betweenfunctional stateof the sensingmacromoleculeand physicalstateof the surrounding
membrang76].

Herewe brie y describethe basicprinciplesof mechanoreceptionln 1972 V.l. Passech-
nik [256] proposecypothesisthattheionic channelsvith uctuating conductvity cansene as
thetransducersf membranenechanicatleformationinto electricresponsef the cell. The ex-
istenceof suchchannelsn mechanoreceptaellswasexperimentallyfoundlaterin 1977[257].
The conceptionraisedby Passechnilallows oneto introducean elementarymechanoreceptor
unit — elementarymechanosensite center(EMC) — which is composedf anion channel
anda partof a receptormembraneattachedo it. The EMC function consistsof the changeof
the meanion channelconductvity asa resultof the deformationof this part of the membrane.
This concepthasbeenproved in a detailedstudy of Passechnikand his co-workers, which is
summarizedn Ref.[76].

10.2 Principles of hormonal reception

Thefactthatreceptorareincorporatedn lipid bilayershasgreatsigni cancefor enhancemerf
diffusionof ligandto thereceptor AdamandDelbriick (se€[86]) estimatedhetime of diffusion
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of the moleculeto the targetof aradius“a” from the spaceof aradius“l’. They shaved, that
thetime () is functionnotonly theratio b=a but alsothe spacedimension

) = (=Dt 1) (b=g); (80)

wherei meansthe uni- (1), di- (2) or three-(3) dimensionakpace.In a rst stagethe ligand
movesto thereceptorby meansof threedimensionaliffusion. As soonasit reacheshe mem-
branejt continuego diffuseto thereceptoibinding site by meansof two dimensionatiffusion.
Theestimationsshavedthatat certainconditions10? < b=a< 10* and10® < D@ =D® < 1,
@ = ©) < 1. Thus,the existenceof receptoran a membranesnhancesnteractionof ligand
with receptordueto fastermoving by meansof two dimensionadiffusion.
Theformationof ligand(L) —receptoR) complex (LR ) is thenext stepin hormonerecep-
tion. This stepcanbe analyzedn analogywith substrate-enzymiateraction.The formationof
ligand-receptocomplex

L+R$ LR (81)

is characterizedby af nity constantK ~ 10°-10* mol ! I, whichis usually higherthanthat
for substratenzymecompleces.Let usconsidergenerapeculiaritiesof ligandreceptobinding,
whenn ligandsinteractswith m bindingsites. Theligand canexist in bound(B) or in afree(F)
state.Thereforethe concentratiorof ligand,[L ;] will be

>(n .
Lil=[Rl+ [Byl i=1:m 82)
j=1
In analogy receptorcanalsobe in the stateBj , i.e. in complex with ligand andin a free
stater;; . Thus,the concentratiorof j-binding site[R; ] will be

X1 .
[Rj]=[fj]+' B I; j=Lom: (83)

At equilibrium(F; + rj $ Bj ) theafnity constanKj is
o _ [Bi] .
VORI

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

i=1::5n; j=210m (84)

>Qﬂl .
Lil=[FR]+  Kjy[rlFl i=1:n (85)
j=1

Xn .
[Ri]=1[rj]+ Ki [r]IFi; j=L0nm (86)
j=1

Thenfrom Eq. (86) we have

W .
[rj]=[Ry]=(1 + Ki [Fil); j=21:5m (87)
j=1
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andsubstitutingvalue[r; ] to Eq. (85) we obtain

xXn X
[Lil=[F]+ ( Ky [RIIFiD=1+ Ki [Fil): (88)
=1 i-1

p
If we usetheratiok; = [Bj I=[Fi] = [Li]=FR] 1, thenthe Eq. (88) canbetransformeds
j=1

follows

x
k= Ki[RjI=2+ Ky [Ri): (89)
j=1 i=1

In simplestcasej.e. onetypeof ligand(i = 1) andonetype of receptor(j = 1) we obtain
k=K[R]=(1+ K[F]) (90)
andtakinginto accounthat[F ] = [B]=k, we obtainScatcharcquation
k= [BJHF]= K[R] K[B] (91)

In coordinate$B ]=[F ], [R] the Eq. (91) canbe expressedy straightline, thatallowing to deter
mine concentratiorof receptorgdR] aswell asaf nity constanK . Usuallythesituationis more
complex andrequiringanalysisof severaltypesof bindingsitesandseveraltypesof ligands.For
this purposat is necessaryo solve numericallythe Eq. (89).

Next stepin hormonalreceptionconsistsin transductiorof the signaloriginatingfrom the
binding of ligand to its receptorinto the cell. The complex of reactionsaccompaying signal
transductioracrosgshe membrandave beendescribedn details(seee.g.[2,233,258]).In gen-
eral,thehormoneinteractionwith receptolincorporatedn plasmamembranemobilizesvarious
secondnessengersyclic nucleotidesCa* ions,ceramidgappearediueto phospholipaseac-
tion on sphingomyelinandothersubstanceghatactivateor inhibit enzymesnsidethecell. The
receptorareusuallyconnectedvith othersignalingstructurest cytoplasmicsideof thecell, e.g.
G-proteinstyrosinkinaseor oligomericion channelsthatmediatedhe signaltransduction As
an examplewe considerthe aderylat-cyclase-initiateccAMP signaltransductiorpathway with
participationof G-protein.This pathwayis schematicallyshovedon Fig. 55. Thebindingof lig-
andto thereceptoractivatesG-protein(typically it is heterotrimecomposedaf threesutunits, ,

and ). Thisactvationresultedin hydrolysisof GTPto GDPat sulunit of G-protein.As a
result suhunit dissociatdrom the G-proteincomple< andactivatesaderylat cyclase.Aderylat
cyclasethencornvertscytoplasmicATP into campandcAMP thenactivatesproteinkinase that
in turnis ableto modulatethe geneexpression.

10.3 Tasteand smellreception

Thesetypesof receptionare responsiblefor recognitionof tastesand smellsof varioussub-
stances.lt is assumedthat smellreceptionis basedon recognitionof molecularstructure,i.e.
thereceptoresponsibldor speci ¢ smellhascavity thatexactly corresponds$o the shapeof the
moleculethatis detected259]. Somepheromoneeceptorsanrespondo their volatile ligands
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Fig. 55. Schematiaepresentationf the aderylate cyclasesignaltransductiorpathway. For explanation
seethetext.

in aquantalway. For examplethe moth, Bombyxmori, respondgo singlemoleculespr at most
very few moleculesof the pheromondombylol, by increasingts wingheatfrequeng [260].

The tastereceptionis basedon molecularrecognition. The acidic tasteis determinedby
protons,salttasteby anions,like Cl . Sweetandbitter tasteoriginatingfrom interactionwith
receptoiof specie®f differentstructure Theprogressn investigatiorof themechanismsf taste
receptionduringlastyearswasconnectedvith isolationof proteins.e.g. monellin,thatinducing
sweettaste.Usingtheseproteinsit hasbeenpossibleto demonstratspeci city of interactionof
this ligandswith tastereceptors.

In tasteandsmellreceptiorthebindingof speciedo thereceptorss alsotransformednto the
electricalsignals.However, the mechanismsef thesetransductiongrestill unknown (see[261]
for review of exsistinghypothesis).

10.4 Articial receptors

In additionto naturalreceptorscurrentlya considerablénterestis focusedon developmentof
arti cial receptors. It is connectedwith developmentof receptorbasedbiosensors. Among
arti cial receptorghecalix[n]arenesreof speciainterest.They represenmacrogclic aromatic
moleculeswhich originatefrom the synthesiof the phenolsandaldehydeswhereagn] referto
the numberof the phenolaromaticcyclesin the molecule. In calixarenesphenolicsulunits
are bridgedvia methyl groupsin metaposition. This providesof the characteristiovase-lile
shapeof the calixarenemolecule[262]. In addition,macrogcleswith sutunitslike resorcineor
pyrrol have beensuccessfullysynthesized263-265]. Due to the presencef the hydrophobic
cavity, formed by the phenolicunits, calixarenesare being usedfor detectionof a wide range
of compoundssuchas metalions, biomacromoleculesetc. Moreover, easymodi cation of
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Fig. 56. Chemicalstructuresf calix[4]resorcinarene.

the sidegroupsallows oneto preparetailor-madecalixareneswith high af nity for the specic
targetmolecules.Therefore theserecognizingfeaturesf calixareneganbe usedasa basisfor
developmenbf biosensors.

Monolayersformedby calix[n]areneshave beenstudiedeitheron the watersubphasg265-
268] or onthesubphasesontainingvariouscationg262,269].In addition,calix[4]arenesnono-
layershave beenalsosuccessfulliemployedfor the detectionof monomericnucleosidesn the
subphas¢270]. Recently considerablattentionwasfocusedon the developmentof the meth-
odsof detectionof the neurotransmitteradrenalinedopamineor ephedrinewhich triggerthe
metabolismof the lipids and sugars,followed by their utilization in the enepgetic processes.
Uncontrolledimposition of thesecatecholamineactingasthe dopingandtheir dif cult detec-
tion hasprovoked InternationalOlympic Federatiorinto the searchfor the rapid andfoolproof
methodswhich could estimatethe concentrationsf the catecholamines the urine. Synthetic
calix[4]resorcinarenéFig. 56) wasextensiely studiedn thisrespectlt hasbeenshavn, thatthe
biosensobasednthesolid supportedipid membranesvith incorporatectalix[4]resorcinarene
is highly sensitve towardscatecholaminewith detectiorlimit in M concentratiomange[271].
Thesesensoravere selectve and did not reveal ary signi cant interferenceswith othercom-
pounds(e.g.ascorbicacid,lactoseureaetc.)[271]. Despitetheseextensive studiesthe mecha-
nismsof interactionof catecholaminewith calix[4]resorcinarenandthe mechanismsf inter
actionof this arti cial receptomwith phospholipidss still underinvestigations.

In ourrecenwork [272] we studiedthepropertief themonolayergsormedby calix[4]resor-
cinareneandalsothepropertieof mixedcalix[4]resorcinarene-phosplipid monolayerdormed
atthewatersubphas®r subphaseontainingvariousconcentration®f dopamine.The binding
of dopamineesultedn changeof the shapeof the surfacepressurésothermsaswell aschanges
of the dipole potential,which indicatethe chage redistrikution uponthe dopaminebinding, as
well asthereomganizationof the molecularstructureof the monolayersThisis seenon Fig. 57,
whenthe plot of the surfacepressureanddipole potentialasa function of meanmoleculararea
is presentedor differentdopamineconcentrationn watersubphaselncreasingconcentratiorof
dopamingoroducesa shift of theisothermgowardhigherareas.

Thiseffectis accompanietly anincreasef themeanmolecularareaof calix[4]resorcinarene.
The valuesof the meanmolecularareasare reportedin Table 11. As it canbe seenin Ta-
ble 11, the meanmolecularareaof calix[4]resorcinarenéncreasest the presencef 1 mM of
dopamineby approx. 7 % (the differenceshetweenthe molecularareawithout dopamineand
at certaindopamineconcentratiorwere statisticallysigni cant accordingto the Students t test
(p < 0:001)).
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(a) (b)

Fig. 57. The plot of surfacepressurga) anddipole potential(b) asa function of meanmolecularareafor
monolayerf calix[4]resorcinarenat watersubphasé€l) andthosecontaineddopamingn concentration:
(2)-10;(3)—100and(4) — 1000 M , respectirely. (Reproducedby permissiorfrom Ref.[272]).

Tah 11. Mean molecular area, A and compressibility modulus, CSl for the monolayers of

calix[4]resorcinareneformed at pure water subphaseand those contained various concentrationof

dopamine. Resultsrepresenimean SD determinedfrom 6 independentxperiments. The differences
betweenmeanmolecularareasare statistically signi cant accordingto the Students test(P < 0:001)

Adoptedfrom Ref.[272].

Dopamine, M | A (nm?/molecule)| C.* (mN/m)
S

0 152 0.02 1784 4,1
10 156 0.02 176.7 4,0
100 159 0.01 1712 55
1000 1.64 0.02 165.2 5.3

Increasenf dopamineconcentratiorcauseslsoa shift of the potential-arealependencie®
higherdipolepotentialsatlow pressureegion(Fig. 57b). Howeverathighersurfacepressurend
at presencef dopaminethedipole potentialsarehigherthanthosewithoutdopaming 120~
130mV). Thetendeng of thedipole potentialgo grow sincethevery beginningof thecompres-
sioncanberelatedto thebindingof dopamingo themonolayer ThepK , valueof dopamingn a
watersubphasés 8.87[273]. Thereforeat pH of watersubphaseisedin experimentypH  6),
the amino group of dopamineis positively chagedandhasaf nity to the —OH groupsof the
calix[4]resorcinarenenoleculesexposedinto the water subphase. This pK ; value could in
principle shift down when dopaminebind to a monolayer However, despitethis possibility
we supposehat the electrostatidnteractionsbetweendopamineandthe calix[4]resorcinarene
hydroxyl groupsare the main reasonof the changesf dipole potential. From Fig. 57b, we
canalsoseethat beforethe main raiseof the dipole potentialcertainirregularity took placeat

2:1 nm?/molecule.The magnitudeof this irregularity increasesvith increasinghe dopamine
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Fig.58. Theplot of meanmolecularareaasafunctionof dopamineconcentratiorior monolayercomposed
of calix[4]resorcinarenéormedon watersubphase(Reproducedby permissiorfrom Ref.[272]).

concentrationThis effect maybe associateavith change®f the calix[4]resorcinarenstructure
dueto dopaminebinding.

Using the datapresentedn Fig. 57awe ploted of meanmolecularareaas a function of
dopamineconcentration(Fig. 58). It is seenfrom Fig. 58 that this plot represents typical
Langmuirisotherm.Thereis tendeny to saturatiorathigherconcentrationsf dopamineandthe
interactionbetweerdopaminanoleculesandthe receptorss muchstrongerthanthosebetween
dopaminenoleculesatthe surfaceof the monolayern(see[73] for theoryof speci ¢ adsorption).
The dissociationconstantKp wasdeterminedaccordingto equationA = Apax c(Kp + ©),
whereAnax is themaximalmolecularareaandc is the dopamineconcentratiorandwasfound
ca.310nM. This is muchhigherin comparisorwith e.g. the binding af nity of antibodiesor
DNA aptamerswhich arein therangeof 1-100nM [274].

More detailedinformationaboutthe physicalpropertiesof the monolayercanbe achieved
from the compressibilitymodulus Cq ! de nedas[275]

C.l= A = (92)
Accordingto Ref. [275], compressibilitymodulusvaluesbetween0 to 12.5mN/m referto the
gasphaseof the Ims, from 12.5to 50 mN/m to theliquid —expandedL-E) Ims, from 100to
250mN/mto theliquid — condensedL-C) Ims andthevaluesabose 250mN/m aretypical for
thesolid Ims. UsingEqg. (92), we determinedhe compressibilitymodulusfor condensedtate
of themonolayersThequantity — is theslopeof themonolayerandthe areaA corresponds
to the meanmolecularareaat condensedtateof the monolayer(Table11). As it canbe seen
fromtheTable11,all theinvestigatednonolayersarecharacterizethy compressibilitynodulus
> 165mN/m. This provesthe condensedtateof the monolayers.It is alsoseenin Table11
thatwith increasingpf dopamineconcentrationthevaluesof Cg ! tendto decreaséalthoughthe
statisticalanalysisusingStudents t testprovedthe signi cant differenceqp < 0:001) between
theCgq ! valuesonly at0 and1000 M of dopamine) This suggestshatchange®f the confor



Lipid Im coatedelectrodes 789

mationof the calix[4]resorcinarenéueto binding of dopaminecausednore e xible (i.e. more
compressiblejnonolayer

The arti cial receptorsare novel structureswith high perspectie for practicalapplication
in biosensors.For examplesmonolayerformed by calix[4]resorcinarenean be depositedon
a solid surfaceand the detectionof dopaminewith the calixaienu Im can be determinedby
variousmethod e.g. usingmassdetectionamperometrior impedancespectroscop methods.

11 Lipid Im coatedelectrodes

Interestto thelipid Im coatedelectrodegknown alsoassupportedipid membranegsBLM))
asatool for constructionof high sensitve andselectve biosensorss considerableLipid Ims
protectthe solid supportfrom undesirablénterefencegndthus minimize the redoxprocesses
atthe electrodesurface.On the otherhandthelipid Im thatmimicsthe propertiesof biomem-
branesrepresentgornvenientimmobilization matrix, that presere the conformationalfreedom
of attachednacromoleculessuchareenzymesantibodiesor nucleicacids. Thelipid Im, due
toits insulationpropertiegepresenhigh barrierfor transferof chaigedparticlesto theelectrode.
This disadwantagecanbe,howvever overcomeby modi cation of the Im by electronor ion car
riers.Lipid Ims canbepreparedvith high scaleof lipids of variousstructuresandthusallowing
to constructbiosensingystemwith desirablesurfaceproperties.In contrastwith, socalledfree
standigBLM, lipid coatedelectrodesanbe stableevenatair. Sothey canbeinvestigatedalso
by otherthenelectrochemicaiethods sucharee.g. atomicforce microscoly (AFM), surface
tunnelingmicroscopy (STM) or scanningelectrochemicamicroscoly (SECM).Dueto similar
chemicalcomposition,structuraland physicalpropertiesthe sSBLM cansene alsoasa cornve-
nientmodelfor biomembranesThe methodof preparatiorof SBLM andsocaledtetheredBLM
(tBLM) hasbeenreportedn part3.2.2(seealsoreviews[110,168,276]).

11.1 Modi cation of lipid Im coatedelectrodesby functional macromolecules

Incorporationof functional macromoleculese.g. enzymes,antibodiesor nucleic acidsinto
lipid layersor immobilization onto sBLMs or liposomesis a crucial stagein the preparation
of biosensar The methodof immobilizationshouldful Il certainrequirementsl. Stability of
lipid-macromoleculecomplex for sufcient time; 2. Optimal conformationalability of macro-
molecules3. Accesdo reactive sitesof enzymesantibodiesor receptors.

For integral proteinsor receptorswhich containhydrophobicconstituentsthe incorpora-
tion into the membranesan be done either by meansof mixture of the proteinswith lipids
in the membrane-formingsolution, or by fusion of proteoliposomesvith lipid layers. Mix-
turesof proteinswith lipids in solutionhave beensuccessfullyusedfor incorporationof bacteri-
orhodopsif277] andantibodieq278]. Antibodieswerealsoimmobilizedto the Iter supported
bilayers[279]. Vesiclefusionfor incorporationof proteinshasalsobeenextensvely reported
(e.g. bovine serumalbumin [280], acetylcholinesterasg81,282], choleratoxin [282], bac-
teriorhodopsir{277,283],cytochromeoxidase nicotinic acetylcholinereceptor{280] andH* -
ATPase[284].

Anotherimmobilizationmethodwhich hasimportantpracticalapplicationshasbeendevel-
opedby Wilchek [285]. This methodconsistsn useof the high af nity of streptaidin and/or
avidin to biotin. Thus,if a streptaidin or avidin modi ed macromoleculés addedto a sSBLM
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thatis preparedrom biotinylated phospholipidsa stablecomplex betweenprotein and phos-
pholipid is formed. The rst sBLM biosensordasedon immobilization of enzyme— glucose
oxidaseusing streptaidin-biotin technologyor avidin-biotin technologyhave beenreportedin
Refs.[286,287]. Similar methodhasbeenusedalso for immobilization of antibodiesto the
sBLM [288].

A further novel approachof immobilization consistsin using a bacterialglycoproteinsso
calledS-layerasmatrix for immobilizationof proteinmacromoleculef289].

For immobilizationof oligonucleotideso sBLM the effective approactconsistsn modi ca-
tion of shortsequencef singlestrandedNA by hydrophobiahain,e.g.palmiticacid[232,290]
or cholestero[291].

11.2 Bioelectrochemicaland analytical applications of lipid coatedelectrodes

Lipid Ims coatedelectrodesare new tool for fundamentabndappliedresearchn bioelectro-
chemistry biophysicsandanalyticalchemistry Concerninghe fundamentaktudiesthe advan-
tageof thesesystemsconsistsin their high stability and availability to apply additionaltech-
nigues,that cannot be usedfor classicalmodelof biomembranesg.g. BLM andliposomes.
Thereare for example thicknessshearmode technique(TSM), surphaselasmonresonance
(SPR),elipsometryandall typesof imagetechniquessuchare AFM, STM and SECM. Lipid
Ims allow incorporationof integral and peripheralproteins,proteolipidicreceptorcompleces,
that allows to mimics the structureand propertiesof biomembranes.As a matterof fact the
biomembranesre supportedby spectrinnet or glycocalix, thereforeselectionof appropriate
support,e.g. agargel or polymerscansene assuitablemodel of biomembranesupportedon
glycocalix.

Supportedipid Ims revealeduniquepropertiesalsofor applicationgn analyticalchemistry
They allowing to immobilize on their surfaceenzymesantibodiesarti cial receptorsnucleic
acids,DNA/RNA aptamersand thusto usethesesystemsas a biosensors.Variation of lipid
compositionallowing to selectconditionsthat allow to avoid unspeci ¢ interactionswith the
sensoisurfaceof variousundesirablenterferences.

Theapplicationof supportedipid Ims in thefundamentatesearcthasbeenreviewedin pa-
perby Sackmanr113]andKnoll [254]. Applicationof sBLM bothin fundamentahndapplied
studieshasbeenreviewedalsoin Refs.[110,168,276,29p

Unmodi ed supportedipid Ims can be ratheruseful for study the adsorption/desorption
processesf variouscompoundshataredissoledin lipids, e.g.detegentsor naturalsurfactants,
like saponin[293] aswell ascanbe usedfor determinatiorof actity of phospholipasesThis
hasbeenshavn in paperby Mirsky et al. [294]. The approachusedin this work was based
on the fact that hydrolysisof the substratemediatedby phospholipasé\, leadsto formation
of water soluble productsfrom water insoluble substratej.e. phospholipidmonolayer The
actionof phospholipas¢éhusresultedn removing certainpartof lipid monolayeifrom alkylthiol
supportedipid Im, thatis monitoredasincreasef capacitancef thelayeradjacento thesolid
electrode.

Unmodi ed lipid coatedelectrodesanbe successfullyusedalsofor the studyof the mech-
anismsof interactionof nucleicacidswith lipid layeranddueto high stability of the supported
lipid Ims, thesesystemsopennew routsfor study of the mechanism®f electroporatiorof
nucleicacids. As an exampleis the paperby Schouteret al. [295]. They prepareccationicbi-
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layeradsorbedh self-assemblethonolaye(SAM) of alkylthiols terminatedy negativechaged
groupsof carboxylicacid. Usingthe SPRmethod they shaved, that cationiclipids formedbi-
layersatthetop of SAM of athickness3.2to 3.3nm. By meanf photobleachingmethodthey
shavedthatthelayerswerehomogeneouandrelatively immobile. DNA interactswith cationic
lipids by physicaladsorptionIt hasbeenshowvn in thiswork, thatDNA formsalayerof 0.8 nm.
Recently{169] themethodof electrostrictiorhasbeenappliedto studytheinteractionwith sBLM
cationicsurfactanthexadegylamine(HDA), HDA-DNA andDNA-Mg?* compleces.Interaction
of HDA with sBLM resultedn decreasef membraneapacitancandtwo-directionaleffecton
elasticity modulus,E- , (increaseor decrease)which canbe causedby differentaggreyation
stateof surfactantat the surfaceof sBLM. In contrastwith effect of HDA, the complexes of
HDA-DNA resulted,in mostcasesjncreaseof elasticity modulusandincreaseof membrane
capacitancewhich canbe causedy incorporationof thesecomplexesinto the hydrophobidn-
terior of themembraneCertainpartof thesecomplexescanbe,however, adsorbednthesBLM
surface.DNA itself doesnot causesubstantiathange®f physicalpropertieof sBLM; however,
additionof bivalentcationsMg?* to the electrolyte-containe®NA causedsubstantialncrease
of elasticity modulusand surfacepotential. Thesechangeswvere, however, much slower than
that obsened for HDA-DNA compleces,which canbe causedby slov competitive exchange
betweerNa® andMg?* ions.

Supportedipid Ims arealsoratherperspectie tool for studythe mechanism®f protein-
lipid interactions[69] aswell asfor reconstitutionof ATPasesand study the mechanism®f
functioningtheseionic pumps[284].

For speci c responseof lipid coatedelectrodego variouslow and high molecularweight
specieghe lipid Im shouldbe modi ed by ionic channelq296,297]and carriers[298,299],
speci ¢ receptord300,301],antibodieg302-304],of nucleicacids[230,291,305].In this part
we will shav two examplesof applicationof sBLM in bioelectrochemistryl-sBLM modi ed
by carriersandionic channelsand2-sBLM asanenzymaticelectrodesAnotherapplicationsan
be nd in abore mentionedeviews,e.g.[110,168,254,27£97).

11.2.1 Supportedlipid Ims modi ed by carriers and ionic channels

In the rst studiesof sBLM formed accordingto the methoddevelopedby Tien and Sala-
mon[105], therewasattemptto check,whethersBLM couldbe modi ed by ionic carriers,e.qg.
valinomycinin orderto usethis systemasanion-selectve electrode.Successfuattemptin this
directionwasdemonstrateth paperby Snejdarkovaetal. [299]. They shovedthatmodi cation
by valinomycinreally inducedincreasef conductvity of lipid Im atthestainless-steeupport.
The problem however remainswith presencef metalsupportthatdoesnot allowing to further
diffusion of theions. This problemhasbeensolvedin paperby Ziegler [306], who usedagar
supportedipid Ims andsuccessfullldemonstrateinic channelcharacteristicsimilar to that
obsenedfor free standingmembranesTheseagarsupportedipid Ims hasbeenusedalsofor
studythe interactionof shortpeptideswith lipid Im [307]. The advantageof thesesystemin
additionto their high stability is thatthey requireminimal volumeof buffer —around50-100 |,
whichis at least10 timeslower thanthat usedin typical experimentswith free standingBLM.
This, of courseconsiderablysafethe amountof specieaised.In addition,agarsupportedims
representdilayerssystemswhich is not the caseof the lipid Ims supportedon a tip of the
metalwire. As we alreadymentionedat the beginning of this chapter(section3.2.3)lipid Ims
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formedon atip of the metalwire containstructuraldefectsandmay be composef monolay-
ers,bilayersor even multilayers. Unfortunately the main disadwantageof agarsupportedims
is theirlower stability in comparisorwith metalsupportedims. Thereforefurtherattemptavas
focusedon developmentof the supportedipid systemsthatwill containhydrophilicspacetbe-
tweenmetalandlipid Im, which canbe led by electrolyteandthusrepresenmore suitable
modelof biomembrane.

The problemhasbeensuccessfullysolved by Cornelet al. [308], that developedsophisti-
catedlipid bilayer systemsupportedn a gold layer, but containechydrophilic spacetbetween
gold and bilayer that allowed the buffer to be localizedhere. This systemhasdemonstrated
high sensitvity to dissociatiorof ionic channeldollowing disruptionof gramicidindimmersby
speci ¢ interactionwith antigeng308] or during hybridizationof nucleicacid at the lipid Im
surface[309].

11.2.2 Electrodescoatedby lipid Ims with immobilized enzymes

Lipid coatedelectrodesepresentiniquetool for studythe mechanismef enzymaticreactions
atthe surfacesandfor constructiorof enzymaticsensorsThe enzymecanbe incorporatednto
thelipid Ims by meansof dissolutionof enzymemoleculesin lipid solutionfrom which the
Im is preparecdr by immobilizationof the enzymeatthelipid Im surface.In this respecthe
pioneeringwork by Snejdarlova et al. have greatsigni cant for further progressn this eld.
In thesework either streptaidin [286] or avidin [310] have beenusedfor immobilization of
glucoseoxidase(GOX) to thelipid Im surfacepreparedon a tip of freshly cuttedstainless-
steelwire coatedby insulatingpolymeror Te on. Furtherthis approacthasbeenusedalsofor
immobilizationof anotherenzymese.g.ureasenapolypyrrol Im [311], or bi-enzymesystem
containedf acetylcholinesterasandcholineoxidaseg312].

Letusshow peculiaritiesof lipid-coatedelectrodesnodi ed by enzymesiusinganexampleof
mostdetailedstudiedsystemcomposedf GOX attachedo the supportedipid Im lipid using
avidin —biotintechnology{286,310,313,34].

In orderto prepardipid Im+GO X coatedsolid electrodemostlythesurfaceof freshlycutted
tip of Te on coatedstainlesssteel[313] or platinumwires [315] wereused. The formation of
the Im is rathersimpleandis basedon the techniquedevelopedby Tien and Salamon[105].
Thecleanwire is immersednto thedropof lipid solutiondissohedin n-decane-btanolmixture
(8:1volume/wlume).Thenthetip is cuttedby sharpscalpelandimmersedn abuffer (typically
0.1moll 1 KCIl+10mmoll * Tris/HCI, pH 7.0). NotethatpH of electrolytehasconsiderable
in uence on GOX actity, thereforeit is importantto work in a buffer conditionwith optimal
pH (approx.pH 7). In a buffer the selfassemblegrocesf formationthelipid Im takesplace.
Phospholipidgsolatedfrom crudeox brainextract (COB) arecorvenientfor formationof these

Ims. Theselipids canbe modi ed by D-biotin-N-hydroxy-succinmide ester[286]. In order
to useavidin-biotin technologyit is alsoimportantto modify enzymeby avidin or streptaidin.

For this purposethe methodwell describedn Ref.[285] canbe used. This methodis basedon
formationof avidin-GOX (A-GOX) conjugatesy cross-linkingwith glutaraldehydeThe mod-
i cation of the Im surfacecontainediotinylated phospholipidsonsistan immersionof lipid

coatedwire into the A-GOX buffer solution. Thekineticsof this processanbestudiedusinge.g.
electrostrictiormethod. It is expected thatimmobilizationof A-GOX to thelipid Im surface
will resultin strongbinding of avidin to the biotin sides. This bindingis noncovalent,but very
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Fig.59. (a) Time courseof change®f elasticitymodulusE , (traceA) andelectricalcapacitancétraceB);
(b) membranesurfacepotential fro sBLM from COB extractmodi ed by biotin following addition
of A-GOX ata nal concentratiorf 30nmoll * and60nmoll ! (Themomentof additionof A-GOX) is
indicatedby arrows). (Reproducedby permissiorfrom Ref.[229]).

robust having a dissociationconstantl0 ® mol | *. In additionthereexist stronginteraction
betweenavidin moleculesat the surfaceof the Im. All theseprocessesesultin stabilization
of the structureof the Im. This stabilizationpartially causesestrictionof the mobility of the
lipids, thatin turnin uence onthe mechanicapropertiesof thelipid Im. We canthereforeex-
pectsubstantiain uence of bindingproces®onthemechanicapropertieof the Im. In addition
GOX is negatively chaiged. Thereforethe binding processshouldresultin changesf surface
potentialof the Im. Thesephenomendave beenobsened experimentally[313]. An exam-
ple is shaved on Fig. 59. We canseethat chelation-like interactionof A-GOX with surfaceof
biotinylatedlipid Im resultedn increaseof elasticmodulusk, , decreasef membraneapac-
itance,C andincreaseof surfacepotential . The saturationof membranecapacitancend
surfacepotentialstartsalreadyat A-GOX complex concentratioof 30nmoll 1. Therestriction
of themobility of phospholipidgollowing the adsorptiorof the conjugateA-GOX resultedalso
in increaseof relaxationtime of reorientationdipole moments ashasbeenshoved above (see
part8.2andTah 9).

The detectionof glucosein a buffer canbe performedamperometricall\f316], e.g. based
on anodicreoxidationof enzymeusually at potentialapprox+0.6 V (positive terminalon an
working electrode)

GOX(FAD) + glucose! GOX(FADH) + gluconolactone (93)
GOX(FADH,) + O, ! GOX(FAD) + 2H" + 2e (94)

Thus,the changef the currentin a systemA-GOX electrode-referenaelectrodes a mea-
sureof the concentratiorof glucosedegradedby enzymesat the surfaceof lipid Im. As we
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Fig. 60. Calibrationplot at threedifferentpotentialvaluesfor biosensomwith a BLM formedon aNa on
layercontainingFc comparedvith a calibrationplot for a biosensowith aBLM onaNa on layerwithout
Fc at+0.6 V. Measurementarriedoutin 0.1 mol | * phosphatéuffer of pH 7.2. The platinumwire of
a diameter0.6 mm coatedby low conductingpolyoxypheglene Im wasusedasa supportfor the Ims
(Reproducedby permissiorfrom Ref.[315]).

mentionedabove, thelipid Im is poorly permeabldy chagedparticles,e.g. ionsor electrons.
Thereforefor increasingthe sensitvity it is necessaryo modify thelipid Im by electroncar
rier, e.g.tetragzanoquinodimethan@ CNQ)[313] or tetrathiofuhaleng(TTF) [317]. Thesensor
responsdollowing additionof glucoseis in orderof 1 min. The plot of the currentasa func-
tion of glucoseconcentratiorhastypical shapeexpectedfor enzymaticreactionsfollowed by
Michaelis-Menterkinetics,i.e. it is curve with saturation(Fig. 60). The sensitvity of the sen-
sorresponselependon the potentialappliedaswell ason modi cation of the supportinglayer
by mediator The dependencef the currentversusconcentratiorof glucosecanbe linearized
usingtheLineweaver-Burk plot, i.e. plotof (I Inax )=(I 1) versusglucoseconcentration.
Herel( is thecurrentin absencef glucose] is the currentat certainglucoseconcentratiorand
Imax IS the currentat saturation,.e. at high glucoseconcentration.The standardanalysisof
this plot allowing to determineMichaelisconstantK y, . For examplefor lipid Im baseden-
zymeelectrodereportedin paper{313],theKy = 0:66 0:18 mmoll ! whichis closeto the
valueobtainedby Bartlettetal. [316] (K = 1 mmoll 1) for the enzymeelectrodewith GOX
modi ed by ferrocenaderivativesandimmobilizedon glassycarbonelectrodej.e. nolipid Im
waspresent.Highervalueof Ky hasbeen,however obtainedwhenlipid Im wasmodi ed by
TCNQ (Ky = 1445 1:32mmoll 1) or whenGOX wasformedon the Im composedf
lecithinandpolypyrrole[318] (K = 13:1mmoll 1). Theabovevaluesof Ky, were,however,
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lowerthenthatfor free GOX in solution(33mmoll !, see[319]), whichmaybe connectedvith

slower rate of glucoseoxidationat the amphiphilicsurfaceasit is revealedfrom considerably
lower value of enzymeturnover (around1.1s ! for lipid coatedelectrodeg313] and10 3 to

10 ? s ! for GOX immobilizedon glassycarbonelectrode[316]) in comparisorwith thatfor a

free GOX in asolution(approx.340s ! [319]). Relatively low enzymeturnover aswell asthe

sensitvity of thesensobasedon lipid could evidenceaboutcertainunfolding of the enzymeat

morehydrophobicsurface[320].

Recentlyperformedanalysisof the propertiesof GOX sensobasedon lipid Ims prepared
on varioussupports,ncluding stainlesssteel, platinum, polypyrrol andNa on Ims modi ed
by ferroceneshoved,thatthe bestsensitvity andbestresistanceéo variousinterferencegascor
bic acid, paracetamoluric acid) hasbeenobtainedby GOX sensoformedon the baseof lipid

Ims supportedon Na on Im with incorporatedferrocene(Fc). Naon Im wassupported
on a tip of platinum wire coatedby insulating polymer [315]. The presenceof the media-
tor — Fc — entrappednto Naon Im allowed substantiallyincreasesensitvity of the sensor
(177 A mmoll *cm ?), whichis almost1000time morein comparisorwith the sensoipre-

paredonthebaseof lipid Im onastainlesssteelsupport.In addition,the presencef mediator
allowedto decreasehe potentialfor oxidationH,O, to +0.4 insteadof +0.6 for Ims without

mediator(Fig. 60), similarly to the systemsmodi ed by TCNQ [313]. This allowed consider

ably reduceactionof variousinterferencesThe sensowasratherstable.Despitethefactthatat

+0.4V duringthe rst threedaysof usethe sensitvity decreasedlmostby 40 %, duringsubse-
guent3 weeksthesensomasstable.Theseuniquepropertiesopenpossibilitiesalsofor practical
applicationof thelipid Im basedsensorsn acomplec biologicalliquids.

Thus, in additionto practicalapplicationsof self assembledtructureson a solid support,
thesesystemsallowing to usevarious powerful physicaltechniquedor study the adsorption
of enzymes,antibodiesor nucleic acidsto the lipid Ims. Supportedipid Im with immo-
bilized proteinsrepresentslso certainbiomimetic structure,modeling, e.g. lipid membrane
with immobilized peripheralproteins. Thesestructuresare crucial for studythe problemscon-
nectedwith interactionbetweenbiological and non biological interfaces. Due to the fact, that
a considerablepart of biochemicalprocessesn cells take place at the membranesand their
surface, the biomimetic structuresthat allow to study theseprocesseshouldhave increasing
importancg321-323].

12 Conclusion

In this work | have attemptedo presentan introductionto the physicalpropertiesof biomem-
branesandtheir models. It is obvious, that theseobjectsthat seemto be rathersimply in a
brief view arerathercomple< in a more deepanalysis. The dimensionof the mostcellsis in
micrometerscale,while the thicknessof biomembraness in the scaleof several nanometers.
It is likely that with applicationsof novel technicaltools for the study of ,,nanoword” a new
exiting knowledgeon thesestructuresill appearThesupportedipid membranesvith incorpo-
ratedreceptorsgnzymesantibodiesor nucleicacidscanalsobe ratherusefulfor development
of the biosensorghat mimic the peculiaritiesof naturalmembranes.The growing interestto
the applicationof biomimeticstructuresn biosensingcouldresultin apparancef deviceswith
applicationin medicaldiagnosticsfood industryaswell asfor ernvironmentalmonitoring.
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